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Abstract

Background: Cell-specific and developmental mechanisms contribute to expression of the
cystic fibrosis transmembrane conductance regulator (CF7R) gene; however, its developmental
regulation is poorly understood. Here we use human induced pluripotent stem cells differentiated
into pseudostratified airway epithelial cells to study these mechanisms.

Results: Changes in gene expression and open chromatin profiles were investigated by RNA-seq
and ATAC-seq, and revealed that alterations in CFTR expression are associated with differences
in stage-specific open chromatin. Additionally, two novel open chromatin regions, at +19.6 kb
and +22.6 kb 3" to the CFTR translational stop signal, were observed in definitive endoderm
(DE) cells, prior to an increase in CFTR expression in anterior foregut endoderm (AFE) cells.
Chromatin studies in DE and AFE cells revealed enrichment of active enhancer marks and
occupancy of OTX2 at these sites in DE cells. Loss of OTX2 in DE cells alters histone
modifications across the CF7R locus and results in a 2.5-fold to 5-fold increase in CFTR
expression. However, deletion of the +22.6 kb site alone does not affect CF7R expression in

DE or AFE cells.

Conclusions: These results suggest that a network of interacting cis-regulatory elements recruit
OTX2 to the locus to impact CFTR expression during early endoderm differentiation.
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1| INTRODUCTION

Cystic fibrosis (CF) is a common, life-limiting, autosomal-recessive disorder that is
characterized by mutations in the CF transmembrane conductance regulator (CFTR) gene.
Loss of CFTR protein, and its associated ion and fluid transport functions, in specialized
epithelial cells causes a disease phenotype in many organ systems. CF impacts the airway,
pancreas, intestine, and male genital tract, among other sites, though respiratory failure due
to chronic infection and inflammation is the main cause of mortality.

The precise cellular location of CFTR expression in the airway epithelium of adult human
lungs is a topic of some controversy, in part arising from the use of different protocols.
Earlier work using mRNA in situ hybridization and immunocytochemistry with various
antibodies to CFTR showed generally low levels of expression in the airway surface
epithelium, except in submucosal gland ducts.12 Later, immunofluorescence clearly showed
CFTR protein localized to ciliated cells in the airway surface epithelium.2 More recently,
single cell RNA-sequencing has enabled the definition of the rare airway cells expressing
high levels of CFTR that were observed in earlier studies as pulmonary ionocytes.*>
However, the majority of cells in the surface epithelium of the airway express much less
CFTR than those in the corresponding cell layer of several other tissues, including the
intestine and pancreas.5.”

Many of the cis-regulatory elements (CRES) that control cell type-selective expression of
CFTRwere identified previously and extensively characterized (reviewed in References
8-12). CFTRis also developmentally regulated; however, less is known about the underlying
regulatory mechanisms, in part due to lack of accessibility to relevant biological samples.
CFTR expression in human lung tissues is detected as early as week 10 of gestation,

with maximal expression evident during the second trimester, after which it decreases to

the much lower abundance characteristic of postnatal and adult tissues.®713-16 Although
chronic rounds of infection and inflammation ultimately lead to the irreversible lung damage
seen in CF patients, the lungs of CF infants and CF fetuses may also show signs of

early pathology that predates these insults to the lung epithelium.1’ Hence, elucidating
developmental regulatory mechanisms for CF7R is of high priority. Advances in protocols
to differentiate human induced pluripotent stem cells (iPSCs) into pseudostratified airway
epithelial cells,18-25 some of which express functional CFTR protein, provide a model to
investigate the mechanisms governing CFTR expression in the developing airway.

In order to identify novel developmental CREs for CFTR, we differentiated human

iPSCs (hiPSCs) into airway-like epithelial cells grown at air-liquid interface (ALI). This
differentiation protocol results in the generation of proximal airway-like cells, which express
known markers of airway epithelial cells, including basal cells (KRT5), ciliated cells
(FOXJ1), goblet cells (ARG2 and MUC5AC), and secretory cells (SCGB3A2).25 Peaks
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of open chromatin, which are often associated with CREs, were monitored over ~650 kb
flanking the CFTR locus at seven timepoints along the differentiation time course. CFTR
MRNA levels evaluated in parallel. We identified two, novel developmental CREs within
the topologically associated domain (TAD) encompassing the CFTR locus. These sites,
which lie close to the 3" end of the gene, appear transiently in definitive endoderm (DE)
cells, while the CFTR locus is inactive, but are lost in anterior foregut endoderm (AFE)
cells coincident with activation of the locus. Here we examine the function and mechanism
of action of these developmental CREs, and demonstrate a potent role for orthodenticle
homeobox 2 (OTX2) in the transcriptional network coordinating CFTR expression during
early human lung development.

2| RESULTS

2.1| Open-chromatin profiling of CFTR locus during iPSC to ALI differentiation reveals
novel 3’ CREs

Two hiPSC lines, ND2.0 and CWRUZ205, were differentiated into airway epithelial cells
grown at AL, following previously published protocols.19:25 Cells were collected at seven
stages throughout differentiation for ATAC-seq and RNA-seq: undifferentiated iPSC, DE,
AFE, lung progenitor cells 3a, 3b (LP3a, LP3b), and at ALI after weeks 3 and 5 (ALIw3
and ALIw5) (Figure 1A). ATAC-seq profiles from irreproducible discovery rate analysis
comparing both lines is shown for the ~650 kb surrounding the CF7R locus in Figure

1B. For comparison, the ATAC-seq profile for primary human bronchial epithelial cells
grown at ALI (HBE-ALLI) is also shown. The CFTR promoter is accessible at all stages

of differentiation, as evidenced by the associated peak of open chromatin (Figure 1B),
irrespective of CFTR transcript expression (Figure 1E). Notably, airway-specific CREs at
—44 kb and —35 kb,26-29 which are strongly observed in HBE-ALLI, appear primarily in the
differentiated ALI stages (where —44 kb is more prominent, though transient expression of
-35 kb may be seen at LP3b) (Figure 1C). These data suggest that the CFTR locus acquires
an airway-like open chromatin profile during the course of iPSC to ALI differentiation.

CFTR expression during differentiation of iPSC to ALI was compared to HBE grown on
plastic using reverse transcription quantitative PCR (RT-qPCR) (Figure 1E). In iPSC and DE
cells, CFTR expression remains low, increases substantially in AFE to LP3b cells, before
decreasing in ALI cells.

Two novel CFTR open chromatin regions at +19.6 kb and +22.6 kb from the CFTR
translational stop site are observed in DE cells only (Figure 1B,D). These sites are detected
in the presence of the +15.6 kb CRE, which was previously shown to be an enhancer-
blocking insulator that does not bind CCCTC-binding factor (CTCF).3%:31 The +19.6 kb
and +22.6 kb sites flank an element of unknown function at +21.5 kb CRE, which is

not evident in DE or AFE cells, but was shown to physically interact with the CFTR
promoter in airway epithelial primary and cell lines.26-28 Notably, of 125 cell-types profiled
for DNasel hypersensitive clusters by the ENCODE Consortium, +19.6 kb and +22.6 kb
regions are only open in four cell types (Figure 1D).32 The CRE at +19.6 kb is detected

in undifferentiated hESCs, and endoderm-derived esophageal and retinal pigment epithelial
cells, while the CRE at +22.6 kb is observed in ectoderm-derived epidermal melanocytes
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and undifferentiated hESCs (Table 1). Additionally, ENCODE ChlP-seq datasets have no
detectable binding of surveyed TFs at the +22.6 kb CRE, and very low overall enrichment of
few factors in limited cell types at +19.6 kb (Figure 1D).32

The detection of the +19.6 kb and +22.6 kb sites in DE cells, when CFTR expression is

very low, and their loss upon upregulation of CFTR transcription in AFE cells (Figure 1E,F),
suggest these sites may harbor CREs which regulate CF7R expression in early stages of
iPSC to ALI differentiation.

2.2 | Insilico analyses identify candidate TFs for regulating the +19.6 kb and +22.6 CREs

Next, we performed in silico analyses to identify potential transcription factors (TFs) that
might bind to the +19.6 kb and +22.6 kb CREs. Examination of differentially expressed
genes encoding TFs33 identified 132 that were significantly upregulated in DE compared

to AFE cells and 181 that were significantly upregulated in AFE compared to DE cells
(Figure 2A, Table S1). Next, TF binding motifs were predicted in silico for the +19.6 kb

and +22.6 kb CREs using MatInspector and TRAP,34 and selected for motifs that correspond
to differentially expressed TFs in DE and AFE cells (Figure 2A). Of the 85 TFs predicted

to occupy the +19.6 kb CRE by MatInspector, 7 TFs are more abundant in DE and 14 in
AFE. In equivalent predictions from the TRAP analysis 53 TFs were predicted to bind to the
+19.6 CRE, of these, 4 were higher in DE and 5 more abundant in AFE. Of the 116 TFs
predicted to bind the +22.6 kb CRE by Matlnspector, 13 TFs are more highly expressed in
DE and 23 in AFE. Similarly, in TRAP analysis, of the 30 TFs predicted to bind, 2 TFs were
higher in DE and 6 higher in AFE. Candidate TFs predicted to occupy the DE-specific +19.6
kb and +22.6 kb CREs included CRX, OTX2, GATA factors, LMX1A/B, and others, all

of which were more abundant in DE than AFE. Using HOMER motif enrichment, GATA4
(p=1e7583) CRX (p=1e7174), and OTX2 (p = 1e~148) motifs were identified in the

top 10 overrepresented known motifs in global peaks of DE open chromatin (Figure 2B).
Though present, these three factors were much less enriched in AFE peaks (GATA4: p=
1e712; CRX: p=1e750: OTX2: p= 1e78; data not shown2). Our further studies focused on
GATA4 and OTX2, as although CRX and OTX2 are both members of the OTX family of
biocoid-like homeodomain TFs and bind the same consensus sequence, CRX expression is
highly restricted to the retina.3%:36

2.3| OTX2 represses CFTR expression in DE cells

OTX2 and GATA4 gene expression is highest in DE, and decreases at each subsequent

stage in iPSC to ALI differentiation (Figure 3A). Closer examination of OTX2 and GATA4
protein and gene expression over the first 11 days of the differentiation, encompassing iPSC
(day 1), DE (days 2-6) and AFE (days 7-11) (Figure 3B), in ND2.0 cells showed that OTX2
and GATAA4 expression peaks at day 6, and decreases as cells differentiate to AFE (Figure
3C-E).

Next, OTX2 and GATA4 were depleted in DE cells by reverse transfecting iPSCs with
specific siRNAs, and differentiating them into DE. Cells were collected at days 3 and

4 of differentiation, time points at which OTX2 and GATA4 expression have increased
substantially from iPSC levels, and used for protein and mRNA analysis (Figure 4A). By
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day 6 of DE differentiation, depletion of both OTX2 and GATA4 had waned (data not
shown). OTX2 and GATA4 protein and transcript levels are significantly decreased at days 3
and 4 of DE differentiation following their depletion (Figure 4B-D). Loss of GATA4 had no
effect on OTX2 transcript or protein levels, while loss of OTX2 slightly increased GATA4
protein and transcript levels at day 4 (Figure 4D). Notably, loss of OTX2, results in a
2.5-fold and 5-fold increase in CFTR transcript levels at days 3 and 4 of DE differentiation,
respectively (Figure 4E). Loss of GATA4 protein and transcript had no effect on CFTR
transcript levels at days 3 and 4 of DE differentiation (Figure 4E). Together these data
suggest that OTX2, represses CFTR expression in DE cells, through direct or indirect
interaction with the CFTR locus.

2.4 OTX2 interacts with the +19.6 kb and +22.6 kb CREs in DE cells

Chromatin immunoprecipitation followed by gPCR (ChIP-qPCR) was performed to identify
direct interactions of OTX2 with the CFTR locus in DE and AFE cells (days 6 and 11,
Figure 3B). ChIP-gPCR for OTX2 at sites across the CFTR locus identified significant
OTX2 enrichment at a region in intron 20 of CFTR,37 as well as at the +15.6 kb, +19.6

kb, and +22.6 kb CREs (Figure 5A). Positive and negative control sites for the ChlIP-qPCR
were derived from publicly available DE OTX2 ChlP-seq data from hESCs differentiated
into DE following an alternative protocol.38 Our data corroborated previous results of OTX2
enrichment (positive at A7P6V0A4 intron 9/10, negative at EHFand GRMSE promoters)
(Figure 5A). The observation that OTX2 is recruited to other 3" CREs at the CFTR locus
concurrently with +19.6 kb and 22.6 kb elements is consistent with the coordinated action of
multiple CREs within this large gene, as we observed previously for other cell-selective sites
and TFs.3940 While significant enrichment of OTX2 was observed at +22.6 kb and at the
ATP6VOA419/10 sites in AFE cells, the levels are ~10-fold lower than in DE (Figure 5B),
consistent with lower abundance of OTX2 in AFE cells (Figure 3).

To investigate the mechanism of action the +19.6 kb and +22.6 kb CREs, we next examined
repressive (H3K27me3) or active (H3K27ac) histone modifications at these sites in DE

and AFE cells. While OTX2 often functions as an activating TF, it can also serve as a
repressor in certain contexts.*1-44 Since loss of OTX2 coincides with activation of CFTR
expression in AFE cells, and transient depletion of OTX2 in DE cells causes activation of
CFTR expression, we hypothesized that OTX2 might be functioning as a repressor in DE
cells. However, compared to control loci, enrichment of H3K27me3 was not observed at the
+19.6 kb or +22.6 kb CREs, or at any location along the CF7R locus in DE or AFE cells
(Figure 5C,D), suggesting this hypothesis was not correct. Rather, the +19.6 kb and +22.6
kb CREs were enriched for H3K27ac in DE cells, though the levels were reduced upon
differentiation into AFE cells (Figure 5E,F). Notably, the CFTR promoter lacked H3K27ac
enrichment in DE cells where CFTR was of low abundance, and gained this active histone
upon activation of expression in AFE cells (Figure 5E, F). These data suggest, that while
OTX2 interacts directly with the +19.6 kb and +22.6 kb CF7R CREs in DE cells, its impact
on CFTR expression in these cells may rely upon preventing the recruitment of activating
factors, rather than direct repressive functions.
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Loss of OTX2 protein in DE cells alters histone modifications at the CFTR locus

To further explore the mechanism by which recruitment of OTX2 to the +19.6 kb and

+22.6 kb CREs might be directly regulating the chromatin dynamics of the CF7R locus,
ChIP-gPCR was performed following OTX2-depletion in DE cells at day 4 of differentiation
(Figure 4A). Figure 6A summarizes ChlP-qPCR data presented in Figures 5 of OTX2,
H3K27ac, and H3K27me3 enrichment in DE day 6 cells. Upon reduction in OTX2,
H3K27ac and H3K27me3 levels both significantly increased at the A7P6V0A419/10 site,
the only control site with known OTX2 enrichment in WT cells. H3K27ac and H3K27me3
levels were not statistically different at OTX2-negative control sites, irrespective of WT
H3K27ac or H3K27me3 enrichment levels, with the exception of increased H3K27me3
enrichment at the EOMES promoter (Figure 6B,C). Across the CFTR locus, H3K27ac
enrichment was generally unaffected by loss of OTX2, irrespective of OTX2 enrichment in
WT cells, with a few notable exceptions. First, H3K27ac enrichment at the CF7TR promoter
increased upon loss of OTX2, consistent with the observed increase in CFTR transcription
with OTX2-depletion (Figure 4E). Second, the +21.5 kb CRE, which is flanked by the
+19.6 kb and +22.6 kb CREs, also showed an increase in H3K27ac enrichment upon loss
of OTX2, as did the nearby +15.6 kb CRE (Figure 6B). Upon OTX2 depletion, H3K27me3
enrichment significantly increased at some OTX2-bound sites, including the +22.6 kb CRE
and intron 20 (Figure 6C). H3K27me3 also increased at the OTX2 negative site in intron 10
following loss of OTX2 (Figure 6C). Based on these data, we suggest that OTX2 enrichment
at the CFTR locus contributes to CF7R regulation in DE cells, in part through its role in
influencing chromatin signals along the CFTR locus.

Deletion of the +22.6 kb CRE does not affect CFTR expression in DE or AFE cells

To investigate whether the +22.6 kb CRE had a functional impact on regulating CFTR
expression in DE or AFE cells, this site was removed from iPSCs by CRISPR/Cas9-
mediated nonhomologous end joining (NHEJ), and clonal lines with homozygous deletions
were established (Figure 7A). The CRISPR/Cas9-derived modification, and subsequent
clonal selection, had no effect on the expression OTX2, GATA4, or important markers

of differentiation in DE or AFE cells (SOX17, SOX9, PAX6) (Figure 7B). Marker gene
expression recapitulated the expression trends measured by RNA-seq in nontargeted, WT
DE and AFE cells (Figure 7C,D). However, while CFTR expression was upregulated in
the transition from DE to AFE cells in targeted and deletion clones, the loss of the +22.6
kb CRE, did not significantly impact CFTR mRNA abundance at either stage (Figure 7C).
Importantly, expression of cortactin binding protein 2 (CTTNBP2), the gene adjacent to
the +22.6 kb CRE on the 3’ side, was also unaltered in the deletion clones (Figure 7C).
Together, these data suggest that the +22.6 kb CRE alone does not have the capacity to
regulate CFTR expression during the transition from DE to AFE cells.

DISCUSSION

Here, we profiled CFTR expression in an iPSC to ALI model of airway epithelial

cells differentiation, with the aim of uncovering the mechanisms and CREs that

regulate this process. We demonstrated that CFTR expression in this model system
recapitulates the developing human and sheep lung, whereby expression increases during
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development, and then decreases following the second trimester, with continued low
postnatal expression.8:7:13-1545 However, it is not clear whether this profile is the result

of a change in CFTR expression in individual cell types or an alteration in the relative
abundance of CFTR-expressing cells. The task of accurately monitoring the identity of
CFTR-expressing cells in the developing lung will require single cell RNA-seq and/or single
molecule fluorescence in situ hybridization. We observed that CFTR expression becomes
significantly upregulated in the AFE stage, and then decreases through to culture of airway
epithelial cells at ALI. Notably, we observed two novel open chromatin regions at the 3" end
of the CFTR locus that were only detected in DE cells, thus prior to CFTR upregulation in
AFE.

The two new DE-specific CRES, +19.6 kb and +22.6 kb downstream of the CFTR
translational stop site, are located within the CF7R TAD boundary (-80.1 kb to +48.9

kb) in a 3" region that contains both cell-type selective CREs and others that are seen in
multiple cell types.1! This TAD separates CFTR from its neighboring genes, ankyrin repeat,
SAM and basic leucine zipper domain containing 1 (ASZ1) and CTTNBPZ2, which are both
transcribed from the antisense strand. Upstream of the DE CREs is the +15.6 kb CRE,

which is observed in DE, AFE, donor derived HBE-ALI (Figure 1D), and multiple other
epithelial cell types (Table 1), irrespective of CFTR expression.2® We showed previously that
the +15.6 kb CRE houses a CTCF-independent enhancer blocking insulator, which is often
marked by H3K4me1 and p300 enrichment.39:31 Notably, the presence of this element does
not prevent interactions of CREs located further 3" within the TAD with the CFTR promoter.

Interestingly, the +19.6 kb and +22.6 kb CREs immediately flank the CRE at +21.5 kb,
which is predominantly observed in cells of epithelial origin, including primary airway cells
(Figure 1, Table 1).27 Notably, of the 12 cell types in which the +21.5 kb site is open
according to ENCODE data, nine cell types also have open chromatin at the +15.6 kb CRE,
though only one (HEEpIC, esophageal epithelial cells) additionally shows open chromatin
at +19.6 kb and +22.6 kb (Table 1).32 However, the open chromatin signal for +21.5 kb is
dominant in this region in the HEEPpIC cells. Together, these data suggest that the +19.6 kb
and +22.6 kb CREs are generally not coincident with the +21.5 kb CRE. As the +19.6 kb
and +22.6 kb CREs are mainly detected in pre-differentiated cells, while +21.5 kb is seen in
differentiated epithelial cells, the +19.6 kb and +22.6 kb sites may play a role in establishing
local chromatin structure for later recruitment into regulatory mechanisms.

OTX2 has mainly been studied in relation to its important role in brain development and its
role in type 3 and 4 medulloblastomas.*6-49 It predominantly functions as an activating
factor through direct interactions with DNA, and exerts its repressive function mainly

in an indirect manner.41-44 OTX2 has also been reported to have pioneer TF activity,
whereby its overexpression can open closed chromatin and enhance the recruitment and
deposition of H3K27ac at known OTX2-bound active enhancers.* Additionally, while many
OTX2-bound sites are active enhancers with H3K27ac enrichment, many intergenic sites
occupied by OTX2 lack H3K27ac, and are thought to help keep chromatin in a bivalent
state.43 Notably, OTX2 ChlIP-seq in medulloblastoma cell lines, hES-derived DE cells, and
MSCs with OTX2-overexpression, all show OTX2 enrichment at +19.6 kb CFTR CRE,
even though CFTRand CTTNBPZare not expressed or very lowly expressed in many of
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these cell types.3844 Additionally, enrichment for histone marks across the CFTR promoter
and the intergenic region between CFTRand CTTNBPZ, including H3K27ac, H327me3,
and H3K4mel are lacking in these cell types.#4:50 Interestingly, of the sites assayed for
OTX2 enrichment across the CFTR locus, only the element at +15.6 kb is bound by OTX2
in the absence of H3K27ac enrichment. Additionally, upon loss of OTX2, the +15.6 kb
CRE significantly gained H3K27ac enrichment, implicating a mechanism that prevents its
activation.

Together these studies support the hypothesis that OTX2 recruitment to the +15.6 kb, +19.6
kb, and +22.6 kb CFTR CREs does not establish active enhancers at these sites, but rather is
important for maintaining appropriate differentiation stage-specific histone modifications in
this region.

Importantly, ChIP-seq of OTX2 in hES-derived DE cells shows OTX2 enrichment at
multiple sites in the CFTR locus, including introns 10, 20, and 21 (legacy nomenclature),
as well as at the +19.6 kb and +22.6 kb regions. The intron 10 OTX2 site is at a known
region of open chromatin in the CFTR locus (DHS10c, legacy); however, the function

of this site is currently unclear, though it does not have enhancer activity in many cell
types.37:39:51 While we cannot exclude the possibility that the +19.6 kb and +22.6 kb sites
are important for CTTNBPZ regulation rather than CFTR, multiple lines of evidence would
suggest their function is related to CF7R expression. First, CFTRis a DEG in the DE to
AFE transition, whereas CTTNBPZis neither a DEG (Figure 7E) nor does its expression
change substantially following OTX2-KD (data not shown). Second, examination of 5C-
seq data on ENCODE3252, which measures long-range chromatin interactions in hESCs
and HelL a-S3 cells, shows that the +19.6 kb to +22.6 kb region interacts with upstream
chromatin (including a site close to =25 kb, with respect to the CFTR promoter), and not
regions downstream in C77NBPZlocus. Third, using a viewpoint at the +22.6 kb CRE to
examine the interactions of this element by 4C-seq in DE and AFE cells, an association with
regions between the —35 kb and -20.9 kb CFTR CREs was seen, but no interactions were
evident with the CTTNBPZ locus (Figure S1).

Though we present evidence here for a direct effect of OTX2 on CFTR expression, this TF
may also exert an indirect effect on the locus in vivo through the control of other TFs that
regulate CFTR. In this way, the OTX2 transcriptional network could have a profound effect
on CFTR expression during airway epithelial differentiation.

4| EXPERIMENTAL PROCEDURES

4.1| CFTR nomenclature

CFTRintrons and exons are numbered using legacy nomenclature,3 for consistency with
our previous work.11

4.2 Cell culture

IPSC lines CR0000008 (Cell line ID: ND2.0) https://www.nimhgenetics.org/stem_cells/
crm_lines.php was purchased from RUCDR Infinite Biologics (www.rucdr.org). CWRU205
was obtained from Dr Paul J. Tesar (Dept. of Genetics and Genome Sciences, Case Western
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Reserve University). Both lines were from male donors. Differentiation was performed as
previously described.21:25

Donor-derived HBE cellswere obtained from the Marsico Lung Institute CF Center Tissue
Procurement and Cell Culture Core (Chapel Hill, NC) cultured according to the published
protocol.54:55

4.3 | ATAC-seq and RNA-seq data

ATAC-seq and RNA-seq data were generated previously?® and are accessible from the GEO
database series GSE136859.

4.4 RNA preparation and RT-gPCR

Total RNA was extracted using TRIzol (Invitrogen) following the manufacturer’s protocol.
RT-gPCR was done using standard protocols®® with primers shown in Table 2.

45| RNA-seq analysis
RNA-seq data was processed as previously described to generate differential gene
expression lists.2 Differentially expressed gene results were filtered with a fold change
of 2 and Benjamini-Hochberg adjusted P-value of .01 for human TF genes.33

4.6 | Insilico TF binding site predictions

Matlnspector version 8.4.1 (Genomatix, Munich, Germany) was used to predict TF binding
sites (Matrix Library 11.0) within the +19.6 kb and +22.6 kb CFTR CREs using default
matrix search parameters (core similarity, 0.75; matrix similarity, optimized). The same
regions were analyzed with TF Affinity Prediction (TRAP) Web Tool3* using the default
search parameters (TRANSFAC 2010.1 vertebrates matrix, human-promoters background
model, and Benjamini-Hochberg correction, P-value <.05). Results from both analyses were
filtered for differentially expressed TF genes.

4.7 Western blot

Whole cell lysates were collected using RIPA buffer (1% [vol/vol] IGEPAL CA-630 [Sigma-
Aldrich]; 0.5% [wt/vol] sodium deoxycholate; 0.1% [wt/vol] SDS; 1X cOmplete protease
inhibitor Cocktail [Roche] in PBS). Protein concentration was determined by DC Protein
Assay (BioRad) and 8 to 10 ug lysates were resolved by SDS-PAGE using standard methods
and probed with the following anti-bodies: anti-OTX2 (Proteintech, 13497-1-AP, lot #
0039785, 1:1000), anti-GATA4 (R&D Systems, MAB2607, lot #CCQC0116081, 1:1000),
anti-p-tubulin (Sigma-Aldrich, T4026), anti-rabbit-HRP (Sigma-Aldrich, A0545, 1:10 000),
and anti-mouse-HRP (Agilent/Dako, P0447, lot # 20051789, 1:10 000). Proteins were
detected using ECL Western Blotting Substrate (Pierce).

4.8 Chromatin immunoprecipitation-gPCR

ChIP was performed using standard methods as previously described.28
Immunoprecipitations were performed with antibodies against OTX2 (Proteintech, 13497—
1-AP, lot # 0039785), H3K27ac (Millipore-Sigma, 07-360, lot # 3071583), H3K27me3
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(Millipore-Sigma 07-449, lot # 3146226), and normal rabbit 1gG (Abcam, 12-370, lot #
3059594). Enrichments were analyzed percent input using PowerSYBR Green PCR Master
Mix (Thermo Fisher Scientific) with primers listed in Table 2.

49| siRNA-mediated transient transfections

iPSCs (ND2.0) were reverse transfected with Lipofectamine RNAIMAX (ThermoFisher)
following the manufacturer’s protocol with Silencer Select OTX2 siRNA (Invitrogen,
439240 [s9931], lot# AS02D09A) or Silencer Select Negative-Control #2 siRNA
(Invitrogen, 4390846 lot# AS022CDS). For lysate and expression analysis, 10 pmol siRNA
was transfected into 200 000 iPSC (ND2.0) seeded into hESC-qualified Matrigel (Corning)
coated 24-well plates. For chromatin preparation, 200 pmol siRNA was transfected into
~4.2 x 10% to 5.5 x 10° cells per hESC-qualified Matrigel (Corning) coated 10 cm plate.
Cells were plated and transfected in mTeSR1 complete media (StemCell Technologies)
supplemented with 10 uM Y-27632 (Tocris/Biotechne). Media was changed daily with
STEMdiff DE media (StemCell Technologies) and cells collected for RNA and lysate at 72
and 96 hours posttransfection (days 3 and 4) and at 96 hours for chromatin preparation.

4.10| CRISPR-mediated deletions

A pair of gRNAs flanking the CFTR +22.6 kb CRE were identified using Benchling
(benchling.com) and ordered as gBlocks from Integrated DNA Technologies, cloned

into pSCB, and sequenced. Then, 7.5 x 104 cells were seeded onto hESC-qualified
Matrigel coated six-well plates 24 hours prior to transfection in mTeSR1 complete

media supplemented with 10 uM Y-27632. Cells were transfected with Lipofectamine3000
(ThermoFisher) at a 1:1:1 ratio with pMJ920 plasmid (WT GFP-tagged Cas9 plasmid)
(Addgene #42234) and the cloned gRNA plasmids following the manufacturer’s protocol
in fresh mTeSR1 complete media. Media was changed daily and cells were prepared for
fluorescence-activated cell sorting of GFP-positive cells 48 hours after transfection. Single
cells were plated onto hESC-qualified Matrigel coated 96-well plates and recovered into
mTeSR1 complete media supplemented with CloneR (StemCell Technologies) following
the manufacturer’s protocol. Clones were screened for deletion as previously described.>’
gBlock sequences and primers are listed in Table 2.

4.11| Circular chromosome conformation capture with deep sequencing (4C-seq)
analysis

4C-seq libraries were prepared and analyzed from DE and AFE cells as previously
described.?® Nlalll and Csp6l were used as the primary and secondary restriction enzymes,
respectively. Primer sequences used to generate 4C-seq libraries the +22.6 kb viewpoint are
shown Table 2. The sequencing data were processed using the R package pipe4C.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Open-chromatin profiling of cystic fibrosis transmembrane conductance regulator (CFTR)
locus during induced pluripotent stem cell (iPSC) to air-liquid interface (ALI)
differentiation. A, Differentiation schematic of iPSC to lung epithelial cells at air-liquid
interface. Red asterisk denotes when cells are transferred onto permeable inserts. Cells from
differentiations of two donor lines (ND2.0 and CWRUZ205) were taken at days 0, 5, 10,

15, 20, 30, 52, and 66 for ATAC-seq and RNA-seq and reverse transcription quantitative
PCR (RT-gPCR) analysis (adapted from Reference 25). B, UCSC Genome Browser view
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of ATAC-seq irreproducible discovery rate (IDR) tracks across the CFTR locus at different
stages of iPSC to AL differentiation, with primary human bronchial epithelial cells grown
at ALI (HBE-ALLI) shown in gray for comparison. IDR peaks are shown directly above open
chromatin tracks for each stage. Known CFTR cis-regulatory elements (CRES) are shown

at the top in black, together with novel developmental CF7R CREs in colors corresponding
to the differentiation stage where the peak was observed. Red arrows denote appearance

and disappearance of novel CREs. C,D, Enlarged ATAC-seq profiles surrounding: C, CFTR
airway-selective CREs at —44 kb and —-35 kb. D, Novel DE CREs located 3’ to the CFTR
locus. Known DNasel hypersensitivity clusters and transcription factor (TF) chromatin
immunoprecipitation (ChlP)-seq cluster tracks from the UCSC Genome Browser shown
below ATAC-seq profiles. E, RT-gPCR of CFTR mRNA in ND2.0 and CWRU205 shown
relative to an average of three HBE cultures grown on plastic, normalized to PGK1. E,
CFTR RNA-seq DEseq2 normalized counts in ND2.0 and CWRUZ205 in DE and AFE stages
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4 ESAGATAAGE GATA4 1e-663 6.21%  3.16% 11 o
5  ZSCTTATCIS GATA2 1e-633 4.29%  1.90% w 11 5!
6  SAGATAAGSES GATA1 1e-620 3.97%  1.71% o, 1 1 4 h
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9 SZTAATCCSE OTX2 1e148 373%  251% 0 11
10 CCITTCTE SOX3 1e-145 7.73%  5.95% L1 i

FIGURE 2.

log, fold change

In silico predicted transcription factor binding sites (TFBS) at +19.6 kb and +22.6 kb
cis-regulatory elements (CRES) correspond to definitive endoderm (DE) > anterior foregut
endoderm (AFE) differentially expressed TFs. A, Volcano plot of weighted fold change as
a function of P-values for TF genes during DE to AFE transition. DEGs passing a fold
change of 2 and adjusted Pvalue of .01 are shown in red. In silico TFBS predictions for the
+19.6 kb and +22.6 kb CREs were performed using MatInspector and transcription factor
affinity prediction (TRAP). Predicted binding sites for DE differentially upregulated TFs
(left) and AFE differentially upregulated TFs (right) are listed (data are from MatlInspector
unless marked *, which denotes TRAP; bold font denotes predictions from both analyses).
B, HOMER analysis showing top 10 overrepresented binding motifs for known transcription
factors under open chromatin peaks in DE cells (adapted from Reference 25)
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FIGURE 3.
Orthodenticle homeobox 2 (OTX2) and GATA4 expression peaks in definitive endoderm

(DE) cells. A, OTX2 and GATA4 RNA-seq DEseq2 normalized counts in ND2.0 and
CWRUZ205 in indicated stages of induced pluripotent stem cell (iPSC) to air-liquid interface
(ALLI) differentiation. B, Experimental schematic of 11-day iPSC, DE and anterior foregut
endoderm (AFE) differentiation. Cells were taken at each timepoint for protein and

gene expression. C-E, Chromatin immunoprecipitation (ChIP) was done at day 6 for DE
differentiation and day 11 for AFE differentiation (Figure 5). C, Western blots show the time
course of OTX2 and GATA4 protein abundance from day 1 to day 11 of differentiation, with
B-tubulin (B-tub) as control. Data shown are from the ND2.0 line (n = 2). D,E, Time course
of, D, OTX2 and, E, GATA4 gene expression, normalized to PGK1 from day 1 to day 11 of
differentiation in ND2.0 (n = 2). Results were consistent in the CWRU205 line
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FIGURE 4.

Orthodenticle homeobox 2 (OTX2) represses cystic fibrosis transmembrane conductance
regulator (CFTR) expression in definitive endoderm (DE) cells. A, Schematic of 6-day
induced pluripotent stem cell (iPSC) to DE differentiation showing timing of sample
collection for siRNA-mediated depletion experiments. B, Western blots showing OTX2 and
GATA4 protein levels in DE d3 and DE d4 cells from ND2.0 donor. Lysates collected from
untransfected cells or cells transfected with negative control SiRNA (NC), OTX2 siRNA, or
GATA4 siRNA. B-tubulin (B-tub) levels are shown as controls. C-E, Reverse transcription
guantitative PCR (RT-gPCR) of C, OTX2, D, GATA4, E, CFTR in NC-KD, OTX2-KD, or
GATA4-KD DE d3 and DE d4 cells shown relative to NC-KD, normalized to PGK1. n = 3,
**** denotes P < .0001, *** denotes £<.001, and ** denotes P< .01 compared to NC-KD
for the same timepoint using the Holm-Sidak multiple #test
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B rigG (DE)
B H3K27ac (DE)

B rigG (AFE)
[ H3K27ac (AFE)

Orthodenticle homeobox 2 (OTX2) and H3K27ac are enriched at cystic fibrosis

transmembrane conductance regulator (CFTR) +19.6 kb and +22.6 kb c/s-regulatory
elements (CRESs) in definitive endoderm (DE) cells. A, B, OTX2 Chromatin
immunoprecipitation (ChIP) in, A, DE d6 and, B, anterior foregut endoderm (AFE) d11
ND2.0 cells. C, D, H3K27me3 ChIP in, C, DE d6 and, D, AFE d11 ND2.0 cells. E,F,
H3K27ac ChlIP in, E, DE d6 and, F, AFE d11 ND2.0 cells. All ChIP dataset are each

normalized to percent input. n = 3. Enrichment levels: *** denotes < .001; ** denotes P<

.01 using the Holm-Sidak multiple #test
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FIGURE 6.

Loss of orthodenticle homeobox 2 (OTX2) in definitive endoderm (DE) cells affects histone
modifications at cystic fibrosis transmembrane conductance regulator (CFTR) cis-regulatory
elements (CREs). A, OTX2, H3K27ac, and H3K27me3 enrichment in DE day 6 cells
summarized from Figure 5A,C,E. B, C: B, H3K27ac and, C, H3K27me3 enrichment in

DE d4 ND2.0 cells following siRNA-mediated depletion of OTX2-KD or negative control
(NC-KD) (see Figure 3B for experimental timeline). Data normalized to percent input and
shown relative to DE d4 NC-KD values for same primer set. B, n = 3; C, n = 2; ***

Dev Dyn. Author manuscript; available in PMC 2024 July 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kerschner et al.

Page 22

denotes P< .001; ** denotes £< .01 comparing normalized OTX2-KD enrichment levels to
normalized NC-KD enrichment levels at each site using the Holm-Sidak multiple #test
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FIGURE 7.
Deletion of +22.6 kb cis-regulatory element (CRE) does not alter cystic fibrosis

transmembrane conductance regulator (CFTR) expression in definitive endoderm (DE)

or anterior foregut endoderm (AFE) cells. A, UCSC Genome Browser view of +22.6

kb CRE CRISPR/Cas9-mediated deletion schematic and sequencing alignments of two
homozygous deletion clones. B, C, Reverse transcription quantitative PCR (RT-gPCR) of
B., orthodenticle homeobox 2 (OTX2), GATA4, SOX17, SOX9, and PAX6; C, CFTR and
cortactin binding protein 2 (CTTNBP2) in WT and +22.6 kb deleted DE and AFE cells. WT
data combine CWRU205 WT, and two nontargeted clones; +22.6 kb deletion data combine
two homozygous deletion clones. Expression is shown relative to DE WT, normalized to
PGK1, n = 3. D, RNA-seq DEseg2 normalized counts in ND2.0 and CWRU205 in DE

and AFE stages. **** denotes £< .0001, ** denotes A< .01, and * denotes P< .05

using a two-way analysis of variance (ANOVA) and Sidak’s multiple comparisons test. Not
significant is not shown
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