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regulatory elements in primary bronchial

epithelial cells and develop a CRISPRi-

based therapeutic agent to downregulate

airway obstruction-inducing genes in a

cell type- and IL-13-specific manner.
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SUMMARY
Epithelial responses to the cytokine interleukin-13 (IL-13) cause airway obstruction in asthma. Here we uti-
lized multiple genomic techniques to identify IL-13-responsive regulatory elements in bronchial epithelial
cells and used these data to develop a CRISPR interference (CRISPRi)-based therapeutic approach to
downregulate airway obstruction-inducing genes in a cell type- and IL-13-specific manner. Using single-
cell RNA sequencing (scRNA-seq) and acetylated lysine 27 on histone 3 (H3K27ac) chromatin immunopre-
cipitation sequencing (ChIP-seq) in primary human bronchial epithelial cells, we identified IL-13-responsive
genes and regulatory elements. These sequences were functionally validated and optimized via massively
parallel reporter assays (MPRAs) for IL-13-inducible activity. The top secretory cell-selective sequence
from the MPRA, a novel, distal enhancer of the sterile alpha motif pointed domain containing E-26 trans-
formation-specific transcription factor (SPDEF) gene, was utilized to drive CRISPRi and knock down
SPDEF or mucin 5AC (MUC5AC), both involved in pathologic mucus production in asthma. Our work pro-
vides a catalog of cell type-specific genes and regulatory elements involved in IL-13 bronchial epithelial
response and showcases their use for therapeutic purposes.
INTRODUCTION

Asthma, a condition in which the airways narrow because of

bronchoconstriction and excessive mucus production, affects

�262 million individuals worldwide.1 Cytokine effects on the

airway play a central role in asthma pathogenesis. Interleukin-

13 (IL-13), interferon (IFN), and IL-17-stimulated gene expression

is increased in subsets of individuals with asthma, and cytokine

signatures are associated with disease severity, airway inflam-

matory responses, and responses to therapy.2–4 These phenom-

ena reflect pleiotropic effects of cytokines in the airway. For

example, IL-13, which is implicated in at least half of individuals

with asthma, induces eosinophilic inflammation,5,6 airway

smooth muscle hypercontractility,7 fibroblast proliferation,8

and mucus overproduction.9,10 Using transgenic mice, we

showed that direct effects of IL-13 on the airway epithelium are

sufficient to induce two key features of asthma, mucus overpro-

duction and airway hyperreactivity, in the absence of airway

inflammation or fibrosis.9 IL-13 stimulation of airway epithelial
C
This is an open access article under the CC BY-N
cells leads to formation of specialized secretory cells (goblet

cells) that secrete mucin 5AC (MUC5AC), a major contributor

to airway obstruction in asthma.11 Studies in mice12 and human

epithelial cells13 have demonstrated that this process depends

on induction of the sterile alpha motif pointed domain containing

E-26 transformation-specific transcription factor (SPDEF) in

secretory cells.

Gene regulatory elements, such as promoters and enhancers,

can contribute to cell type-specific responses.14 These elements

can be identified by genome-wide techniques, including chro-

matin immunoprecipitation sequencing (ChIP-seq) against his-

tone modifications such as acetylated lysine 27 on histone 3

(H3K27ac).15 Genome-wide technologies have been used

to characterize cytokine responses, including macrophage re-

sponses to IL-416,17 and lung epithelial line responses to trans-

forming growth factor b (TGF-b),18 and the general epigenomic

profile of undifferentiated human bronchial epithelial cells

(HBECs).19 However, more work is required to identify and func-

tionally characterize IL-13-responsive elements in differentiated
ell Genomics 3, 100229, January 11, 2023 ª 2022 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. IL-13 induces cell-type-selective gene expression changes in each major subpopulation of bronchial epithelial cells, and

enrichment of H3K27ac peaks near IL-13-stimulated genes

(A) Scheme for culturing primary human bronchial epithelial cells (HBECs) at an air-liquid interface (ALI) with IL-13 stimulation. On day 0, cells are predominantly

basal cells (orange). ALI culture allows differentiation into ciliated (magenta) and secretory cells (cyan). Themucin 5B (MUC5B)-rich mucus gel layer (red) changes

to a MUC5AC-rich gel (green) upon IL-13 stimulation.

(B and C) Effects of IL-13 on secretory cells compared with basal cells (B) or ciliated cells (C). Each point represents a gene. Genes that were regulated differently

between cell types are shown in black (log2 fold change difference > 1 and FDR < 0.1 for interactions between cell type and cytokine effect), and other genes are

shown in gray. R, Pearson correlation coefficient (p < 2.2 3 10�16 for both comparisons).

(D) Relative expression of 20 genes with the highest absolute IL-13-induced fold change in any of the three cell types.

(E) Gene set enrichment analysis of IL-13-induced cell type-selective responses in HBECs. Relative enrichment coefficients were calculated for the full collection

of 2,555 gene ontology biological process (GOBP) gene sets; results are shown for the five GOBP gene sets that were most highly induced by IL-13 in basal,

ciliated, and secretory cells (p < 10�5 in one cell type and enrichment coefficient < 0.5 in other cell types).

(F) IL-13-induced genes in secretory cells are highly enriched for a previously defined set of goblet cell genes not included in GOBP. For comparison, unlabeled

points represent values for the full collection of 2,555 GOBP gene sets.

(G) Distribution of IL-13-enriched H3K27ac peaks (N = 387) by genomic region classification.

(legend continued on next page)
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HBECs. The development of massively parallel reporter assay

(MPRA) technology allows simultaneous characterization of

thousands of sequences and variants for their regulatory activ-

ity.20 These regulatory elements could be used for therapeutic

purposes by incorporating them into nuclease-deficient gene

editing systems fused to transcriptional modulators, an

approach called cis regulation therapy (CRT).21

Here we utilized multiple genomic methods (RNA sequencing

[RNA-seq], H3K27ac ChIP-seq, and single-cell RNA-seq

[scRNA-seq]) to characterize genes, regulatory elements, and

pathways involved in IL-13 response in the airway epithelium,

a complex tissue comprised of basal, ciliated, and secretory

cells as well as other less common cell types. Previous studies

have used some of these approaches in related systems. One

previous study utilized scRNA-seq to identify cell type-specific

effects of IL-13 stimulation on cultured human tracheal epithe-

lial cells.22 Another study23 used H3K27ac profiling to compare

the regulatory landscape of cells cultured from healthy control

individuals and individuals with asthma, although these cells

were cultured under conditions that do not promote cell differ-

entiation, and the effects of IL-13 stimulation were not studied.

Because there are important differences between the airway

epithelial sample types used across these previous studies,

we chose to use a single model that has been well character-

ized in our prior studies11,13,24 to allow us to better associate

gene expression and epigenetic changes. We then utilized

MPRAs and individual reporter assays to identify IL-13-respon-

sive regulatory elements. Using our top MPRA-derived

element, a novel SPDEF enhancer shown to be IL-13 specific

and secretory cell selective, we drove a CRISPR interference

(CRISPRi)-based therapeutic approach to reduce the expres-

sion of critical asthma-associated genes. Our results identify

key genes and regulatory elements in airway epithelial cells

and demonstrate how enhancers can be used as therapeutic

switches to treat disease.

RESULTS

Characterization of IL-13-responsive genes and
pathways
We used scRNA-seq to identify IL-13 effects on primary HBECs

(Figure 1A). HBECs grown in air-liquid interface (ALI) differentiate

and recapitulate airway epithelial cell types seen in vivo,

including ciliated and goblet cells.25 HBECs from four individuals

were grown in ALI for 16 days, and then half of the cultures were

treated with IL-13 for 7 days to induce mucus hyperplasia.11,13

Cells were harvested and utilized for scRNA-seq, yielding data

for �2,000 cells for each condition (Figures S1A–S1C). The pro-

portions of cells classified as basal, ciliated, and secretory

(Table S1) were consistent with our prior analyses of similar cul-

tures by flow cytometry.24
(H) Bulk RNA-seq expression changes in genes closest to H3K27ac ChIP-seq pea

were significantly (FDR < 0.1) enriched (387 peaks) or depleted (215 peaks) afte

by two-sided Wilcoxon test.

(I) The most highly enriched motif discovered in regions with enriched H3K27ac

motif.

See also Figure S1 and Tables S1 and S7–S9.
Numerous genes were regulated by IL-13 (Figures 1B–1D;

Table S7). To quantify cell type-selective effects, we used a linear

model with terms for cell type, cytokine effect, and the interaction

between the two. In this model, secretory cells were compared

with each of the other two cell types. Cell type-specific effects

of IL-13 were identified based on the interaction between IL-13

stimulation and cell type (log2 fold change difference > 1 and false

discovery rate [FDR] < 0.1 for the interaction term). Cell type-spe-

cific effectswere found for 292genes in secretory cells compared

with basal cells and 166 genes in secretory cells compared with

ciliated cells. IL-13 affected different cellular processes in these

three cell types (Figure 1E; Table S8). Examples of genes and

pathways relevant to asthma that were selectively regulated in

these cell types include periostin (POSTN) and serpin B2

(SERPINB2), two established markers of type 2-high asthma,2

the pro-type 2 inflammatory genes C-C Motif Chemokine Ligand

26 (CCL26, an eosinophil chemoattractant) and arachidonate

15-lipoxygenase (ALOX15),26 and genes involved in ciliated cell

function and ion secretion. As expected, IL-13-induced tran-

scripts in secretory cells were highly enriched for goblet cell

genes defined previously in a scRNA-seq analysis of epithelial

cells from human lungs27 (Figure 1F).

We compared our results with those from a previous study of

the effects of IL-13 stimulation on tracheal epithelial secretory

cells.22 Of the 200 genes we found to be most strongly induced

by 7 days of IL-13 stimulation (fold increase > 1.98, FDR < 0.05),

the previous study found significant increases for 71 genes after

48 h of IL-13 stimulation and 69 genes after 11 days of IL-13 stim-

ulation (defined as fold change > 1.28, FDR < 0.05 in that study).

In total, 103 of the 200 most highly induced genes in our study

were induced at 48 h and/or 11 days in the previous study. Given

differences in cell culture models (e.g., medium, IL-13 treatment

duration) and scRNA-seq platforms, this represents a substantial

overlap in the genes identified between studies. However, nearly

half of the genes we identified as most highly induced by IL-13

were not identified in the prior study. SPDEF, a transcription fac-

tor shown previously to be required for goblet cell differentiation

andMUC5ACproduction,12,13,28 was among the 200most highly

IL-13-induced genes in secretory cells in our study (1.99-fold,

FDR = 1.24 3 10�18). Although SPDEF was not reported as

significantly increased after 48 h or 11 days of IL-13 stimulation

in the prior study, a pseudotime analysis of that prior dataset did

indicate increased expression of SPDEF during goblet cell differ-

entiation.22 By applying scRNA-seq to the specificmodel system

we characterized in our prior work, we identified many additional

genes that were selectively induced by IL-13.

To analyze whether the cell type-specific response to IL-13

was a general cytokine response phenomenon or limited to

IL-13, we generated similar scRNA-seq datasets for two

other cytokines: IFN-a and IL-17. IFN-a produced a similar tran-

scriptional response in each of themajor cell types (Figures S1D,
ks that were not significantly affected (p > 0.1) by IL-13 (no D, 26,875 peaks) or

r IL-13 stimulation. Shown are p values for comparison with unaffected peaks

after IL-13 stimulation closely resembles a previously defined STAT6 binding

Cell Genomics 3, 100229, January 11, 2023 3
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Figure 2. SPDEFe is IL-13 inducible, and its activity is mediated by STAT6 and KLF5

(A) IL-13 induces increased H3K27ac and KLF5 binding in a region 29 kb upstream of the SPDEF TSS. Top: overlaid tracks represent H3K27ac ChIP-seq read

depth from HBECs cultured with (black) and without (gray) IL-13 stimulation (mean of four donors). The lone IL-13-regulated peak in this region is indicated by a

red bar below the tracks (FDR < 0.1). An adjacent Encyclopedia of DNA Elements (ENCODE) blacklisted repetitive region that cannot bemapped reliably has been

removed. Bottom: CUT&Tag analysis of KLF5 binding near the SPDEF locus. Tracks represent mean reads per million from six experiments (three donors, two

replicates per donor) involving HBECs culturedwithout (gray) or with (black) IL-13 stimulation. Called peaks are indicated by bars below the tracks; the sole IL-13-

enriched peak (FDR < 0.1) is shown in red. SPDEFe is highlighted in cyan.

(B) HBECs were transduced with lentiviral GFP reporter constructs containing only a minimal promoter (empty), a positive control SV40 enhancer (SV40e), or

SPDEFe (chr6:34,586,344–34,586,932; hg38) and differentiated in ALI culture without (gray) or with (black) IL-13 stimulation during the last 7 days of culture.

Representative histograms from one of at least three donors are shown.

(C) Seven overlapping�150-bp fragments of SPDEFe from three donors were tested via the lentiviral GFP reporter assay in HBECs in ALI culture without (gray) or

with (black) IL-13 stimulation. Values represent mean GFP reporter fluorescence intensity (arbitrary units). ****p < 0.0001 for comparison of IL-13 stimulation and

no IL-13 stimulation by two-way ANOVA with Sidak’s post-test.

(legend continued on next page)
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S1E, and S1H). The interaction between IFN-a stimulation and

cell type was significant (log2 fold-change difference > 1 and

FDR < 0.1) for 58 genes in secretory cells compared with basal

cells and 52 genes in secretory cells comparedwith ciliated cells;

these cell type-selective differences were substantially less

numerous than observed with IL-13. IL-17 response differed

somewhat between these three cell types (Figures S1F, S1G,

and S1I; significant interactions between IL-17 stimulation and

cell type for 32 and 108 genes in secretory cells compared

with basal and ciliated cells, respectively). We observed that all

three cytokines had effects on gene expression, but IL-13 pro-

duced a substantially larger number of cell type-selective re-

sponses than IFN-a or IL-17.

Identification of IL-13-responsive DNA regulatory
elements
To identify gene regulatory elements that are responsive to IL-13

in HBECs, we utilized ChIP-seq against H3K27ac, an active pro-

moter and enhancer mark.15,29 HBECs from four donors were

grown in ALI with or without IL-13 stimulation (Figure 1A). Cells

were harvested and crosslinked, and bulk H3K27ac ChIP-seq

was performed. We identified 19,629 H3K27ac peaks; among

these, 602 (3.1%, FDR < 0.1) were significantly changed by IL-

13 stimulation (387 enriched, 215 depleted).

Analysis of genomic annotations of regions overlapping IL-13-

responsive peaks from the ChIP-seq dataset found that approx-

imately one-third contain putative promoters (Figure 1G). We

analyzed these ChIP-seq peaks together with data from our

bulk RNA-seq experiments of cytokine responses in ALI-

cultured HBECs from six individuals (Table S9). Portions of the

bulk RNA-seq data have been used previously to identify IFN sig-

natures in bronchial samples from individuals with asthma and

for analyses of regulation of severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2)-related genes.4,30 We evaluated

the expression of the gene closest to a ChIP-seq peak and found

that regions enriched in H3K27ac upon IL-13-stimulation were

preferentially located near transcription start sites (TSSs) of IL-

13-induced genes, as identified by bulk RNA-seq (Figure 1H).

Conversely, regions depleted of H3K27ac in response to IL-13

tended to reside near genes with decreased expression. De

novo motif analyses showed that the most highly enriched motif

in IL-13-induced H3K27ac regions conforms to a signal trans-

ducer and activator of transcription 6 (STAT6) motif31 (Figure 1I).

These data indicate that IL-13-induced transcriptional changes

correlate with changes in H3K27ac levels.
(D) Mutations were made in core sequences of predicted STAT6 and KLF5 bindi

assay in three donors. yp < 0.0001 for comparison of IL-13 stimulation and no IL-1

sequence by two-way ANOVA with Sidak’s post-test. All other differences were

(E) Scheme of the saturationmutagenesis lentivirus-basedMPRA. Oligonucleotide

the lentiMPRA vector to create the plasmid library, which was sequenced to asso

to prepare a lentivirus library that was subsequently transduced into HBECs, whic

sequenced to obtain BC and unique molecular identifier (UMI) counts.

(F) Saturation mutagenesis MPRA of bases 1–200 of SPDEFe. Values represen

donors). Positions of predicted STAT6 and KLF5 binding sites (JASPAR) are highl

mammalian species by PhastCons is displayed at the top.

(G) Effects of STAT6 targeting on reporter expression. HBECs from three donors w

(gRNA) prior to introduction of the reporter constructs. ns, not significant; *p < 0

See also Figures S2 and S3 and Table S10.
Identification and functional characterization
of an IL-13-inducible SPDEF enhancer
We selected six IL-13-induced H3K27ac regions near three

genes with known roles in asthma: PDIA5 protein disulfide isom-

erase family A member 5 (PDIA5), which is involved in the

unfolded protein response and upregulated in allergic asth-

matics;32 SPDEF, which is a central mediator of goblet cell differ-

entiation and involved in type 2 airway inflammation;12,33 and

Suppression Of Tumorigenicity 18 C2H2C-type zinc finger tran-

scription factor (ST18), which is upregulated in atopic asth-

matics.34We used a reporter assay to test activities of sequences

from these regions in IL-13-stimulated, ALI-cultured HBECs (Fig-

ure S2). Among them, one 589-bp-long region located 29 kilo-

bases (kb) upstream of the SPDEF TSS (Figure 2A), which we

called SPDEFe, drove GFP-based reporter expression in an IL-

13-dependent manner (Figure 2B). In contrast, our positive con-

trol, a constitutively active SV40 enhancer,35 SV40e, produced

reporter activity unaffected by IL-13 stimulation.

To further characterize SPDEFe and define the minimal active

region, we tested overlapping �150-bp fragments spanning the

589-bp sequence. Of seven constructs tested, only the first two,

most proximal to SPDEF promoter, were active in IL-13-stimu-

lated HBECs (Figure 2C). The first fragment, SPDEFe(1–147), en-

compassing the first 147 bp of the sequence and overlapping the

second fragment, SPDEFe(70–226), provided the strongest

response. According to the JASPAR database,36 these two frag-

ments include predicted binding sites for several transcription

factors, including STAT6, which has a known role in IL-13

signaling.37 Among those transcription factors, only Kr€uppel

like factor 5 (KLF5) was significantly more abundant in secretory

cells compared with basal and ciliated cells in our scRNA-

seq (1.4- and 1.5-fold higher, respectively; FDR = 1.3 3 10�91

and 6.1 3 10�51, respectively). We mutated the two STAT6

and two KLF5 predicted binding sites in SPDEFe(1–147) and

repeated our reporter assay. Substituting nucleotides in the

STAT6 or KLF5 binding sites reduced or eliminated IL-13-

induced enhancer activity (Figure 2D). These findings demon-

strate the requirement for STAT6 and KLF5 transcription factor

binding sites within the 60-bp (44–103) region of SPDEFe.

Saturation mutagenesis MPRA identifies key factors
regulating SPDEFe

To map the regions important for SPDEFe function at single-

base-pair resolution, we used a saturation mutagenesis lenti-

virus-based MPRA (lentiMPRA) (Figure 2E). We generated a
ng sites (JASPAR) in SPDEFe(1–147) and tested via the lentiviral GFP reporter

3 stimulation; ****p < 0.0001 for comparison with the reference SPDEFe(1–147)

not statistically significant (C and D).

s containing each single-nucleotide variant of SPDEFe(1–200) were cloned into

ciate the sequence and its barcodes (BCs). The same plasmid library was used

h were ALI cultured and treated with IL-13. RNA and DNA were harvested and

t log2 effects of each single-nucleotide substitution (combined data from two

ighted in red and blue, respectively. The extent of sequence conservation in 30

ere transfected with rCas9 and NT-2 control (black) or STAT6 (red) guide RNA

.05 for comparison of NT-2 and STAT6 gRNAs by Holm-Sidak t test.
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Figure 3. SPDEFe drives IL-13-inducible, cell type-selective transcription

(A) Scheme of the lentivirus-based MPRA. Oligonucleotides with each candidate cis-regulatory sequence (CRS) were cloned into the lentiMPRA vector to create

the plasmid library, which was sequenced to associate the sequence and its BCs. A lentivirus library prepared from the plasmid library was transduced into

HBECs, which were ALI cultured and treated with or without IL-13. RNA and DNA were harvested and sequenced for BC and UMI counts.

(B) Selection of 1,904 CRSs for the MPRA.

(C) MPRA results for CRSs. RNA/DNA ratios observed in untreated (UT) cells were plotted against those in IL-13-stimulated cells (combined data from two

donors). IL-13-responsive CRSs are shown in black (>1.5-fold increase or decrease in IL-13 versus control, RNA/DNA ratio > 95th percentile of 100 scrambled

negative control sequences, FDR < 0.1).

(D and E) Validation of 18 selected CRSs from the MPRA in HBECs. HBECs from a single donor were individually transduced with lentiviral GFP reporter con-

structs of CRSs differentiated in ALI culture without (gray) or with (black) IL-13 stimulation during the last 7 days of culture. Mean fluorescence intensity (MFI),

measured by flow cytometry, was compared with RNA/DNA ratios from the MPRA. Pearson correlation coefficient (p < 0.0001).

(F) Reporter expression of the top three IL-13-inducible CRSs was measured in basal, ciliated, and secretory cells using a flow cytometry panel. ‘‘Reporter IL-13

fold change’’ represents the overall IL-13 effect seen in all cells. Cell type selectivity was quantified by taking the ratio of MFI in relevant cell types and normalizing

it to the ratio observed for the empty construct.

(G and H) SPDEFe- and IGHEe-driven reporter expression in basal (nerve growth factor receptor [NGFR]+ carcinoembryonic antigen-related cell adhesion

molecule 6 [CEACAM6]�), ciliated (acetylated a-tubulin [ac-a-Tub]+), and secretory (CEACAM6+ NGFR�) cells. Shown are representative histograms from one of

(legend continued on next page)
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library of 600 sequences covering all possible single-nucleotide

variants of the first 200 bp of SPDEFe (Table S10). Oligonucleo-

tides were synthesized and cloned into the lentiMPRA vector.38

HBECs from two donorswere transducedwith the resulting lenti-

virus, ALI cultured with or without IL-13 stimulation, and har-

vested on day 23 of ALI culture. DNA and RNA were extracted,

and enhancer activity was determined utilizing MPRAflow.38

Analysis of our library showed a good correlation between do-

nors (R = 0.77, p < 2.2 3 10�16; Figure S3A), and data were

pooled for analysis.

Of the 600 tested mutations, 31 increased reporter expression

and 128 reduced expression in IL-13-stimulated cells (absolute

fold change R 1.5, FDR < 0.05; Figure 2F). Function-perturbing

mutations clustered at the previously identified STAT6 and KLF5

motifs and at a third KLF5 motif (positions 170–179), all of which

are evolutionarily conserved across mammals (Figure 2F). Muta-

tions in STAT6 and KLF5 motifs tended to have larger effects

when they involved highly conserved positions, and mutations

in the KLF5 motifs that increased similarity to the consensus

motif tended to increase activity (Figures S3B–S3F). These re-

sults demonstrate that sequences containing STAT6 and KLF5

motifs are required for SPDEFe activity.

STAT6 and KLF5 regulate SPDEFe

To complement and validate our reporter assay results, we

analyzed the functional interactions of STAT6 and KLF5 with

SPDEFe. We used CRISPR to target STAT6 in HBECs and

observed an editing efficiency of more than 90%, as measured

by PCR, Sanger sequencing, and inference of CRISPR edits

(ICE) analysis.39 Cells were then transduced with the SPDEFe re-

porter, grown in ALI culture, and treated with IL-13 or left un-

treated. We observed that CRISPR-mediated deletion of

STAT6 prevented IL-13-induced activation of the SPDEFe re-

porter (Figure 2G). We found that CRISPR targeting of KLF5 in

HBECs leads to cell death upon ALI culture, consistent with a

previous study showing that Klf5 is required for airway epithelial

maturation in mice.40 Consequently, we analyzed KLF5’s ability

to bind to SPDEFe using cleavage under targets and tagmenta-

tion (CUT&Tag).41 HBECs from three donors were grown in ALI

and treated with IL-13 or left untreated, followed by CUT&Tag.

We identified 22,948 CUT&Tag KLF5 peaks (KLF5 motif as the

most highly enriched in peaks; p = 10�1306). SPDEFe is located

in one of 863 regions that more strongly associated with KLF5 af-

ter IL-13 stimulation (FDR < 0.1; Figure 2A). We also attempted to

identify STAT6 binding sites directly using CUT&Tag, but an anti-

body used previously for STAT6 ChIP-seq16,42 is no longer avail-

able, and attempts to use two other commercially available

STAT6 antibodies were unsuccessful. The results of our SPDEFe

mutational analyses combined with the STAT6 targeting studies

and the KLF5 CUT&Tag findings support the hypothesis that

SPDEFe is activated by STAT6 and KLF5 in HBECs after IL-13

treatment.
four donors (G) and IL-13-induced fold changes in reporter expression (MFI) in ea

two-way ANOVA Tukey’s post-test; all other differences were not statistically sig

(I) Reporter activity in undifferentiated HBECs and two lung epithelial cell lines,

experiments are shown.

See also Figures S4–S6 and Table S11.
Massively parallel characterization of IL-13-responsive
gene regulatory elements
Because STAT6 and KLF5 were vital for the IL-13-inducible

activity of SPDEFe, we hypothesized that STAT6/KLF5-depen-

dent, IL-13-responsive elements likely contributed to IL-13-

regulated gene expression in HBECs. To this end, we performed

a lentiMPRA (Figure 3A). Because of the biological constraints

involved in growing HBECs, which provide only a limited number

of cells and passages, we limited the amount of candidate cis-

regulatory sequences (CRSs) tested in our MPRA using the

following criteria (Figure 3B): (1) IL-13-responsive peaks in our

H3K27ac ChIP-seq data that contain STAT6 and KLF transcrip-

tion factor bindingmotifs within 50 bp of each other, (2) proximity

to asthma-associated genes (established according to ClinVar

data), and (3) proximity to IL-13 differentially expressed genes

in our scRNA-seq data. A total of 1,194 CRSs from IL-13-en-

riched H3K27ac peaks and 710 CRSs from IL-13-depleted

H3K27ac peaks were selected using these criteria (Table S11).

We used SV40e and SPDEFe(1–200) sequences as positive con-

trols and scrambled versions of 100 randomly selected CRSs as

negative controls.

Oligonucleotides for this library were cloned into a lentiMPRA

vector, and HBECs from the same two donors used in the

SPDEFe(1–200) saturation mutagenesis MPRA were trans-

duced and ALI cultured with or without IL-13 treatment. On

day 23 of ALI culture, DNA and RNA were extracted,

sequenced, and analyzed using MPRAflow.38 We observed a

good correlation between the two donors (R = 0.87 and 0.88,

p < 2.2 3 10�16 for untreated and IL-13 treatment conditions,

respectively; Figure S4) and therefore pooled the results for

analysis.

Of the 1,194CRSs in IL-13-enrichedH3K27ac peaks, 26CRSs

met our criteria for induced expression after IL-13 treatment (IL-

13 fold change > 1.5, IL-13 RNA/DNA > 95th percentile for 100

randomized negative control sequences, FDR < 0.1; Figure 3C;

Table S11). The top IL-13-induced sequence was ID1328, which

harbors SPDEFe (positions 1–179; IL-13 fold change of 25). Only

one of the 710 CRSs derived from IL-13-depleted H3K27ac re-

gions led to significantly repressed expression by IL-13 (IL-13

fold change < 0.67, untreated [UT] RNA/DNA > 95th percentile

for 100 randomized negative control sequences, FDR <0.1).

We next validated our MPRA results by testing 18 individual

sequences for reporter activity in HBECs (Table S11). We

selected 5 classified as IL-13 inducible (IL-13 fold change > 3

and FDR < 0.1), 2 showing inconsistent results in two donors,

and 11 that were not IL-13 inducible but led to high reporter

expression regardless of condition (RNA/DNA > 5 in UT and IL-

13). Lentiviral reporters containing these sequences were intro-

duced into HBECs, and the cells were grown in ALI culture

with or without IL-13 and analyzed for reporter expression via

flow cytometry. We observed a good correlation with the

MPRA results (R = 0.67 and 0.82 for UT and IL-13, respectively;
ch cell type (H). **p < 0.01, ***p < 0.001 for comparison between cell types by

nificant.

BEAS-2B and A549. Representative histograms from at least three donors or
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p < 0.0001; Figures 3D and 3E). Of the four sequences that

were most highly induced in the MPRA, three showed similar

IL-13-inducible response in this validation experiment. These

sequences were analyzed for cell type-specific activation by

dissecting reporter expression using a panel of cell type-

specific markers.24 Only one sequence, ID1328, harboring

SPDEFe(1–179), was found to be substantially cell type selective

in secretory cells (Figure 3F).

SPDEFe is activated by IL-13 selectively in secretory
cells
Examination of our scRNA-seq data showed that IL-13 stimula-

tion induces SPDEF expression specifically in secretory cells

(1.99-fold, FDR = 1.243 10�18; Table S7), whereas its expression

in basal and ciliated cells was >10-fold lower and minimally

affected (<1.1-fold) by IL-13. To assess whether SPDEFe confers

cell type selectivity, we assayed its activity in HBECs from four

additional donors. The activity of SPDEFe was significantly

induced by IL-13 only in secretory cells, whereas a constitutively

active SV40e exhibited no IL-13 inducibility or cell type selectivity

(Figures 3G, 3H, and S5A). The shorter fragment of SPDEFe with

essential STAT6 and KLF5 motifs (SPDEFe(1–147)) also led to

high IL-13 inducibility while maintaining secretory cell selectivity

(Figure 3H). To assess whether SPDEFe’s selectivity reflects a

general difference in activation of the IL-13/STAT6 signaling

pathway between cell types, we tested a reporter construct con-

taining a germline immunoglobulin heavy constant epsilon pro-

moter (IGHEe). IGHEe contains previously characterized STAT6

and CEBPb binding sites and has a known role in IL-4-induced,

STAT6-mediated B cell immunoglobulin class switching.43 We

cloned IGHEe into a reporter lentivirus, transduced it into

HBECs, ALI-cultured cells with or without IL-13 stimulation, and

measured reporter expression. IL-13 induced IGHEe activity in

all cell types, demonstrating that the selectivity of SPDEFe is

not attributable to difference in activation of the STAT6 pathway

between cell types (Figures 3G, 3H, and S5B).

To assess the dependence on cell differentiation, we trans-

duced HBECs that were maintained in standard (submerged)

cell culture, where cells remain in a poorly differentiated state,

and two epithelial cell lines, BEAS-2B and A549, commonly

used in in vitro experiments on lung biology, with IGHEe or

SPDEFe. IL-13 activated IGHEe but not SPDEFe in all cell types

(Figure3I).Thesefindingssuggest thatSPDEFe isan IL-13-depen-

dent enhancer that is selectively active in differentiated secretory

cells.

SPDEFe is activated by IL-13 but not by other stimuli that
promote mucin production
We next sought to determine whether SPDEFe is specifically

activated by IL-13. MUC5AC overproduction is detrimental in

asthma, and its downregulation could potentially be used as a

therapeutic strategy. Because MUC5AC is minimally expressed

in unstimulated HBECs under our ALI culture conditions, we

used an alternative cell culture medium, PneumaCult-ALI, which

supports development of MUC5AC-producing cells without a

requirement for IL-13 stimulation, as seen in vivo.44 HBECs

cultured in PneumaCult-ALI and transduced with the SPDEFe

reporter produced MUC5AC but did not activate SPDEFe
8 Cell Genomics 3, 100229, January 11, 2023
(Figures S6A and S6B). MUC5AC expression is also induced

by IL-1b in the context of airway infection.45 Providing IL-1b

to HBECs transduced with the SPDEFe reporter and grown un-

der ALI culture conditions also did not activate SPDEFe

(Figures S4C and S4D). These results suggest that SPDEFe acti-

vation is selective for IL-13 as opposed to other MUC5AC-

inducing stimuli.
CRISPRi implicates SPDEFe as a regulator of SPDEF-
dependent goblet cell differentiation and mucus
hyperplasia
CRISPRi has been used to test whether candidate loci function

as gene regulatory regions in various cell types, including lung

cells.46 We used CRISPRi (Figure 4A) to validate that SPDEF is

the target gene for SPDEFe and determine whether SPDEFe

downregulation can reverse IL-13-induced, asthma-associated

abnormalities in mucus organization and function. We designed

four gRNAs targeting SPDEFe, the SPDEF promoter, or theMU-

C5AC promoter and cloned them into a lentivirus-based single-

guide RNA (sgRNA) vector. As a negative control, we used pre-

viously published non-targeting guide RNAs (gRNAs).47 HBECs

from a single donor were co-transduced with sgRNA vectors

and a vector that drives expression of nuclease-deficient Cas9

(dCas9) fused to the Kr€uppel associated box (KRAB) transcrip-

tional repressor. Cells were grown in ALI with or without IL-13

treatment, and RNA was isolated from these cells and used to

measure gene expression. For cells with control, non-targeting

sgRNAs, we observed IL-13 induction of SPDEF and the

SPDEF-regulated genes forkhead box A3 (FOXA3) andMUC5AC

(Figures 4B–4D). CRISPRi targeting of the MUC5AC promoter

reduced MUC5AC mRNA by 60% but did not affect SPDEF or

FOXA3, which are upstream of MUC5AC. In contrast, targeting

the SPDEF promoter reduced SPDEF (65%), FOXA3 (67%),

and MUC5AC (72%) mRNA levels as well as MUC5AC protein

(65% as measured by flow cytometry; Figures 4B–4E).

CRISPRi targeting of SPDEFe, similar to targeting the SPDEF

promoter, reduced SPDEF (64%), FOXA3 (66%), and MUC5AC

(64%) mRNA expression and MUC5AC protein (60%), impli-

cating SPDEF as its target gene. Each of the four SPDEFe-tar-

geting gRNAs had similar effects on expression of SPDEF and

SPDEF-regulated genes, and these effects were not seen with

negative control gRNAs, indicating that the effects of targeting

SPDEFe were specific. We also measured the effects of target-

ing SPDEFe on expression of the other major airway mucin,

MUC5B, which is known to be regulated by SPDEF.13,48

IL-13 decreased MUC5B expression, as expected from prior

studies,11,13 and targeting the SPDEF promoter or SPDEFe

further decreased MUC5B expression (Figure S7A).Targeting

the MUC5AC promoter in IL-13-stimulated cells increased

MUC5B expression to a level similar to that seen in unstimulated

cells. More studies are required to determine whether this results

from a compensatory mechanism to maintain mucin expression

or a complex regulatory interaction within the chromosome

11p15 cluster containing MUC5AC and MUC5B. Our results

show that CRISPRi targeting of SPDEFe specifically inhibits

expression of SPDEF and SPDEF-regulated genes, including

FOXA3, MUC5AC, and MUC5B.
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Figure 4. CRISPRi targeting of the SPDEF enhancer prevents SPDEF-dependent, IL-13-induced mucus metaplasia and mucostasis

(A) Scheme of CRISPRi targeting of SPDEFe.

(B–D) CRISPRi effects on gene expression. HBECs were transduced with lentiviruses driving expression of dCas9-KRAB and non-targeting (NT) control sgRNAs

(gray/black) or sgRNAs targeting the SPDEF promoter (red), MUC5AC promoter (blue), or SPDEFe (orange). After differentiation, cells were left unstimulated or

stimulated with IL-13 for 7 days, as indicated. Expression of SPDEF (B), FOXA3 (C), andMUC5AC (D) was measured by quantitative real-time PCR. mRNA levels

are relative to IL-13-stimulated HBECs with NT control sgRNAs.

(E) CRISPRi effects on intracellular MUC5ACwere quantified by flow cytometry. Each point corresponds to a different gRNA targeting the indicated region, tested

separately in a single culture well from the same donor (B–E). **p < 0.01, ****p < 0.0001 for comparison with IL-13-stimulated HBECs with NT control sgRNAs by

one-way ANOVA with Dunnett’s post-test (B–E).

(F) Effects of targeting SPDEFe and surrounding regions on IL-13-induced MUC5AC production. gRNAs used in (B)–(E) were compared with gRNAs targeting

flanking regions�2 and 4 kb away fromSPDEFe (magenta) in a separate set of experiments (three donors, two replicates per donor). To combine results from two

donors, values for MUC5AC-producing cells are shown as percentages of mean values for IL-13-stimulated cells with NT sgRNAs in the same donor. **p < 0.01,

****p < 0.0001 compared with IL-13-stimulated HBECs with NT-1 sgRNA by one-way ANOVA with Tukey’s post-test. p values for all comparisons are provided in

Table S2.

(G–J) CRISPRi effects on mucin staining and mucociliary transport. HBECs were treated as above using NT-2 gRNA, SPDEF-TSS(+34) gRNA, or SPDEFe(+87)

gRNA. Sections (G) and extracellular mucus gels from whole-mount preparations (H) were stained for MUC5AC (cyan), MUC5B (red), and the ciliated cell marker

ac-a-Tub (yellow). Nuclei were stained with DAPI (purple). Scale bars: 20 mm (G) and 100 mm (H). Images are representative of two experiments with different

donors. Mucociliary transport rates were determined from trajectories of fluorescent microspheres placed on gels atop cells (I and J). Shown is superimposition of

10 images acquired at 1-s intervals; scale bars: 50 mm (I). Microsphere speeds were determined from three donors, one well per donor, four fields per well (J).

Values represent median microsphere speed for each field. Boxes extend from the 25th to the 75th percentile, horizontal lines within the box indicate means, and

whiskers represent minimum and maximum values. *p < 0.05, **p < 0.01 by one-way ANOVA with Tukey’s post-test.

See also Figures S7 and S8 and Table S2.
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Figure 5. SPDEFe can be used to drive CRISPRi to prevent IL-13-induced mucin production by secretory cells

(A) Scheme of IL-13-responsive, secretory cell-specific, SPDEFe-driven CRISPRi. minP, minimal promoter.

(B–H) A lentivirus containing a KRAB-dCas9 transgene driven by SPDEFe (or other enhancers) and a second lentivirus driving expression of sgRNA targeting the

SPDEF (SPDEF-TSS(+34)) or MUC5AC (MUC5AC-TSS(+134)) promoter were used in combination. Transduced cells were ALI cultured without cytokine stim-

ulation or with IL-13 (B–E) or IL-1b (F–H) stimulation for the last 7 days of culture, as indicated. Changes in expression of dCas9 (B and F), SPDEF (C and G), and

MUC5AC (D andH) were measured by quantitative real-time PCR.MUC5AC-producing cells (E) were quantitated by flow cytometry. mRNA levels andMUC5AC-

producing cells are relative to mRNA levels and MUC5AC-producing cells from IL-13-stimulated cells with SV40e-KRAB-dCas9 and NT-2 sgRNA in the same

donor. IL-13 data (B–E) are from four donors. The IL-1b data (F–H) are from cells from three donors, including two used for the IL-13 experiment. *p < 0.05,

**p < 0.01, ****p < 0.0001 compared with the unstimulated empty vector control for NT gRNA and IL-13-stimulated empty vector control for SPDEF andMUC5AC

gRNAs by one-way ANOVA Tukey’s post-test (B–H).
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To exclude the possibility that targeting SPDEFe has non-spe-

cific effects on IL-13 responsiveness, we measured expression

of periostin (POSTN), a gene frequently used as part of an IL-

13-response signature in asthma.2 Targeting the SPDEF pro-

moter or SPDEFe had no effects on this IL-13-inducible gene

or on expression of the basal cell marker KRT5 and the ciliated

cell marker TUBB4B (Figures S7B–S7D). These results suggest
10 Cell Genomics 3, 100229, January 11, 2023
that CRISPRi targeting of the SPDEF promoter or SPDEFe

does not affect responsiveness to IL-13 or differentiation of

HBECs. To look for off-target effects, we analyzed the expres-

sion of neighboring genes (HMGA1, NUDT3, ILRUN, SNRPC,

and FKBP5) in the same topologically associated domain (TAD)

as SPDEF, according to Hi-C data from a lung epithelial cell

line, A549,49 and human tracheobronchial epithelial cells.50 We
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observed no significant IL-13-induced changes in expression of

these genes (Figures S7E–S7I), although we cannot exclude

modest effects (�80% power to detect a 1.7-fold change for

each gene tested). This suggests that CRISPRi targeting of

SPDEFe using these gRNAs hasmodest, if any, effects on neigh-

boring gene expression in the same TAD. To pinpoint the loca-

tion of SPDEFe, we performed an additional experiment using

HBECs from three donors and found that gRNAs targeting

SPDEFe again suppressed MUC5AC induction, whereas se-

quences 2–4 kb from SPDEFe had minimal effects (Figure 4F;

Table S2). These results indicate that CRISPRi against SPDEFe

effectively and selectively suppresses IL-13-induced SPDEF

and SPDEF-dependent genes. As a complementary approach,

we used a pair of flanking gRNAs in combination with catalyti-

cally active Cas9 to excise SPDEFe from the genome. Excising

SPDEFe significantly reduced levels of SPDEF mRNA and the

SPDEF-dependent genes FOXA3 and MUC5AC (Figure S8),

providing evidence that SPDEFe regulates SPDEF expression.

We next analyzed whether CRISPRi targeting of SPDEFe re-

verses IL-13-induced abnormalities in mucus organization and

function associated with asthma. IL-13 stimulation induces for-

mation of MUC5AC-rich mucus that remains tethered to the

epithelium, resulting in impairedmucociliary transport.11 Consis-

tent with our analyses of the effects of SPDEFe gRNAs on

MUC5AC mRNA and MUC5AC protein by flow cytometry, we

found that CRISPRi targeting of SPDEFe prevented formation

of MUC5AC-richmucus domains (Figures 4G and 4H). We inves-

tigated whether targeting SPDEFe via CRISPRi could also

rescue mucociliary transport abnormalities induced by IL-13.

As expected, IL-13 stimulation of cells expressing a non-target-

ing sgRNA led to a marked reduction in mucociliary clearance.11

In contrast, targeting the SPDEF TSS or SPDEFe completely

rescued IL-13-inducedmucostasis (Figures 4I and 4J). These re-

sults show that direct targeting of SPDEFe prevents IL-13 induc-

tion of SPDEF and the goblet cell transcriptional program and

impaired mucociliary clearance.

SPDEFe-driven CRISPRi inhibits asthma-associated
genes in an IL-13-dependent, cell type-specific manner
Our previous experiments suggest thatSPDEFe could be utilized

as an exceptional regulatory switch that could be specifically

turned on by IL-13 in differentiated secretory cells, providing a

therapeutic driver to precisely alter gene expression in asthma.

To examine this, we cloned SPDEFe in front of KRAB-dCas9

and tested its ability to reduce SPDEF orMUC5AC gene expres-

sion in differentiated secretory cells after IL-13 stimulation (Fig-

ure 5A). SPDEFe-KRAB-dCas9 lentiviruses were transduced

into HBECs from four donors together with lentiviruses encoding

sgRNAs targeting the SPDEF orMUC5AC TSS. After ALI culture

and treatment with or without IL-13, we observed thatSPDEFe in

combination with the SPDEF-targeting sgRNA drove expression

of KRAB-dCas9 in an IL-13-inducible manner and significantly

reduced SPDEF andMUC5AC expression andMUC5AC protein

level (Figures 5B–5E). With the MUC5AC-targeting sgRNA,

MUC5AC/MUC5AC expression was reduced without affecting

SPDEF expression (Figures 5B–5E), as expected, because

SPDEF is upstream of MUC5AC. We next tested whether

increasing the number of SPDEFe copies can further increase
the magnitude of CRISPRi downregulation. We generated

CRISPRi vectors with sequences containing two or three copies

of SPDEFe(1–147) and observed that increasing the number of

copies increased dCas9 expression (Figure 5B) and reduced

SPDEF and MUC5AC mRNA levels (Figures 5C and 5D) as well

as MUC5AC protein levels (Figure 5E), with two copies having

a similar effect as three copies.

To validate that SPDEFe is IL-13 specific, we performed these

experiments using IL-1b, another MUC5AC-inducing cytokine,

instead of IL-13. IL-1b did not induce expression of KRAB-

dCas9 (Figure 5F), and SPDEFe-driven CRISPRi did not prevent

IL-1b induction ofSPDEF andMUC5AC (Figures 5G and 5H). Our

results show that SPDEFe can be used as a regulatory switch to

specifically modulate gene expression in an IL-13-induced

manner in differentiated airway secretory cells.

DISCUSSION

The ability to control gene expression in a cell type-selective and

cytokine-inducible manner could allow specific control of genes

and transcriptional modulators to treat asthma. Here we utilized

numerous genomic technologies (scRNA-seq, H3K27ac ChIP-

seq, and MPRAs) to identify an enhancer, SPDEFe, that is acti-

vated by IL-13 specifically in differentiated secretory bronchial

epithelial cells. We show that downregulating the activity of

this enhancer via CRISPRi or utilizing it to drive CRISPRi can pro-

vide therapeutic benefits for asthma treatment.

Cytokines such as IL-13 are known to have distinctive effects

on HBECs in individuals with asthma.2–4 As observed in our

scRNA-seq data, IL-13 has cell type selectivity and, in secretory

cells, induces genes associated with goblet cell hyperplasia, a

process that transforms the histological appearance and secre-

tome of these cells. Goblet cells are the source of tethered

MUC5AC, which impairs mucociliary clearance and causes

airway obstruction.11 A previous study focusing on IL-13 effects

on human tracheal epithelial cells also showed substantial cell

type-specific effects.22 In basal cells, IL-13 selectively induced

genes encoding eotaxin-3 (CCL26), which recruits eosinophils,51

and periostin, a pro-fibrotic and anti-inflammatory matricellular

protein52 that has been used as a marker for type 2-high

asthma.2 SERPINB2, another type 2-high asthma marker, was

among the genesmost highly induced in ciliated cells (Figure 1D).

IL-13 has distinct effects even in epithelial cells from a single tis-

sue, and these cell type-selective effects contribute to different

features of asthma.

To identify regulatory elements that control the cell type-selec-

tive effects of IL-13 on gene expression, we utilized H3K27ac

ChIP-seq. IL-13 induced numerous changes in H3K27ac, many

of which were associated with increased expression of nearby

genes, suggesting a functional role. We used these data to guide

our individual reporter assays and MPRA experiments. Although

most CRSs identified by H3K27ac ChIP-seq were not active in

the MPRA, the ability of the MPRA to test many CRSs simulta-

neously enabled us to identify a useful set of IL-13-responsive el-

ements. SPDEFe was the top regulatory element to respond to

IL-13 in a cell type-selective manner in our subsequent validation

experiments. SPDEFe mutation analyses, including saturation

mutagenesis MPRA, allowed us to identify key sequences
Cell Genomics 3, 100229, January 11, 2023 11
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involved in the function of this enhancer. Mutations within two

STAT6 and three KLF5 motifs perturbed enhancer activity. Cell

type specificity could not be explained by a global difference in

IL-13 signaling because another STAT6-binding enhancer,

IGHEe, conferred robust IL-13-responsive transcription in all

cell types we studied.

Our results are consistent with a model where IL-13 stimula-

tion triggers STAT6 activation, recruitment of STAT6 and

KLF5, and subsequent KLF5-mediated H3K27ac. Reported

mechanisms of target gene activation by KLF5 include interac-

tion with transcription factor IIB (TFIIB) and TATA-box-binding

protein, other transcriptional coregulators, and post-transla-

tional modifiers, including HDAC1/2 and p300.53 KLF5 expres-

sion and function may help account for differences in enhancer

activity between cell types because KLF5 knockdown has

been shown to reduce MUC5AC expression in esophageal

adenocarcinoma54 and lung epithelial cell lines,17 and we found

modestly higher levels of KLF5 mRNA in secretory cells

compared with basal and ciliated cells. It is also plausible that

other secretory cell-specific trans-factors interact with KLF5 or

STAT6. Previous reports of IL-4 effects on macrophages found

functional interaction between STAT6 and another Kruppel-like

factor, KLF4, at the Arg1 promoter55 and enrichment of STAT6

and KLFmotifs in IL-4-induced enhancers.56 Direct or indirect in-

teractions between STAT6 and KLF family members may there-

fore be of more general importance in IL-4 and IL-13 signaling.

CRT is a powerful therapeutic tool that can modulate gene

expression for beneficial purposes. Utilizing CRISPRi to directly

target SPDEFe, we were able to show SPDEF to be the target

gene of this enhancer and to ameliorate asthma-associated phe-

notypes, including SPDEF-dependent goblet cell metaplasia,

pathological mucus production, and mucostasis. Targeting the

SPDEF promoter (�350 to +130 of the TSS) with repressors of

KRAB or methyltransferases has been shown to reduce SPDEF

expression and downstream mucus-related genes in lung

epithelial cell lines.57 In contrast, our SPDEFe-based approach

was developed and tested in primary cells differentiated in ALI

culture, which more closely models the in vivo state25 and, unlike

promoter-based approaches, provides selectivity for cell type

(secretory cells) and stimulus (IL-13). Suppressing IL-13-induced

goblet cell metaplasia andMUC5AC overexpression would likely

be beneficial for preventing airway obstruction in asthma, but

global suppression of goblet cells and SPDEF and MUC5AC

expression might be deleterious for host defense. Various ap-

proaches, including cell type-specific CRISPR-Cas9 delivery ve-

hicles,58 transcript-specific riboswitches,59 and miRNA-respon-

sive switches,60 can be useful for targeting CRISPR-based

systems to specific cell types. As an alternative, we used a sim-

ple two-component system comprised of a cell type-selective

enhancer to control production of KRAB-dCas9 and a sgRNA

directed against theSPDEF promoter. Using this system, we effi-

ciently suppressed IL-13-induced goblet cell production in a hu-

man primary cell culture model. Using a different gRNA against

MUC5AC promoter allowed us to target this critical downstream

gene without disrupting SPDEF expression. By using an

enhancer that is not activated by other stimuli that promote

SPDEF and MUC5AC expression (PneumaCult-ALI medium

and IL-1b), our approach selectively suppresses only IL-13-
12 Cell Genomics 3, 100229, January 11, 2023
driven pathology. Unlike dupilumab, a US Food andDrug Admin-

istration (FDA)-approved therapeutic agent that blocks IL-4Ra

and globally inhibits IL-4 and IL-13,61 the enhancer-based

approach is designed for secretory cell-selective targeting of

specific pathogenic genes and could provide durable benefits

when introduced into basal progenitor cells in the airway epithe-

lium. Incorporating cell type-selective, cytokine-responsive

regulatory circuits could be a simple and powerful tool for highly

selective treatment of human diseases.

Limitations of the study
We tested only a portion of the sequences in the IL-13-regulated

regions identified in the H3K27ac ChIP-seq experiments; more

experiments would be required to test the activity of other se-

quences in these regions. A caveat of MPRAs is that sequences

are tested out of context. Future studies utilizing large-scale

CRISPRi screens62–64 could test large sets of CRSs to identify

additional regulatory elements that drive cell type-selective

responses to IL-13 and other cytokines. Although we provide ev-

idence of involvement of STAT6 and KLF5 in the secretory cell-

selective IL-13 response, questions about the mechanism

remain. We were unable to directly test whether STAT6 binds

to SPDEFe because of lack of suitable antibodies, so we cannot

exclude the possibility that the requirement for STAT6 in activa-

tion of SPDEFe is indirect. Our studies were performed late,

7 days after addition of IL-13, and more studies will be required

to determine the sequence of events that drives cell-specific

cytokine responses in this system. Finally, our studies were per-

formed in an ex vivo cell model, and additional experiments

would be necessary to verify the safety and efficacy of

enhancer-based therapeutic approaches in vivo.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Histone H3K27ac (rabbit polyclonal) Abcam Cat# ab4729; RRID: AB_2118291

Anti-MUC5AC (45M1) [DyLight 405] (mouse monoclonal) Novus Biologicals Cat# NBP2-32732V

Anti-MUC5AC (45M1) [DyLight 488] (mouse monoclonal) Novus Biologicals Cat# NBP2-32732G

Anti-MUC5AC (45M1) (mouse monoclonal) Thermo Fisher Scientific Cat# MA5-12178; RRID: AB_10978001

Anti-MUC5B (rabbit polyclonal) Millipore Sigma Cat# HPA008246; RRID: AB_1854203

Anti-ac-a-Tubulin (6–11B-1) (mouse monoclonal) Santa Cruz Biotechnology Cat# sc-23950; RRID: AB_628409

Rhodamine Red-X anti-mouse IgG (Fcg subclass 2b)

(goat polyclonal)

Jackson ImmunoResearch

Laboratories

Cat# 115-295-207; RRID: AB_2338771

Alexa Fluor 488 anti-mouse IgG (Fcg subclass 1)

(goat polyclonal)

Jackson ImmunoResearch

Laboratories

Cat# 115-545-205; RRID: AB_2338854

Alexa Fluor 647 anti-rabbit IgG (H + L) (goat polyclonal) Jackson ImmunoResearch

Laboratories

Cat# 111-605-144; RRID: AB_2338078

Anti-CD271 (ME20.4–1.H4) [APC] (mouse monoclonal) Miltenyi Biotec Cat# 130-113-418; RRID: AB_2733363

Anti-CD66c (B6.2) [Brilliant Violet 421] (mouse monoclonal) BD Biosciences Cat# 742683; RRID: AB_2740965

Anti-ac-a-Tubulin (6–11B-1) [Alexa Fluor 647] (mouse

monoclonal)

Santa Cruz Biotechnology Cat# sc-23950AF647; RRID: AB_628409

Anti-KLF5 (rabbit polyclonal) Abcam Cat# ab137676; RRID: AB_2744553

Biological samples

HBECs UC San Francisco N/A

Chemicals, peptides, and recombinant proteins

Y-27632 Enzo Life Sciences Cat# ALX-270-333

Recombinant human IFN-a R&D Systems Cat# 11100–1

Recombinant human IL-13 PeproTech Cat# 200–13

Recombinant human IL-17 PeproTech Cat# 200–17

Recombinant human IL-1b PeproTech Cat# 200–01B

BEGM Bronchial Epithelial Cell Growth Medium BulletKit Lonza Cat# CC-3170

PneumaCult-ALI Medium STEMCELL Technologies Cat# 05001

PowerUp SYBR Green Master Mix Thermo Fisher Scientific Cat# A25741

Recombinant Cas9-NLS MacroLabs N/A

Collagen from human placenta Millipore Sigma Cat# C7521

Critical commercial assays

Chromium Next GEM Single Cell 30 Kit v3.1 10x Genomics Cat# PN-1000268

LowCell# ChIP kit protein A Diagenode Cat# kch-maglow-A16

Hyperactive pA-Tn5 In-Situ ChIP Library Prep Kit Vazyme Biotech Cat# TD901

Deposited data

Bulk RNA-seq data GEO GSE185200

scRNA-seq data GEO GSE185199

H3K27ac ChIP-seq data GEO GSE185201

KLF5 CUT&Tag data GEO GSE183433

Experimental models: Cell lines

BEAS-2B ATCC Cat# CRL-9609; RRID: CVCL_0168

A549 ATCC Cat# CCL-185

Lenti-X 293T Clontech Cat# 632180

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

RT-qPCR primers (See Table S4) IDT N/A

Synthetic sgRNAs (See Table S3) Synthego N/A

Software and algorithms

DESeq2 Love et al.65 N/A

LIMMA Ritchie et al.66 N/A

10x Genomics Cell Ranger 10x Genomics N/A

GATK Van der Auwera et al.67 N/A

Sctransform Hafemeister and Satija68 N/A

MAST Finak et al.69 N/A

iDEA Ma et al.70 N/A

STAR (v2.5.2b) Dobin et al.71 N/A

HOMER Heinz et al.72 N/A

TrackMate Ershov et al.73 N/A

FlowJo FlowJo N/A

MPRAflow Gordon et al.38 N/A

MACS2 Zhang et al.74 N/A

GraphPad Prism GraphPad N/A

Custom code GitHub:

https://github.com/janeshen91

/HBEC_cytokine_data_scripts

Zenodo: https://doi.org/10.5281/

zenodo.7300394
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, David J.

Erle (david.erle@ucsf.edu).

Materials availability
Plasmids generated in this study are available from the lead contact upon request.

Data and code availability
Bulk RNA-seq, scRNA-seq, H3K27ac ChIP-seq, and KLF5 CUT&Tag data have been deposited at Gene Expression Omnibus

(GEO) and are publicly available. Accession numbers are listed in the key resources table.

All original code has been deposited at Zenodoub: https://doi.org/10.5281/zeno and GitHub: https://github.com/janeshen91/

HBEC_cytokine_data_scripts and is publicly available. DOIs are listed in the key resources table.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary cell culture
The UCSF Committee on Human Research approved the use of HBECs isolated from lung transplant recipients’ explanted lungs

or lungs not used for transplantation. Written consent was not required since materials were leftover clinical samples obtained

from de-identified individuals (sex unknown as a result). HBECs were seeded onto 10-cm dishes coated with human placental

collagen (HPC; Sigma-Aldrich, St. Louis, MO) and propagated in BEGM (Lonza, Walkersville, MD) with 10 mM Y-27632 (Enzo Life

Sciences, Farmingdale, NY) as described previously.13,75

Cell lines
BEAS-2B and A549 cells were cultured in 1:1 DMEM/F12 medium containing Non-Essential Amino Acids (Genesee Scientific, San

Diego, CA) and DMEM, respectively, with 10% FBS (Thermo Fisher Scientific, Waltham, MA).
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Plasmids
Plasmid hU6-sgRNA-cr3-EF1a-Puro was made by cloning in hU6-sgRNA-cr3-EF1a-Puro construct from pMJ11776 (a gift

from J. Weissman lab at MIT) into XhoI,XbaI-cut (New England BioLabs, Ipswich, MA) backbone of BTV.77 Plasmid

EF1a-dCas9-KRAB-P2A-BSD was made by cloning in EF1a-dCas9, KRAB from IGI-P0152 (a gift from J. Corn lab at ETH Zurich

via L. Gilbert lab at UCSF), P2A-BSD from pLenti-SFFV-KRAB-dCas9-P2A-BSD into XhoI,XbaI-cut backbone of BTV. Plasmid

mP-KRAB-dCas9_EF1a-BSD was made by cloning in SV40 poly(A) signal from BTV, BSD, EF1a from lentiCRISPRv2, antire-

pressor#40-mP from pLS-mP,78 and KRAB-dCas9 from pHR-TRE3G-KRAB-dCas9-P2A-mCherry79 (a gift from L. Gilbert lab)

into XhoI,XbaI-cut backbone of BTV. NEBuilder HiFi DNA Assembly (New England BioLabs) was used for cloning.

Lentivirus preparation
Third generation lentivirus was produced by transfecting appropriate plasmids or plasmid libraries with three lentivirus-packaging

plasmids (pMDL, pVSV-G, and pRSV-Rev) into HEK293T cells using TransIT-293 Transfection Reagent (Mirus Bio, Madison, WI).

Harvested lentivirus was concentrated 100-fold using Lenti-X Concentrator (Takara Bio, Mountain View, CA), resuspended in

PBS, and stored at �80�C in aliquots.

Bulk RNA-seq
HBECs from six donors (1 = 12–43, 2 = 13–26, 3 = 13–33, 4 = 13–24, 5 = 13–23, and 6 = 13–28) were cultured at ALI for 23 d, as

described previously,13,80 without cytokine or with IFN-a (10 ng/mL for the final 1 d), IFN-g (10 ng/mL for the final 1 d), IL-13

(10 ng/mL for the final 7 d), IL-17 (10 ng/mL for the final 7 d), or the combination of IFN-a and IL-13. We elected to use six donors

(more than the typical 3–4 used in similar experiments) to determine whether the responses to cytokines were consistent. The prin-

cipal component analyses, together with the finding of large numbers of significant cytokine-induced gene expression changes, indi-

cate that effects were consistent and that the experiment was powered adequately to detect thousands of genes regulated by each

cytokine treatment. Interferons and interleukins were acquired from R&D Systems (Minneapolis, MN) and Peprotech (Rocky Hill, NJ),

respectively. After removal of accumulatedmucus with 10mMdithiothreitol (DTT; Enzo Life Sciences, Farmingdale, NY) in PBS, cells

were trypsinized with 0.25% trypsin-EDTA (Thermo Fisher Scientific) for 10–15 min at 37�C and neutralized. RNA was isolated from

harvested HBECs, and bulk RNA-seq was performed as previously described.4,81We have previously reported other analyses based

upon a subset of these data from unstimulated cells and cells stimulated with IFN-a4 and IL-17.81 In addition, data for 332 genes

associated with SARS-CoV-2 have been reported in another study.30 Raw read counts per sample and gene were used as input

to DESeq265 for unsupervised and supervised analysis. Read counts were first normalized for sequencing depth and transformed

using DESeq2’s variance stabilizing transformation. Donor specific impacts on the stabilized counts where then removed with

LIMMA’s removeBatchEffect function.66 The major sources of variability where then inspected with a principal component analysis

(PCA) using the top 3000most variable genes across the experiment. Differential gene expression in response to each cytokine treat-

ment compared to untreated was then determined using DESeq2 after correction for the donor specific effects using the design for-

mula: � donor + condition, where condition includes all treatment options, IFN-a, IFN-g, IL-13, IL-17, and the combination of IFN-a

and IL-13. Pairwise comparisons between treatments and the untreated control were carried out with DESeq2 results function using

a Wald test to estimate p-value and a multiple testing correction using the FDR method.

Single cell RNA-seq
We used HBECs from four (1 = 12–43, 2 = 13–26, 3 = 13–33, and 6 = 13–28) of the six donors used for bulk RNA-seq. Cells

were cultured at ALI for 23 d without cytokine or with IFN-a (10 ng/mL for the final 1 d), IL-13 (10 ng/mL for the final 7 d), IL-17

(10 ng/mL for the final 7 d), or the combination of IFN-a and IL-13. Given the consistency of bulk RNA-seq, we elected to use four

donors for scRNA-seq and were again able to identify large numbers of differentially expressed genes. Single cell suspensions

were generated as described above. Cells were manually counted using a hemocytometer, and equal numbers of cells from each

donor were pooled. Each pool included four samples (one from each donor and each representing a different cytokine stimulation).

10x Genomics scRNA-seq libraries (Pleasanton, CA) were prepared82 and sequenced using Illumina NovaSeq 6000 S4 flow cells

(San Diego, CA) at the Center for Advanced Technology at UCSF. Resulting sequence reads were processed into a cell-by-gene

countsmatrix using 10xGenomics Cell Ranger software. Single nucleotide polymorphisms that were unique to one of the four donors

were identified from the bulk RNA-seq data following theGATK best practices67 and used to assign each cell to the appropriate donor

using Demuxlet.83 Demultiplexed droplets uniquely assigned to a single individual were then processed using Seurat84,85 with the

following filters: nFeature_RNA >= 500 & nFeature_RNA <7500 & nCount_RNA >1200 & percent.mito <0.5 & percent.ribo <0.35.

The top 10,000 variable genes were carried forward for normalization, unsupervised clustering, UMAP visualization, and cell type

identification. Normalized data was scaled while regressing out the 10x Genomics well effect, percent mitochondrial reads, percent

ribosomal reads, and the number of unique molecular indexes per cell. Cells from cultures that were not stimulated with cytokines

were then isolated for clustering and cell type identification. These unstimulated cells then served as the reference dataset for Seur-

at’s reference-based multiple dataset integration using SCTransform68 with label transfer in order to use anchor genes from the un-

stimulated cells to identify cell types across all samples. Cell identities were then returned to the original Seurat object prior to
Cell Genomics 3, 100229, January 11, 2023 e3
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SCTransform for further investigation. We used Seurat’s FindAllMarkers to identify cell type marker genes. To find genes that have

cell-type-specific responses to cytokine stimulation, we used the package MAST.69 A hurdle model was fitted with the covariates

batch, individual and cngeneson (a MAST-specific covariate that corrects for cellular detection rate), cell type, and cell type by cyto-

kine interaction terms. Significance testing using the lrt() function was used to find differentially expressed genes by cytokine stim-

ulation as compared to untreated genes in the same cell type. Data for 332 genes associated with SARS-CoV-2 infection have been

reported in another study.30 For linearmodel cell type interaction analysis, we downsampled the number of cells in basal, ciliated, and

secretory cells to 450 cells each, tominimize the effect of sample size on power of detecting differentially expressed genes. The same

hurdle model with covariates for batch, individual and cngeneson, cell type, and cell type by cytokine interaction terms was fitted.

Genes with p-value for cell type by cytokine interaction terms <0.1 were called significant. Gene set enrichment analysis was per-

formed using the package iDEA70 and Gene Ontology Biological Process (GOBP) gene sets from Msigdb (‘‘c5.go.bp.v7.4.sym-

bols.gmt’’). We used the default parameters from the function iDEA.fit, except that the minimum number of DE genes was set to

2. Log2 fold change and p-values from MAST-based differential gene expression were used as input.

H3K27ac ChIP-seq
H3K27ac ChIP-seq was performed on three of the donors used in sequencing studies (1 = 12–43, 2 = 13–26, and 6 = 13–28) and one

additional donor 16–05. Given the consistency of bulk RNA-seq, we elected to use four donors for ChIP-seq and were again able to

identify large numbers of changes in H3K27ac. HBECs were cultured at ALI for 23 d without cytokine or with IFN-a (10 ng/mL for the

final 1 d), IL-13 (10 ng/mL for the final 7 d), or IL-17 (10 ng/mL for the final 7 d). ChIP-seq was performed using previously reported

methods.86 In brief, cells were harvested, fixed with 0.5% paraformaldehyde (PFA; Thermo Fisher Scientific), and lysed, and then

chromatin was sheared using a Covaris S2 sonicator (Woburn, MA). Chromatin immunoprecipitation was performed with an

H3K27ac antibody (ab4729, rabbit IgG; Abcam, Cambridge, UK) using the Diagenode LowCell# ChIP kit (Denville, NJ) as per the

manufacturer’s instructions. Libraries were prepared using the Rubicon DNA-seq kit (Rubicon Genomics, Atlanta, GA) and then

sequenced on an Illumina HiSeq 4000 using 50-bp single end at the Center for Advanced Technology at UCSF. Sequencing reads

were aligned by STAR v2.5.2b83, and reproducible peaks were called for each condition using the ENCODE IDR framework.87 Addi-

tionally, regions blacklisted by the ENCODE consortium88 for their tendency to produce anomalous results were removed from the

peak set using bedtools. Analysis for differentially enriched peaks in response to cytokines was carried out as previously described.89

Differentially modulated peaks were inspected for proximity to differentially expressed genes from bulk and single cell RNA-seq data

using Bedtools v2.29.2.90 HOMER motif analysis (http://homer.ucsd.edu/homer/introduction/programs.html)72 was performed on

upregulated and downregulated H3K27ac peaks with parameter size –given. Peaks with p-value > 0.1 was used as background

peaks.

CRISPRi targeting of genomic regulatory elements
Each gRNA sequence (Table S3) was selected using CRISPick (https://portals.broadinstitute.org/gppx/crispick/public) and

GuideScan91 and was used to design a pair of complementary 50-phosphorylated oligonucleotides (50-PO4-ATGNNNNN

NNNNNNNNNNNNNNNGTTTCAGAGC-30 and 50-PO4-TTAGCTCTGAAACNNNNNNNNNNNNNNNNNNNNCATGTTT-30; where Ns

indicate sequences that vary according to the gRNA). A G was added to the 50 ends of gRNA sequences not beginning with a G.

gRNA oligonucleotides (oligos; IDT, San Jose, CA) were annealed and cloned into the hU6-sgRNA-cr3-EF1a-Puro plasmid digested

with BstXI and BlpI (New England Biolabs). HBECs were initially transduced with EF1a-dCas9-KRAB-P2A-BSD lentivirus and main-

tained in BEGMwith 10 mMY-27632 and 10 mg/mL blasticidin (Thermo Fisher Scientific) for 3 d for selection. Cells were subsequently

transduced with sgRNA lentivirus and maintained in BEGM with 10 mM Y-27632, 10 mg/mL blasticidin, and 1 mg/mL puromycin

(Thermo Fisher Scientific) for 3 d for selection. Transduced and selected cells were then passaged to Transwell inserts for culture

at ALI for 23 d. Where indicated, IL-13 (10 ng/mL) was added for the final 7 d of culture.

Quantification of mRNA transcripts
mRNAs were measured by quantitative real-time RT-PCR (qRT-PCR). RNA was extracted from HBECs using the RNeasy Mini Kit

(QIAGEN, Hilden, Germany) or the RNA/DNA/Protein Purification Plus Kit (Norgen Biotek, Thorold, ON, Canada) according to man-

ufacturers’ instructions. RNAwas reverse-transcribed using SuperScript III First-Strand Synthesis System (Thermo Fisher Scientific).

cDNA was analyzed by qRT-PCR (PowerUp SYBR Green, Thermo Fisher Scientific; primer sequences in Table S4). The mean value

of three technical replicates was used for analysis. mRNA levels were normalized to GAPDH levels, and comparisons were made

using the DDCt method.

Quantification of MUC5AC-positive cells
MUC5AC-positive HBECs were quantified as described previously.13 Either anti-MUC5AC-DL488 or anti-MUC5AC-DL405 (45M1,

mouse IgG1; Novus Biologicals, Centennial, CO) antibody was used. Flow cytometry (FACS Canto II, BD Biosciences, San Jose,

CA) was performed at UCSF Laboratory for Cell Analysis, and data analysis was done with FlowJo (FlowJo LLC, Ashland, OR).

The threshold for MUC5AC-positive cells was established based on staining of IL-13-treated cells with an isotype control antibody

(<0.5% of isotype control-stained cells exceeded the threshold).
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Immunofluorescence staining
Paraffin-embedded microscopic sections and whole mounts of HBEC culture Transwell inserts were prepared as described previ-

ously.11 Immunofluorescence staining was donewith following primary antibodies: mousemonoclonal anti-MUC5AC (45M1; Thermo

Fisher Scientific; 1:200), rabbit polyclonal anti-MUC5B (H-300, sc-20119; Santa Cruz Biotechnology, Dallas, TX; 1:200), and mouse

monoclonal anti acetylated alpha tubulin (6–11B-1, sc-23950; Santa Cruz Biotechnology; 1:200). After washing, slides were incu-

bated with appropriate secondary antibodies (Rhodamine goat anti-mouse, Alex Fluor 647 goat anti-rabbit, and Alexa Fluor 488

goat anti-mouse; Jackson ImmunoResearch Laboratories) at 1:200 dilution for 1 h. 40,6-diamidinio-2-phenylindole (DAPI, 1:1000)

was used to stain nuclei. Immunofluorescence images were acquired using a Yokagawa CSU22 spinning-disk confocal microscope

connected to a Nikon Ti-E at Nikon Imaging Center and Center for Advanced Light Microscopy at UCSF. Slides were placed on the

microscope stage and fluorescence and brightfield images were acquired using a 20X objective. Identical acquisition settings were

used throughout each experiment. Images were processed using Fiji.

Measurement of mucociliary transport
Mucociliary transport was measured as described previously.11,13 Briefly, 2-mm yellow-green (505/515) fluorescent microspheres

(Thermo Fisher Scientific) were applied to the apical surface of HBEC cultures with intact mucus gels and allowed to disperse for

5 min. Cultures were then transferred to an optical cell dish (MatTek, Ashland, MA) and placed on the stage of a spinning disc

confocal microscope under a dry 10X objective at 37�C with perfluorocarbon (Sigma-Aldrich). Transport of fluorescent microspheres

was imaged in the plane of the gel by recording sequential images every 1 s over 1 min. Images were analyzed using the TrackMate

plugin in Fiji.73 Medianmicrosphere speed was determined for each of three fields from one well per condition for each of three donors.

Lentiviral GFP-based enhancer reporter assay
Enhancer test sequences (Table S5) were PCR-amplified from genomic DNA of BEAS-2B cells or synthesized (IDT, Newark, NJ) and

cloned into XbaI and SbfI sites of the lentiviral GFP-based enhancer reporter plasmid pLS-mP78 using the Quick Ligation Kit or NEB-

uilder HIFI Assembly (New England Biolabs, Ipswich, MA), respectively. For mutations in STAT6 and KLF5 binding sites, we

substituted every nucleotide within the consensus binding motif without changing the length of the sequence. HBECs were seeded

at �25% confluence in HPC-coated Transwell inserts (Corning, Corning, NY) and transduced with lentivirus. Transduced cells were

maintained in ALI mediumwith 10mMY-27632 until 100%confluence and cultured at ALI for 23 d.Where indicated, PneumaCult-ALI

Medium (STEMCELL Technologies, Vancouver, Canada) was used during the ALI culture, IL-13 (10 ng/mL) or IL-1b (10 ng/mL) were

added to the culture medium for the final 7 d of the culture period. Cells were harvested, fixed in 4% PFA for 10 min at 4�C, washed

with PBS, and resuspended in eBioScience Flow Cytometry Staining Buffer (Thermo Fisher Scientific). GFP level was assessed by

flow cytometry (FACSCanto II; BD Biosciences, San Jose, CA). In experiments assessing GFP levels in different subsets of HBECs,

cells were blocked with 5% normal goat serum (Jackson ImmunoResearch Laboratories) and either stained with anti-NGFR/CD271-

APC (ME20.4, mIgG1; BioLegend, San Diego, CA) and anti-CEACAM6/CD66c-BV421 (B6.2, mIgG1; BD Biosciences, San Jose, CA)

antibodies to separate basal and secretory cells, or permeablized with 0.2%Saponin (Sigma-Aldrich, St. Louis, MO) and stained with

anti-acetylated-a-tubulin-AF647 (6–11B-1, mIgG2b; Santa Cruz Biotechnology, Dallas, TX) antibody to separate ciliated cells.24 In

experiments with undifferentiated HBECs, BEAS-2B, and A549 cells, cells were seeded at�25%confluence in HPC-coated or intact

12-well plates, transduced with lentivirus, andmaintained in appropriate growth medium for 6 d post-transduction. Where indicated,

IL-13 (10 ng/mL) was added to the culture medium for the final 4 d.

Massively parallel reporter assays
Enhancer MPRAs, including saturation mutagenesis MPRA, were done as described previously92 with minor modifications. For the

saturation mutagenesis MPRA, all 600 possible single nucleotide variants of SPDEFe(1–200) were designed in addition to the wild-

type, reference sequence and control sequences which included scrambled, SV40e, and IGHEe sequences, resulting in total of 638

sequences. For H3K27ac ChIP-seq-based MPRA, 1,904 CRSs were designed in addition to the control sequences which included

scrambled, SV40e, and SPDEFe(1–200) sequences. MPRAs were done with two donors and at least 30 barcodes associated with

each sequence (providing a form of internal replication); data correlated well between the two donors and we were able to detect

even modest effects with high statistical significance. A pool of 230-nt oligos containing each of these 200-nt sequences flanked

by 15-nt primer recognition sequences was synthesized (SurePrint Oligonucleotide Libraries; Agilent Technologies, Santa Clara,

CA), amplified, and cloned into the MPRA plasmid. Briefly, inserts were amplified and cloned upstream of a minimal promoter driving

an eGFP reporter transcript with a barcode (BC). We aimed for �50 BCs per sequence when constructing the plasmid library. Each

insert was associated with a set of BCs using paired-end customized NGS (see Gordon et al. Step 8338). All MPRA-related

sequencing was performed using an Illumina NextSeq 500 by the DNA Technologies & Expression Analysis Core Laboratory at

UC Davis. 250,000 cells from each of two HBEC donors were transduced at a multiplicity of infection of 4, passaged to HPC-coated

Transwell inserts, maintained in ALI medium with 10 mM Y-27632 until 100% confluence, and cultured at ALI for 23 d. Where indi-

cated, IL-13 (10 ng/mL) was added to the culturemedium for the final 7 d of culture.�5,000,000 cells from each donor was harvested

for each condition. Both genomic DNA and RNA were extracted using the AllPrep DNA/RNA mini kit (QIAGEN), and sequencing li-

braries were generated using a custom library preparation protocol for DNA and RNA extracts. DNA and RNA libraries were

sequenced as specified in Gordon et al., Step 161.38 MPRAflow (https://mpraflow.readthedocs.io/en/latest/quickstart.html) was
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used for association and count analysis. Barcode association was done using an amended association workflow, where we filtered

for NM = 0, mapq>0, and baseq>30. BCswere then filtered for coverage >3 and uniquely mapped to the enhancer sequence. A linear

model.

log2 RNA count � log2 DNA count + N+ intercept

was fitted for each variant enhancer sequence against the wildtype enhancer sequence, where N = 1 for wildtype and N = 0 for the

variant sequence. Multiple testing adjustment was donewhere p-values were adjusted by FDR. Enhancer sequences with FDR <0.05

were considered significant.

CRISPR-based gene targeting
Gene targeting via CRISPR in HBECswas done as described previously.13 gRNA sequences are listed in Table S2. Synthetic sgRNAs

from Synthego (Redwood City, CA) and rCas9 from MacroLabs (Berkeley, CA) were used; nucleofections were performed with the

4D-Nucleofector System (program DC-100; Lonza). Transfected cells were subsequently transduced with lentivirus containing GFP-

based enhancer reporter constructs. Cells were then passaged to Transwell inserts for culture at ALI for 23 d. Where indicated, IL-13

(10 ng/mL) was added for the final 7 d of culture. To assess efficiency of gene targeting, genomic DNA was amplified using primers

flanking the target sites and analyzed by Sanger sequencing and the Inference of CRISPR Edits (ICE) software tool (Synthego). PCR

and sequencing primer sequences are provided in Table S6. For analysis of the efficiency of deletion of an�0.6 kb region containing

SPDEFe, genomic DNA was amplified using primers flanking the target sites (Table S6) and amplified DNA was analyzed by agarose

gel electrophoresis followed by densitometry to determine the relative abundance of shorter PCR products (SPDEFe deleted) and

longer PCR products (SPDEFe not deleted).

CUT&Tag
HBECs from three donors (10–75, 13–32, and 14–30) cultured at ALI for 23 d. Where indicated, IL-13 (10 ng/mL) was added for the final

7 d of culture. CUT&Tag was performed with 3 donors, 2 replicates per donor, and selected peaks reproduced across replicates (using

IDR). CUT&Tag was conducted using a Hyperactive pA-Tn5 In-Situ ChIP Library Prep Kit for Illumina (Vazyme Biotech Co., Nanjing,

China) with minor modifications to the manufacturer’s protocol as follows. Anti-KLF5 (ab137676, polyclonal rabbit IgG; Abcam) and

anti-STAT6 (5397, monoclonal rabbit IgG; Cell Signaling Technology, Danvers, MA) (ab32520, monoclonal rabbit IgG; Abcam) anti-

bodies were used, and normal rabbit IgG was used as a negative control (NI01; Sigma-Aldrich). No secondary antibody was used.

The starting cell amount was 500,000 cells, and primary antibody incubation was done overnight. Post-amplification, magnetic

bead-based clean-up (HighPrep PCR Clean-up System; MAGBIO Genomics, Gaithersburg, MD) was conducted twice for each

clean-up step. We used a small amount of the tagmented and pre-amplified library to set the final number of cycles needed for final

library amplification. The cycle threshold (Ct) for which the library had reached 1/3 of its maximal fluorescence (Rn) was set indepen-

dently for each sample. Libraries were sequenced (paired end 150 bp) using NextSeq (DNA Technologies & Expression Analysis Core

Laboratory at UC Davis) and NovaSeq SP 300 (Center for Advanced Technology at UCSF) sequencers. Reads were aligned with STAR

with reference hg38. Peaks were called with MACS2 (parameters -f BAM –keep-dup 1 -p 0.01 –nomodel).74 Overlaps between repro-

ducible peaks were found using IDR. The union of the CUT&Tag peaks with IDR score >540 (or reproducibility <0.05) across the same

donor and treatment conditions were combined into one file and used in subsequent analyses. HOMERMotif analysis was performed

with parameter size –given. Intersections of peaks from two technical replicates per donor and three donors were used in the differen-

tially modulated peaks analysis. To find peaksmodulated by IL-13 stimulation, R package DESEQ2was used (R version 4.0.1, DESeq2

version 1.28.1). Samtoolswas used to extract counts fromall three donors across two conditions, obtained from themergedbamfiles of

for each donor/treatment condition. Normalization through median of ratios was performed, and a negative binomial GLMwas fitted to

the count data. Peaks with p-value < 0.1 were called as significantly upregulated or downregulated peaks.

Enhancer-driven CRISPRi targeting
Enhancer sequences (Table S5) were PCR-amplified from genomic DNA from BEAS-2B cells or synthesized (IDT) and cloned into

XbaI and SbfI sites of the mP-KRAB-dCas9_EF1a-BSD plasmid using the Quick Ligation Kit or NEBuilder HIFI Assembly. HBECs

were initially transduced with enhancer-mP-KRAB-dCas9 lentivirus and maintained in BEGM with 10 mM Y-27632 and 10 mg/mL

blasticidin (Thermo Fisher Scientific) for 3 d for selection. Cells were subsequently transduced with sgRNA lentivirus and maintained

in BEGM with 10 mM Y-27632, 10 mg/mL blasticidin, and 1 mg/mL puromycin (Thermo Fisher Scientific) for 3 d for selection. Trans-

duced and selected cells were then passaged to Transwell inserts for culture at ALI for 23 d. Where indicated, IL-13 (10 ng/mL) was

added for the final 7 d of culture.

QUANTIFICATION AND STATISTICAL ANALYSIS

Each statistical analysis and software/package used is listed either in appropriate method details sections for each high-throughput

sequencing method/dataset or in appropriate figure legends for other types of data.
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