Articles

Identification of a distal enhancer requlating hedgehog n
interacting protein gene in human lung epithelial cells

updates

Feng Guo, o™ L Zhang,““™ Yuzhen Yu," Lu Gong,” Shiyue Tao," Rhiannon B. Werder,*f Shreya Mishra," Yihan Zhou,*
Wardatul Jannat Anamika,” Taotao Lao," Hirayuki Inuzuka,® Yihan Zhang,’ Betty Pham,” Tao Liv,” Tiffany S. Tufenkjian}* Bradley W. Richmond* (o) a
Wenyi Wei,? Hongmei Mou, Andrew A. Wilson,*f Ming Hu," Wei Chen," and Xiaobo Zhou®** .

®Channing Division of Network Medicine, Department of Medicine, Brigham and Women's Hospital and Harvard Medical School,
Boston, MA 02115, USA

Biangsu Key Laboratory of Immunity and Metabolism, Department of Pathogenic Biology and Immunology, Xuzhou Medical
University, Xuzhou, Jiangsu 221004, China

“Department of Integrated Traditional Chinese and Western Medicine, West China Hospital, Sichuan University, Chengdu, Sichuan
610041, China

dDepar‘cment of Biostatistics, School of Public Health, University of Pittsburgh, Pittsburgh, PA 15224, USA

“Center for Regenerative Medicine of Boston University and Boston Medical Center, Boston, MA 02118, USA

The Pulmonary Center and Department of Medicine, Boston University School of Medicine, Boston, MA 02118, USA

9Department of Pathology, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA 02115, USA

hDepartment of Quantitative Health Sciences, Lerner Research Institute, Cleveland Clinic Foundation, Cleveland, OH 44195, USA
"The Mucosal Immunology and Biology Research Center, Massachusetts General Hospital and Harvard Medical School, Boston, MA
02114, USA

J'Department of Veterans Affairs Medical Center, Nashville, TN 37232, USA

kDivision of Allergy, Pulmonary, and Critical Care Medicine, Department of Medicine, Vanderbilt University Medical Center, Nashville,
TN 37232, USA

'Division of Pediatric Pulmonary Medicine, UPMC Children’s Hospital of Pittsburgh, University of Pittsburgh, Pittsburgh, PA 15224, USA

Summary eBioMedicine
Background An intergenic region at chromosome 4q31 is one of the most significant regions associated with COPD 2024;101: 105026
susceptibility and lung function in GWAS. In this region, the implicated causal gene HHIP has a unique epithelial E“:“S"Edzg;““e 27
expression pattern in adult human lungs, in contrast to dominant expression in fibroblasts in murine lungs. h;;’:z doi grg 110
However, the mechanism underlying the species-dependent cell type-specific regulation of HHIP remains largely 1016/.jAebic.>m,202;1.

unknown. 105026

Methods We employed snATAC-seq analysis to identify open chromatin regions within the COPD GWAS region in
various human lung cell types. ChIP-quantitative PCR, reporter assays, chromatin conformation capture assays and
Hi-C assays were conducted to characterize the regulatory element in this region. CRISPR/Cas9-editing was
performed in BEAS-2B cells to generate single colonies with stable knockout of the regulatory element. RT-PCR
and Western blot assays were used to evaluate expression of HHIP and epithelial-mesenchymal transition (EMT)-
related marker genes.

Findings We identified a distal enhancer within the COPD 4q31 GWAS locus that regulates HHIP transcription at
baseline and after TGFf treatment in a SMAD3-dependent, but Hedgehog-independent manner in human
bronchial epithelial cells. The distal enhancer also maintains chromatin topological domains near 4q31 locus
and HHIP gene. Reduced HHIP expression led to increased EMT induced by TGFf in human bronchial
epithelial cells.

Interpretation A distal enhancer regulates HHIP expression both under homeostatic condition and upon TGFf
treatment in human bronchial epithelial cells. The interaction between HHIP and TGFf signalling possibly con-
tributes to COPD pathogenesis.
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Epigenetics

Research in context

Evidence before this study

The strongest and most replicated genetic association
signals in chronic obstructive pulmonary disease (COPD)
through genome-wide association studies (GWAS) reside in
an intergenic region at 4q31, near the Hedgehog Interacting
Protein (HHIP) gene. We have previously linked the
intergenic association signals to the causal gene, HHIP, and
also demonstrated increased emphysema in Hhip haplo-
insufficient mice after either 6 months of chronic cigarette
smoke exposure or ageing. However, relatively little is
known about the transcriptional regulation of HHIP by this
GWAS region, especially in human lung epithelial cells, a
major cell type that expresses HHIP in human adult lungs.
Our study aims to determine the mechanism of epithelial
expression of HHIP, and how such regulation responds to
COPD-relevant stimulations such as TGFp treatment. In
summary, our previous work successfully linked the 4931
intergenic GWAS locus in COPD with HHIP. Herein, we
extended our previous research to identify a human unique
distal enhancer at the 4q31 GWAS locus that regulates the
expression of HHIP in human lung epithelial cells.

Introduction

Hedgehog interacting protein (HHIP) is one of the most
replicable genes identified by genome-wide association
studies (GWAS) implicated in chronic obstructive pul-
monary disease (COPD), the third leading cause of
global death." The GWAS locus at 4931 near HHIP in
COPD is also shared by GWAS of lung function in the
general population, suggesting the importance of HHIP
in maintaining lung homeostasis and/or lung develop-
ment given its inhibitory roles in the Hedgehog pathway
by competitive binding with three Hedgehog ligands.’
Indeed, HHIP is required for normal lung develop-
ment as Hhip knockout mice died immediately after
birth due to significantly reduced lung size and lung
branching defects caused by hyperactivation of the
Hedgehog pathway.*

In addition to its critical role in lung development,
HHIP is also important for COPD pathogenesis. As we
reported previously, Hhip haploinsufficient (Hhip*/")
mice showed increased susceptibility to smoke-
induced or age-related emphysema,’* associated with
increased oxidative stress after cigarette smoke expo-
sure and/or increased lymphocyte activation in murine
lungs during ageing,” recapitulating human COPD
development in subjects carrying risk alleles. However,

Furthermore, whether and how this enhancer responds to
TGFp treatment is also evaluated.

Added value of this study
1) We identified a distal enhancer for HHIP.
2) The distal enhancer maintains local chromatin structure.
3) TGFp induces the expression of HHIP in human lung
epithelial cells.

Implications of all the available evidence

COPD is the third leading cause of mortality worldwide,
without a cure yet. HHIP is one of the most replicated genes
associated with COPD GWAS study. We identified a distal
enhancer located in the 4g31 COPD GWAS locus, which
regulates HHIP expression in human bronchial epithelial cells.
Depletion of the distal enhancer led to a profound loss of
chromatin interaction near HHIP gene. Our work revealed
chromatin 3D structure in BEAS-2B cells, and identified the
regulation of HHIP gene by the distal enhancer and by TGFp,
known to be involved in COPD pathogenesis.

the transcriptional regulation of HHIP under both
homeostatic and pathological conditions, which are
relevant to COPD development, remains largely
elusive. This is particularly significant given our
ongoing efforts to translate human GWAS findings
into a better understanding of COPD pathogenesis, as
well as to design treatment strategies. Under homeo-
static condition, recent single-cell RNA sequencing
(scRNA-seq) data revealed expression pattern of HHIP
in distinct epithelial cells in adult human lungs, sug-
gesting a unique transcriptional regulation mechanism
for HHIP in human lung epithelial cells.

Transforming growth factor p (TGFp) is an important
pleiotropic factor that regulates a myriad of biological
processes, including development, tissue regeneration,
immune responses and tumorigenesis.'*'? Additionally,
TGFp-induced  epithelial-mesenchymal  transition
(EMT)**** also contributes to airway remodelling, a
common pathological condition seen in COPD"" and
Hhip*/~ mice after chronic cigarette smoke exposure.'
Therefore, it is imperative to determine the possible
crosstalk between TGFp and HHIP in lung-relevant cell
type.

In our study, by assessing chromatin interaction and
histone enrichment in human lung epithelial cells, we
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identified a distal enhancer at 4q31 regulating the
expression of HHIP through forming chromatin loops
at the basal level and also responding to the induction of
TGFp. Depletion of HHIP induced more significant
EMT under TGFPl treatment in human bronchial
epithelial cells.

Methods

Ethics

Human lung samples were collected under a protocol
approved by the Institutional Review Board of Vander-
bilt University Medical Center (IRB#060165). All par-
ticipants provided informed consent.

snATAC plus snRNA-seq COPD lung tissue

Human COPD distal lung tissues were collected from
patients (n = 3) who underwent lung transplantation for
advanced COPD at Vanderbilt University Medical Cen-
ter (IRB #060165). Fresh tissue was collected shortly
after transplant and then minced and cryopreserved in
90% FBS and 10% DMSO. On the day of sequencing,
thawed tissue was digested in an enzymatic cocktail
(Miltenyi Multi-Tissue Dissociation Kit 1) using a gen-
tleMACS Octo Dissociator (Miltenyi, Inc). Digested lung
samples were serially filtered through 100 pm, and
40 pm cell strainers and treated with DNasel. Red blood
cells were lysed using ACK buffer. Cell suspensions
then underwent magnetic bead-based sorting for
EPCAM + cells (Miltenyi Microbeads) followed by nuclei
isolation. For COPD-62 and COPD-63, snap-frozen lung
tissues were ground and processed for nuclei isolation
using a Chromium nuclei isolation kit with RNase in-
hibitor (10x Genomics). Nuclei samples from COPD
lungs were processed using the Chromium Next GEM
Single Cell Multiome ATAC + Gene Expression reagent
kit according to the manufacturer’s instructions.
Sequencing (Single Cell Multiome ATAC + Gene
expression, vl chemistry) was performed in the Van-
derbilt Technologies for Advanced Genomics (VAN-
TAGE) Core or Admera Health using a NovaSeq 6000
(IMumina) targeting 20,000 reads/cell for gene expres-
sion libraries and 25,000 reads/cell for ATAC-Seq li-
braries. The clinical characteristics of COPD subjects
are listed in Supplementary Table S1. Sex of patients
with COPD was determined by biological secondary sex
characteristics.

Single-nucleus multiome data analysis

Our analysis was processed with the Seurat (version
4.4.0) and Signac (version 1.9.0) packages in R."* Cells
with ATAC counts either above 20,000 or below 100,
and RNA counts either above 10,000 or below 100 were
filtered out. Additional parameters for cell quality
included nucleosome signal below 2 and TSS enrich-
ment above 1. Peak calling was executed by MACS2
(Model-based Analysis for ChIP-Seq) to discern peaks
from aggregated fragment data.’ We finally include
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36,601 genes and 35,896 peaks across 12,015 cells in our
forward analysis.

We utilised Azimuth to perform the cell type
annotation,' referencing the gene expression dataset
consists of 65,662 human lung cells from Travaglini
et al., 2020.” We organised cell types into groups
aligned with their functional characteristics and line-
age, including ‘myeloid progenitor cell'—comprising
macrophages, CD14+ monocytes, CD16+ monocytes,
dendritic cells, and plasmacytoid dendritic cells; and
‘lymphoid progenitor cell'—encompassing CD4+ T
cells, CD8+ T cells, B cells, and natural killer cells.
Endothelial cells were assorted into subgroups such as
lymphatic, capillary (including aerocyte and interme-
diate types), artery, and vein, each reflective of their
unique vascular roles. Similarly, mesenchymal cells,
including fibroblasts, myofibroblasts, mesothelial
cells, and pericytes, were categorised based on their
distinct functionalities within lung tissue. The cell
types with fewer than 50 cells were excluded from our
study.

Cell culture

Human BEAS-2B bronchial epithelial cells were pur-
chased from ATCC and cultured with SAGM BulletKit
(Lonza, CC-3118). Primary normal human bronchial
epithelial (NHBE) cells were purchased from ATCC
(PCS-300-010) and Lonza (CC-2540) and cultured with
the BEGM BulletKit (Lonza, CC-3170). The air-liquid
interface (ALI) differentiation was performed as we
described previously.*

siRNA transfection

For siRNA transfection, BEAS-2B cells were transfected
with SMAD2 (L-003561-00-0005), SMAD3 (L-020067-00-
0005), or non-targeting siRNA pool (D-001810-10-05)
separately at 60% confluency using Lipofectamine
RNAIMAX (Thermo Fisher, 13778150) in 6-well plates.
All siRNA pools were purchased from Dharmacon.
Knockdown efficiency was confirmed by RT-PCR 48 h
post-transfection.

Western blotting

Total protein samples were extracted from cell samples
by 2x laemmli sample buffer (Bio-Rad, 1610737), sepa-
rated by SDS-PAGE and transferred to a PVDF mem-
brane. Primary antibodies include anti-N-Cadherin
(40618), anti-Slug (9585S), anti-Snail (3879S), anti-
phospho-SMAD2 (3108S), anti-SMAD2 (3103S), anti-
phospho-SMAD3  (9520S) from Cell Signalling
Technology, and anti-SMAD3 (ab28379), anti-f-actin
HRP (ab49900) from Abcam. HHIP primary antibody is
from Santa Cruz (SC-293265), and Vinculin primary
antibody is purchased from Sigma-Aldrich (V4505).
Proteins were detected using ECL substrate (Pierce) and
images were captured in the G:Box system (Syngene) as
we have done previously.*
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Chromatin immunoprecipitation (ChIP) assay

ChIP assays were carried out from cross-linked BEAS-
2B cells with or without TGFf1 treatment. Briefly, cells
were cross-linked in 1% formaldehyde for 10 min, then
glycine was added to quench the formaldehyde at a final
concentration of 125 mM. After cell lysis and sonication,
cell lysate was incubated overnight with various anti-
bodies: anti-H3K27Ac (Abcam, ab4729), anti-SMAD3
(Abcam, ab28379) or rabbit isotype control IgG (Santa
Cruz Biotechnology, sc-2027). Immunoprecipitated
chromatin was then collected after incubation with
protein A magnetic beads (Pierce, 88,845) at 4 °C for
4 h. After reverse cross-linking, DNA products were
purified by MinElute PCR Purification Kit (QIAGEN,
28,006). The Quantitative real-time PCR (qPCR) was
performed to identify the relative amount of ChIP
products compared to the input by primers targeting
human HHIP promoter and enhancer regions. Primer
sequences used for ChIP-qPCR are listed in
Supplementary Table S2.

Chromatin conformation capture assay (3C)
Briefly, 1 x 10’ human BEAS-2B cells were cross-linked
and lysed, and chromatin was digested with BglII (New
England Biolabs, R0144S) at 37 °C overnight. Cross-
linked and digested DNA fragments were ligated with
T4 DNA ligase (New England Biolabs, M0202L) at 16 °C
for 6 h 3C products were detected with 3C unidirec-
tional PCR primers in triplicate PCR reactions as we
have done previously.” Bacterial artificial chromosome
(BAC) plasmids RP11-60L2 and RP11-767124 were used
for controls after going through the same protocol of
digestion and ligation as the cellular templates. 3C-PCR
primers were designed to target DNA fragments at sizes
between 1 and 10 kb after BglII digestion. We also avoid
primers designed for highly repeated genomic regions
due to possible low specificity. Primer sequences used
for 3C-PCR are listed in Supplementary Table S3.

Molecular cloning and reporter assays

HHIP enhancer regions at various lengths were cloned
into the pGL3-Basic (Promega, E1751) vector amplified
from BAC clones containing 670 bp of the HHIP pro-
moter region (hg38, chr4:144,645,487-144,646,156)
inserted by BglII and HindIII restriction enzyme. HHIP
enhancer regions were cloned into the vector at the 5-
end of HHIP promoter by BglII at either orientation,
forward or reverse. All plasmids used for reporter assays
were confirmed by Sanger sequencing. We performed
reporter assays in BEAS-2B cells as previously
described.” Briefly, 50% confluent BEAS-2B cells were
seeded into a 48-well plate for transfection. Forty-eight
hours after transfection with various reporter con-
structs along with TK-renilla, cell protein lysates were
prepared for Dual-Glo Luciferase Reporter Assay System
(Promega, E2920) according to the manufacturer’s pro-
tocol. Luminescence signals were captured in a

microplate reader (BioTek, Synergy H1). Firefly signals
were normalised to TK-renilla signals, and then nor-
malised to HHIP promoter-transfected cells to calculate
enhancer activities for each construct. Primer sequences
used for cloning reporter constructs are listed in
Supplementary Table S4.

Conservation analysis

Conservation analysis between humans and mice
(Fig. 2d and e) are displayed in green wiggle track ac-
cording to the UCSC genome browser (human hg38).
The Multiz Align view was selected to display the
results.”

Generation of HHIP enhancer region knockout or
HHIP knockout by CRISPR/Cas9

To generate HHIP enhancer region T2 knockout or
HHIP knockout (HHIP KO) in BEAS-2B cells, guide
RNAs were cloned into pSpCas9 (BB)-2A-Puro (PX459)
V2.0 vector (Addgene, 62,988), separately. Plasmids with
confirmed sequences were transfected into BEAS-2B
cells with Lipofectamine 3000 (Thermo Fisher,
L3000015) according to the manufacturer’s instructions.
Forty-eight hours after transfection, cells were selected
with 1.0 pg/mL puromycin for 3 days. Then live cells
were serially diluted and plated in 96-well plates to
generate individual colonies that were subsequently
expanded and verified by sequencing. Empty vector
PX459-transfected cells were used as controls that went
through exactly the same process of single colony se-
lection with limited dilution followed by expansion.
gRNA sequences used for enhancer or HHIP knockout
are listed in Supplementary Table S5.

Generation of HHIP enhancer region knockout in
iAT2

Ribonucleoprotein (RNP) complex with gRNA targeting
the HHIP enhancer was performed by electroporation
in induced pluripotent stem cell (iPSC)-derived alveolar
type II epithelial cells (iAT2). Alt-R S.p. Cas9 Nuclease,
crRNA and tracrRNA were ordered from IDT, and the
manufacturer’s instructions were followed for RNP
complex assembly. iAT2 were differentiated, main-
tained, and electroporated with RNP complex as we
described previously.” crRNA sequences are listed in
Supplementary Table S6.

Hedgehog pathway agonist and antagonist
treatment

Primary NHBE cells were starved and cultured with
basic BEGM medium overnight followed by the treat-
ment with TGFB1 (R&D Systems, 7754-BH) (5 ng/mL),
Hedgehog pathway agonist, SAG (Selleckchem, S6384)
(50 nM), an agonist of Smoothened, or various Hedge-
hog pathway inhibitors, Vismodegib (Selleckchem,
$1082) (10 pM), the Smoothened antagonist, Sonidegib
(Selleckchem, S2151) (5 pM), and the GLI1 inhibitor,
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GANTG61 (Selleckchem, S8075) (10 pM) for 24 h sepa-
rately or together as indicated in the figure legends.

Hi-C sample generation and sequencing data
analysis

Clonal BEAS-2B cells (~2.5 million cells in each line)
with either PX459 (Addgene, 62,988) vector control or
T2 enhancer knockout were collected and crosslinked
with 2% of formaldehyde (Fisher scientific, LC146501).
Then the standard protocol of the Arima-HiC Kit was
followed for the Hi-C sample generation according to
the manufacturer’'s protocols (Arima Genomics,
A510008). The samples were sequenced with Novaseq X
plus a platform with 150bp read length, paired-end
sequencing setting (Admera Health, NJ). The
sequencing depth was 500 million reads per sample
with two biological replicates for each clonal line.

We used Chromap* to map the paired end raw fastq
files from Hi-C experiments to the reference genome
hg38. We then removed PCR duplicates, and only kept
uniquely mapped reads. Next, we applied the Juicer
pipeline” to convert the mapped reads into .hic file and
visualize them in the Juicebox.” Lastly, we used the KR-
normed 50 Kb bin resolution Hi-C contact matrix for all
the downstream analysis.*'

The HUVEC Hi-C data (Fig. 3e) were obtained from
the public database (GSE63525),”! and visualised using
Juicebox.

H3K27Ac ChIP-seq analysis

The results of the H3K27Ac ChIP-seq analysis from hu-
man lung tissues (Fig. 3a) are obtained from the public
database with the following accession number and exper-
iment number (16 years, ENCFF416LBI, ENCSR510RPC;
40 years, ENCFF314IJY, ENCSR494WCX; 60 vyears,
ENCFF189JKC, ENCSR837DVF).” The results of the
H3K27Ac ChIP-seq analysis from human new-born um-
bilical vein endothelial cell (HUVEC) cells (Fig. 3e) are
obtained from the public database with the following
accession number and experiment number (HUVEC,
ENCFF089DEG, ENCSRO00ALB).”> Signal P-value files
were chosen and visualised using Juicebox.

Cells, reagents and kits information

The detailed information of cells, reagents and kits are
listed in Supplementary Table S7, including supplier
name, catalogue numbers, and RRID tag.

Statistical analysis

All data were shown as mean + SD. An unpaired t-test
was used for a two-group comparison. Ordinary one-way
ANOVA analysis followed by Dunnett comparisons was
used for multi-group statistical analysis, and two-way
ANOVA followed by Bonferroni comparisons were
used for two variables comparison except special
statements.
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Role of funders

The funders had no role in study design, data collection,
data analyses, interpretation, and decision to prepare or
publish the manuscript.

Results
Enrichment of open chromatin at 4q31 COPD GWAS
region in human lung epithelial cells
Under the homeostatic condition, Hhip is mainly
expressed in mesenchymal cells in mouse lungs
(Supplementary Fig. Sla and b) with an additional
epithelial expression of HHIP in human lungs
(Supplementary Fig. Slc and d), as shown by recent
single-cell RNA sequencing (scRNA-seq) data.”>**** To
confirm this, we measured HHIP expression in human
distal lung tissue and various primary human lung cells
isolated from a healthy non-smoker donor as described
before,” and BEAS-2B cells, an immortalised human
bronchial epithelial line. Indeed, we detected higher
HHIP mRNA levels in primary human alveolar type II
epithelial cells (AT2), induced pluripotent stem cell
(iPSC)-derived alveolar type II epithelial cells (iAT2) and
BEAS-2B cells as compared to normal human lung fi-
broblasts (NHLF) (Supplementary Fig. Sle and f).
Since HHIP expression level is decreased in COPD
lungs,” it is important to explore the possible mecha-
nism of the transcriptional regulation of HHIP in hu-
man lung cells. Thus, we compared the epigenetic
landscape revealed by single nucleus transposase-
accessible chromatin using sequencing (ATAC-seq) in
human lungs.** Within the 4q31 COPD GWAS region, a
significant ATAC-Seq peak is detected in human lung
epithelial cells from both healthy donors (Fig. 1a) and
patients with COPD (Fig. 1b), suggesting the presence
of a distal regulatory region, about 60 kb upstream of the
HHIP gene promoter in the lungs from healthy donors
(Fig. 1c) and from patients with COPD (Fig. 1d).

Identification of a human unique distal enhancer of
HHIP gene at 4931 locus
To investigate the regulatory element for HHIP, we
initially assessed the enrichment of acetylation of lysine
27 of the H3 histone (H3K27Ac), a known marker for
active enhancer or promoter. By performing Chromatin
Immunoprecipitation (ChIP) followed by quantitative
PCR (qPCR) in BEAS-2B cells, we detected H3K27Ac
enrichment near the ATAC-Seq peak that was previ-
ously identified in human lung epithelial cells within
the 4931 GWAS region (Fig. 2a and b). Indeed, this
region contains two enhancers: T2 (~1.1 kb) and T4
(~1.4 kb) for the endogenous HHIP promoter (~15-40
fold) in either forward or reverse orientation, as shown
in reporter assay in BEAS-2B cells (Fig. 2c).

Given differential expression pattern of HHIP be-
tween mouse and human lungs, we also examined the
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Fig. 1: The open chromatin landscape upstream of HHIP in human lung cells. (a) Single-cell ATAC-Seq peaks in healthy lungs from the public
dataset (GSE 161383) (n = 3) and (b) single-nuclear ATAC-Seq peaks from patients with COPD (n = 3) within the 431 COPD GWAS locus across
various cell types (Y axis scale range = 30). The highest peaks in the 4q31 region in human lung epithelial cells are indicated by the red frame. (c)
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region in the red frame from b (chr4: 144,579K-144,586K, hg38) in epithelial cell types (Y = 15).
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conservation of the HHIP promoter and found it was
highly conserved between human and mouse, especially
around transcription start site (Fig. 2d). However, the
novel T2 enhancer instead of the T4 enhancer at the
4931 GWAS locus is poorly conserved between human
and mouse genome (Fig. 2e), explaining the differential
regulation mechanism between human and mouse
HHIP possibly through the T2 human unique distal
enhancer. We therefore focus on T2 enhancer for sub-
sequent experiments.

Furthermore, knockout of endogenous T2 enhancer
by gRNAs led to significantly decreased expression of
HHIP in BEAS-2B cells (Fig. 2f) and normal human
bronchial epithelial cells (NHBE) (Fig. 2g). Given
abundant expression of HHIP in human AT2 cells
(Supplementary Fig. Sle and f), we also generated
knockout (KO) of T2 enhancer in iPSC-derived AT?2 cells
(IAT2 cells) by CRISPR/Cas9,” which led to reduced
expression of HHIP (Fig. 2h). Combined, we demon-
strated that the T2 distal enhancer regulates endogenous
expression of HHIP in three types of human lung
epithelial cells, BEAS-2B, NHBE and iAT2 cells.

The human unique distal enhancer at 4q31
maintains the topological domain regulating HHIP
expression

Given that the enhancer is about 60 kb away from the
HHIP promoter, we performed Hi-C experiments in
BEAS-2B cells to elucidate the chromatin interaction
dynamics between the 4q31 GWAS locus and the HHIP
gene body. Publicly available ChIP-seq data in healthy
human lung tissues demonstrated the enrichment of
H3K27Ac near the distal enhancer T2 region and the
HHIP promoter (Fig. 3a).” More interestingly, corre-
sponding to the H3K27Ac peaks, we detected a robust
interaction between the distal enhancer and HHIP
promoter region in BEAS-2B cells by Hi-C method
(Fig. 3a). Such interaction was further confirmed by
chromosome conformation capture (3C) assay in BEAS-
2B cells (Fig. 3b—d).

Indeed, using publicly available Hi-C data*' in HHIP-
expressing HUVEC cells,””** we found that this identi-
fied distal enhancer is perfectly situated between two
adjacent chromatin topological domains: one within the
4q31 COPD GWAS locus and the other one spanning
the HHIP promoter through the gene body (Fig. 3e),

suggesting that the identified distal enhancer possibly
bridges the interaction of these two interacting regions.
To test this hypothesis, we further performed Hi-C ex-
periments in the T2 enhancer KO stable line of BEAS-
2B cells. Strikingly, with less than 500bp deletion, T2
enhancer KO cells showed pervasive loss of chromatin
interaction near the 4q31 locus and HHIP promoter, as
compared to control cells (Fig. 3f). In contrast, nearby
adjacent topological domains at 4q remain intact in KO
cells (Fig. 3f), suggesting that T2 enhancer is specifically
required to maintain the chromatin loops nearby the
4q31 region and HHIP gene.

HHIP is induced by TGFf, independent of the
hedgehog pathway in human lung epithelial cells
In addition to its important role in lung development
and homeostasis, HHIP is also involved in COPD
pathogenesis as shown in both human GWAS and
mouse models.”* We next set out to determine how
HHIP is regulated under COPD-relevant pathological
conditions. Given the critical roles of TGFp in airway
remodelling, known to be associated with HHIP geno-
types in both mouse models and human COPD sub-
jects,'®* we asked whether HHIP is regulated by TGFp.
Interestingly, HHIP expression is induced by TGFp1 at
6, 12 and 24 h post-treatment in BEAS-2B cells (Fig. 4a).
The induction of HHIP expression by TGFp1 was also
observed in NHBE cultured at both submerged (Fig. 4b)
and air-liquid interface (ALI) conditions (Fig. 4c). It’s
noteworthy that the recently reported COPD GWAS
gene TGFP2** also led to a similar induction of HHIP
in NHBE (SFig. 2a). In contrast, the mouse Hhip re-
mains undetectable despite TGFp1 treatment in primary
mouse tracheal epithelial cells, indicative of species-
specific induction of HHIP.

HHIP was previously reported as a target of the
Hedgehog pathway in multiple cell lines.** However,
treatment with an agonist of Smoothened, SAG, failed
to induce expression of HHIP and other Hedgehog
pathway genes including GLI1-3 and PTCH1, suggest-
ing inactive Hedgehog pathway in NHBE cells (Fig. 4d
and Supplementary Fig. S2b—e). Furthermore, HHIP is
induced by TGFp1 in the presence of the specific
hedgehog inhibitor Vismodegib, the Smoothened
antagonist Sonidegib, or the GLI1 inhibitor GANT61 in
NHBE (Fig. 4e) and BEAS-2B cells (Supplementary

assays in BEAS-2B cells transfected with various truncated HHIP enhancers inserted in front of HHIP endogenous promoter (HHIP Pro) in forward
(FWD) or reverse (REV) orientations (n = 3 independent transfections) (Statistical analysis: ordinary one-way ANOVA analysis followed by
Dunnett comparisons). Conservation analysis of the HHIP promoter (d) and distal enhancer (e) between human and mouse is displayed in green
wiggle track according to the UCSC genome browser (hg38) in which the height reflects the size of the conservation score. Single or double
horizontal lines above the DNA sequence indicate poor conservation between mice and humans in the region. Measurements of HHIP mRNA
levels in BEAS-2B (f) (n = 7 single colonies) or NHBE (g) (n = 3 subjects) cells with CRISPR-edited deletion of the T2 region. Vector-transfected
cells were used as wild-type controls (WT) (Statistical analysis: unpaired t-test). (h) Measurements of HHIP mRNA levels in iPSC-induced alveolar
type 2 (iAT2) cells with knockout of the T2 region (n = 3 subjects) (Statistical analysis: ordinary one-way ANOVA analysis followed by Dunnett

comparisons). *P < 0.05, **P < 0.01.
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Fig. S2f), while such induction of HHIP by TGFp was
abolished by TGFp type I receptor inhibitor SB-431542
(Fig. 4f-h, and Supplementary Fig. S2g) at both RNA
and protein levels. These results suggest direct induc-
tion of HHIP by the activation of the TGFp signalling
pathway, independent of the Hedgehog pathway in hu-
man airway epithelial cells.

SMAD3 binds to the HHIP distal enhancer upon
TGFf treatment

To investigate whether TGFp1 induces HHIP tran-
scription through distal enhancers that we identified
earlier, we performed reporter assays in BEAS-2B cells
transfected with T1 to T5 genomic regions in the pres-
ence or absence of TGFp1 treatment. We found that
TGFp1 treatment increased the T2 enhancer activity in
both forward and reverse orientations (Fig. 5a), which is
accompanied by increased H3K27Ac enrichment
(Fig. 5b), indicating activation of HHIP distal enhancer
by TGEp1.

TGFp1 binds to its membrane receptor and leads to
phosphorylation and translocation of SMAD3 into
nuclei to activate transcription of downstream target
genes following the cytoplasmic signalling cascade.
Indeed, increased SMAD3-binding was detected near
the T2 and T4 enhancer as well as the transcription start
site (TSS) of HHIP in BEAS-2B cells after TGFpl
treatment as shown by ChIP-qPCR (Fig. 5c), while
stronger SMAD3-binding site is around T2 enhancer
region. Furthermore, siRNA targeting SMAD3 led to
significantly reduced induction of HHIP (Fig. 5d and
Supplementary Fig. S3) and reduced enhancer activity
of T2 region after TGFf1 treatment (Fig. Se).

The T2 enhancer is required for induction of HHIP
by TGFf1 treatment

Additionally, the knockout of T2 enhancer (T2 KO)
resulted in weakened SMAD3 binding and reduced
H3K27Ac enrichment in the distal enhancers and pro-
moter regions of HHIP, and decreased induction of

HHIP in various clonal BEAS-2B CRISPR lines in
response to TGFpP1 (Fig. 6a—d). These findings suggest
that deletion of the T2 enhancer caused pervasive
epigenetic changes in local chromatin structure,
consistent with loss of local chromatin interaction in T2
KO cells (Fig. 3f). Collectively, our findings revealed the
T2 enhancer region involved in maintaining both the
baseline and induced expression of HHIP by TGFp1.

HHIP knockout promotes EMT in human airway
epithelial cells

We have previously reported that after chronic smoke
exposure, Hhip*/~ mice demonstrated increased small
airway remodelling,”® a process usually driven by acti-
vation of TGFp signalling. We next set out to determine
whether HHIP regulates the activity of the TGFp1
pathway. To address this, we generated HHIP
knockout BEAS-2B lines by the CRISPR/Cas9 method
and assessed the molecular changes induced by TGEp.
We found that the expression of epithelial-
mesenchymal transition (EMT) markers such as Cad-
herin 2 (CDH2), Collagen Type IV Alpha 1 Chain
(COL4A1I), and Snail Family Transcriptional Repressor
1 (SNAII) were significantly upregulated in HHIP KO
cells treated with TGFp1 for 8 h (Fig. 7a) and 16 h
(Fig. 7b) as compared to condition-matched control
cells. Furthermore, this was confirmed by western
blotting where the protein levels of EMT-related maker
genes including N-Cadherin, SNAIL, and SLUG were
also increased in HHIP KO cells treated with TGFp1
for 24 and 48 h (Fig. 7c).

Discussion

Our study identified a human unique distal enhancer
situated at the boundary of the linkage disequilibrium
(LD) block of the 4931 COPD GWAS locus, regulating
expression of HHIP gene both at homeostatic condition
and upon induction by TGFp in human lung epithelial
cells through examining the chromatin interaction by

H3K27Ac peaks in the distal enhancer region, and the dotted blue frame indicates the peaks in the HHIP promoter region. (b) Relative location
of primers used in 3C assays in the human genome according to scales. The orange rectangle indicates the promoter of the HHIP gene while the
blue rectangle represents the putative distal enhancer (chr4: 144,579K-144,586K, hg38). (c) Results of 3C-PCR in BEAS-2B cells using the
primer targeting the HHIP promoter as an anchor primer, paired with primers targeting the distal enhancer region, with corresponding BAC as
controls (n = 3 PCR reactions). (d) Quantification results of relative band intensity normalised to BAC controls by ImageJ (Statistical analysis:
ordinary one-way ANOVA analysis followed by Dunnett comparisons). *P < 0.05, **P < 0.01. (e) Chromatin Interaction data across the 4q31
COPD GWAS region and HHIP gene, based on publicly available Hi-C data in HUVEC cells (hg19) (GSE63525). The dotted black frame indicates
the topological domain formed by strong interaction within the 4q31 region, while the dotted blue frame indicates the second topological
domain neighbouring the first, extending to the gene body of HHIP. The distal enhancer region borders two regions. The H3K27Ac ChIP-seq
analysis from HUVEC cells indicates the location of the HHIP distal enhancer and promoter. The dotted grey frame shows the H3K27Ac peaks in
the distal enhancer region. (f) Hi-C results from control cells and T2 KO BEAS-2B cells (hg38). The top right corner represents WT results from 2
repeats, and the lower left corner represents KO results from 2 repeats. The dotted black triangle indicates the topological domain spanning the
4931 GWAS region to the HHIP promoter, while the dotted blue triangle indicates the nearby adjacent topological domain spanning the distal
enhancer and HHIP gene body. 3C: chromosome conformation capture; BAC: bacterial artificial chromosome; PC: positive control; NC: negative
control.
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Fig. 4: TGFP induces HHIP expression in human bronchial epithelial cells. Expression of HHIP in BEAS-2B cells (n = 3 repeats) (a), primary
NHBE cells cultured at submerged condition (n = 5 subjects) (b) or in air-liquid interface (ALI) condition (n = 3 subjects) (c), treated with TGFp1
(5 ng/mL) for indicated durations. (d) Expression of HHIP in primary normal human bronchial epithelial (NHBE) cells treated with TGFp1 and
Hedgehog pathway agonist (n = 5 subjects) or (e) various Hedgehog pathway inhibitors (n = 5 subjects). (f) Expression of HHIP in BEAS-2B cells
(n = 3 repeats) and (g) primary NHBE cells (n = 3 subjects with 3 repeats) treated with TGFf1 (5 ng/mL) and/or TGFf type | receptor inhibitor SB
431542 (SB, 5 pM). (h) Protein levels of HHIP were measured in BEAS-2B cells treated with TGFB1 (5 ng/mL) and/or TGFp type | receptor
inhibitor SB 431542 (SB, 5 uM) for 24 and 48 h (Statistical analysis for panel a, b, d, f and g: ordinary one-way ANOVA analysis followed by
Dunnett comparisons; panel ¢: unpaired t-test; panel e: two-way ANOVA followed by Bonferroni comparisons). *P < 0.05, and **P < 0.01
comparing to vehicle control group. *P < 0.01 comparing to TGFB1-treated group.

3C and Hi-C as well as epigenetic signatures by ChIP-
PCR and snATAC-Seq, combined with genome-editing
approaches targeting the T2 enhancer. This poorly
conserved enhancer is specifically required to maintain
local chromatin interaction, especially around the HHIP
promoter and 4q31 region. Furthermore, lung epithelial
cells with reduced expression of HHIP displayed
increased response to TGFp1 signalling. We not only
pinpoint the importance of this regulatory element as an
intrinsic enhancer situated at the TADs boundary, but
also highlight the biology learned through functional
characterization on the distal enhancer within the
GWAS locus.

The human genome contains a large number of cis-
regulatory elements that contribute to cell type-specific
gene regulations, resulting in heterogeneous gene
expression across various cell types.** Cis-regulatory
elements are characterised by highly cell type-specific
epigenomic features, such as DNA methylation, his-
tone modifications, as well as conformation of local
chromatin, which strongly correlate with cell type-
specific gene expression patterns.”° Advanced tech-
niques, such as ChIP-Seq, Hi-C, Hi-ChIP, PLAC-seq,
CUT&RUN, and others, have enabled the identification
of numerous putative regulatory elements in various
tissue/cell types.”* However, subsequent in-depth
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Fig. 5: TGFP induces HHIP expression in a SMAD3-dependent
pathway. (a) Reporter assay in BEAS-2B cells transfected with
truncated enhancers with or without TGFP1 treatment. H3K27Ac
(n = 3 ChIP experiments) (b) and SMAD3 (n = 4 ChIP experiments)
(c) enrichment in HHIP distal enhancer and promoter region detected
by ChIP-gPCR in BEAS-2B cells. (d) Induction of HHIP by TGFp1 was
blunted by the knockdown of SMAD3 instead of SMAD2 in BEAS-2B
cells (n = 7). (e) Reporter assay in BEAS-2B cells treated with TGFf1
and transfected with SMAD3 siRNA (n = 3) (Statistical analysis: two-
way ANOVA followed by Bonferroni comparisons). *P < 0.05, and
**P < 0.01 comparing to vehicle control group. *P < 0.01 compared
to the scramble group.

mechanistic studies on these regulatory elements, and
possibly using them to interpret the function of GWAS
loci associated with complex diseases lag behind. This is
particularly important in the post-GWAS era since the
majority of genetic variants associated with human
complex traits are located in the non-coding regions of
the human genome with no clearly assigned genes.*

www.thelancet.com Vol 101 March, 2024

HHIP, a vertebrate-specific negative regulator of the
Hedgehog signalling pathway, has attracted increasing
attention as one of the most frequently identified genes
in GWAS for COPD and lung function. Many compo-
nents of the Hedgehog signalling pathway have tight
regulation in a wide range of processes, such as during
the development of limbs and regulation of left-right
asymmetry in embryonic development.**"** Sonic
hedgehog (SHH), an important agonist of the Hedge-
hog signalling pathway controlling embryonic limb
development, is strictly regulated by a distal enhancer
(~1 Mb away).”* The minimal 17 bp enhancer region is
highly conserved in all examined limbed vertebrates but
deleted in snakes. In contrast, the T2 enhancer for
HHIP described herein lacks conservation between
humans and mice, possibly indicating different tran-
scriptional regulation of HHIP in human cells.

Our interesting finding that the deletion of the T2
enhancer (~500 bp) in BEAS-2B cells led to a reduction
of chromatin interaction frequency (Fig. 3f) and loss of
nearby epigenetic markers (Fig. 6¢) highlights the
importance of this human unique T2 enhancer. In
addition to cellular models, recent functional studies on
the boundary elements of topologically associated do-
mains (TADs) in mouse models also indicate significant
changes in mouse model phenotype, gene expression
and chromatin interactions when boundary elements
were depleted.”* However, such pervasive changes
caused by the depletion of each individual boundary
element are likely context-specific.

Given its genomic location, this human-specific
HHIP distal enhancer may be located at a ‘transition
zone’ that was reported previously to be moderately
insulated and may exhibit cell-to-cell variation of loop
extrusion blocking and readthrough regulation mecha-
nism.”** Through partition of the topological domains,
T2 enhancer may potentially facilitate the regulation of
HHIP expression by genetic variants within the 4q31
GWAS locus in a context-specific manner, possibly
enabling more complex and fine regulation of human
HHIP, the important GWAS gene associated with
multiple complex traits including height, lung function
and COPD.”"

The distal enhancer region is located with the linkage
disequilibrium (LD) block of the 4q31 COPD GWAS
locus. However, no GWAS variants are directly located
inside the enhancer T2 region. This raised a couple of
possibilities: 1) These enhancers are essential for HHIP
transcriptional regulation. Given the importance of
HHIP during embryonic development, any genetic
variants that are directly located inside the enhancer
may impact its activity and are unable to survive the
evolutionary pressure due to lethal effects. This is
consistent with the well-accepted notion that the func-
tion and positions of such boundary elements are sub-
ject to evolutionary constraint,** which explains the
overall depletion of structural variants at TAD
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Fig. 6: Distal enhancer region knockout reduces HHIP expression level. (a) A diagram indicating the relative location of ChIP-qPCR primers
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to WT vehicle control group; *P < 0.05, and *P < 0.01 comparing to WT TGF-P1 treated group.

boundaries. 2) COPD GWAS variants located in the HHIP was known to be induced by the Hedgehog

flanking sequence of the distal enhancer, may also
modulate the activity of the distal enhancer as demon-
strated recently.” These possibilities will be carefully
evaluated in our future experiments.

pathway to constrain its overactivation, forming the
negative feedback loop in mouse mesenchymal cells.®
Similarly, in human airway epithelial cells, TGFp
induced expression of HHIP by binding of SMAD3 to
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Fig. 7: HHIP represses EMT induced by TGFf in human airway epithelial cells. Expression of epithelia-mesenchymal transition (EMT) marker
genes, CDH2, COL4A1, and SNAI1 was measured in WT or HHIP KO BEAS-2B cells with or without TGFf1 treatment for 8 h (n = 3) (a) or 16 h
(n = 5) (b). (c) Representative results showing expression of epithelia-mesenchymal transition (EMT) marker genes, N-cadherin, SNAIL, and
SLUG in WT or HHIP KO BEAS-2B cells with or without TGFB1 treatment for 24 and 48 h (Statistical analysis: two-way ANOVA followed by

Bonferroni comparisons). *P < 0.05, and **P < 0.01 with/without TGFf1 treatment; P < 0.05, and P < 0.01 with/without HHIP KO.

the distal enhancer, independent of the Hedgehog
pathway. Furthermore, given increased expression of
EMT marker genes in HHIP knockout BEAS-2B cells,
HHIP may serve to shape cell autonomous epithelial-
specific response to TGFB. However, Hhip was also
reported to activate the Tgfbl-Smad2/3 cascade and
promote mouse endothelial to mesenchymal transi-
tion,* indicative of a cell type-specific regulation be-
tween TGFP and HHIP. Therefore, we need to be
cautious and mindful when interpreting the context-
specific interplay between HHIP and the TGFp pathway.

www.thelancet.com Vol 101 March, 2024

The TGFp pathway is a key mediator of airway
remodelling in COPD."” Additionally, increased TGFp1
protein levels were detected in the airway epithelium of
patients with COPD."** Furthermore, a subgroup of
airway epithelial colonies generated from patients with
COPD constitutively express genes enriched in the
TGFp2 pathway that may drive pro-fibrotic effects,
contributing to small airway remodelling in COPD,*
indicating the importance of TGFpP signalling in
COPD. Future investigations are required on how
HHIP interacts with TGFp signalling under pathological
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conditions to shape the development of COPD.
Furthermore, there are additional growth factors
important for COPD pathogenesis. Whether and how
HHIP is also regulated by other COPD-relevant growth
factors requires systematic investigations in the future.

The limitations of our study include: 1) The sample
size of COPD lungs used in the snATAC-Seq experi-
ments is quite small. Therefore, any comparisons be-
tween COPD and healthy control lungs need to be
confirmed in a larger sample size in follow-up studies
given the heterogeneity of COPD. 2) The complex
interplay between HHIP and TGFp signalling needs to
be carefully evaluated further in the context of COPD
development in future studies. 3) The direct impacts of
the enhancer on COPD development require further
investigation, possibly in other mammals such as non-
human primates that share the enhancer sequence
with humans. Nonetheless, our current study reports
transcriptional regulation of HHIP by a human unique
distal enhancer located at the COPD 4q31 GWAS locus.
This regulation occurs both at baseline and after TGFp1
induction in human bronchial epithelial cells.
Conversely, HHIP represses TGFp-induced EMT, sug-
gesting complex signalling interaction between HHIP
and TGFp. Given the complex dynamic of cell quies-
cence, proliferation and differentiation transition during
homeostasis and lung repair/regeneration, further in-
vestigations into the context-specific regulation of HHIP
by various transcription factors and other epigenetic
modifications under pathologic conditions are necessary
to gain deeper mechanistic insights. Ultimately, this
knowledge could help pinpoint potential treatment
strategies for COPD.
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