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Ageing is often associated with chronic remodelling, which is a key feature of many human diseases,
including chronic respiratory diseases such as lung fibrosis. Idiopathic pulmonary fibrosis (IPF) is the most
common form of pulmonary fibrosis and is defined as a specific form of chronic, progressive fibrosing
interstitial pneumonia of unknown cause. IPF patients have an overall median survival of 3 to 5 years,
although current antifibrotics (pirfenidone and nintedanib) slow down lung function decline and may
improve survival [1, 2]. The current paradigm suggests that IPF is a lung disorder of epithelial origin in
which aberrant epithelial cell activation and ineffective repair lead to aberrant mesenchymal responses and
accumulation, with secondary deposition of extracellular matrix (ECM) in the alveolar interstitium: one of
the salient marks of fibrosis [1, 3, 4]. Fibroblasts are the main mesenchymal components responsible for
tissue remodelling during normal and pathological lung tissue repair. In IPF, chronic injuries may lead to
unbalanced cell–cell communication among the lung cells that would promote the persistence of activated
“pathological” fibroblasts or myofibroblasts, and hence excessive and deleterious accumulation of ECM
[1, 3]. Myofibroblasts have been believed for a long time now to constitute a heterogenous population with
many possible cellular origins and several effector properties. Numerous studies utilising single-cell RNA
sequencing (scRNA-seq) have demonstrated the existence of various mesenchymal cell lineages within the
lung. These studies have also brought attention to the emergence of novel abnormal mesenchymal cell
types in both IPF lung samples and preclinical mouse models of lung fibrosis [2, 5–7].

Cell differentiation and activation are characterised by significant changes in gene expression patterns,
which are primarily driven by chromatin remodelling. One of the key processes involved in chromatin
remodelling is the alteration of chromatin structures from tightly condensed state to more relaxed,
transcriptionally permissive conformation. This enables the binding of transcription factors (TFs) and other
DNA-binding proteins to the DNA, allowing for the specific regulation of gene expression [8, 9]. Through
aberrant changes in chromatin landscape, mesenchymal cells would differentiate and acquire dysregulated
functions in IPF.

In the current issue of the European Respiratory Journal, VALENZI et al. [10] present exciting new insights
on the activity of critical TFs associated with “pathological” myofibroblasts in IPF, using multi-omic
single-cell analyses. To shed light on the TFs governing the activation and differentiation of
myofibroblasts, they leveraged cutting edge genomic methodology at the single cell resolution (figure 1).
When it comes to epigenetics, accessible chromatin often translates into expressed genome areas as it
allows TFs to access DNA. In 2013, the Assay for Transposase-Accessible Chromatin using sequencing
(ATAC-seq) was introduced and allowed unbiased screening of accessible chromatin at the single cell
resolution [11, 12]. The nuclear genome composed of histone-bound and -unbound DNA is exposed to
hyperactive Tn5 transposase. As illustrated in figure 1c, the enzyme breaks and releases DNA sequences

Copyright ©The authors 2023.
For reproduction rights and
permissions contact
permissions@ersnet.org

Received: 25 May 2023
Accepted: 5 June 2023

https://doi.org/10.1183/13993003.00881-2023 Eur Respir J 2023; 62: 2300881

EUROPEAN RESPIRATORY JOURNAL
EDITORIAL

O. BURGY AND A.A. MAILLEUX

https://orcid.org/0000-0003-4191-1778
mailto:arnaud.mailleux@inserm.fr
https://crossmark.crossref.org/dialog/?doi=10.1183/13993003.00881-2023&domain=pdf&date_stamp=
https://bit.ly/3qBjh0S
https://doi.org/10.1183/13993003.00881-2023
mailto:permissions@ersnet.org


which are not linked to histone, favouring the eventual binding of transcription regulators. High-throughput
sequencing of those DNA sequences allows the identification of differentially accessible chromatin regions
(DARs) within the samples. The accessible DNA sequences identified are then used as input to a motif
database to uncover which TFs were likely bound into the isolated sequences. VALENZI et al. [10] applied
this methodology to single nuclei (sn) isolated from the lung of patients with IPF, as well as donors, to
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FIGURE 1 Schematic summary of the workflow leading to TWIST1 identification using single cell RNA
sequencing (scRNA-seq) and single nucleus Assay for Transposase-Accessible Chromatin using sequencing
(snATAC-seq) multi-omics in idiopathic pulmonary fibrosis (IPF) fibroblast clusters. a) Single cell suspensions
from control or IPF lung explants were divided to generate b) scRNA-seq or c) snATAC-seq datasets after
nucleus isolation for the latter. The ATAC-seq method involves exposing accessible chromatin regions (1) to the
highly active Tn5 transposase (2). Tn5 simultaneously fragments DNA, preferentially inserts into open
chromatin sites, and adds sequencing primers (3). The fragmented and primed DNA identifies the open
chromatin after subsequent sequencing library generation and analysis. d) The datasets generated in
scRNA-seq and snATAC-seq were used to identify and cluster lung cell types. The clusters can be visualised
using a UMAP diagram, as shown. e) Integration of both scRNA-seq (transcriptome) and snATAC-seq (chromatin
accessibility) will identify differentially accessible chromatin regions (DARs) and differentially expressed genes
(DEGs) enriched in IPF fibroblast lung clusters. Subsequent analysis showed an enriched presence of
transcription factor (TF)-binding motifs for TWIST1 within these DEG-accessible chromatin regions in IPF
fibroblast clusters. f ) To validate the TWIST1 binding motifs, chromatin immunoprecipitation-sequencing
(ChIP-seq) was performed using a TWIST1 antibody (Ab) on bulk cross-linked chromatin prepared from
cultured primary IPF lung fibroblasts. After genome mapping, the coverage of TWIST1 Ab bound sequence was
then compared with the active TWIST1 motifs identified in e. Panels a and c were drawn using pictures from
Servier Medical Art, which is licensed under a Creative Commons Attribution 3.0 Unported License. The TWIST1
sequence logo in panel e was obtained from the JASPAR database ( jaspar.genereg.net).
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snapshot the landscape of accessible chromatin in the major lung cell types. As a step further, each patient
sample underwent, in parallel, single-cell transcriptomics in order to get both ATAC- and RNA-seq data
for each patient. This allows the cell annotation of the snATAC-seq and subclustering of the mesenchymal
populations, on which the downstream investigation of the study was focused. Comparison of IPF
myofibroblasts versus non-myogenic fibroblasts or fibroblasts from donors shows that accessible chromatin
areas were located to genes involved in fibrosis-relevant pathways. Deep analysis of accessible chromatin
within the mesenchymal populations also highlighted TWIST1 as a key transcriptional regulator in the
pathological myofibroblast phenotype observed in IPF. TWIST1 belongs to the basic helix–loop–helix
superfamily of TFs, which play a crucial role in controlling gene expression and are essential for lineage
specification during development [13]. TWIST1 binds DNA directly, through recognition of variants of a
DNA motif called E-box sequence [13]. This motif was highly enriched in fibroblasts compared to other
cells in the study by VALENZI et al. [10]. A chromatin immunoprecipitation-sequencing assay was also
conducted in cultured primary IPF fibroblasts to identify the DARs that directly interacted with TWIST1
(figure 1f). The authors showed a good coverage of DARs by TWIST1 bound sequences, despite the
biases potentially associated with in vitro culture. In addition, TWIST1 was among the few TFs
upregulated and identified as differentially expressed genes between donor and IPF myofibroblast
populations. To further validate their findings and explore the functional role of this TF in lung fibrosis,
the authors performed gain-of-function studies using genetically modified mice overexpressing Twist1 in
Col1a2-expressing cells. Increased Twist1 expression in collagen-producing cells was associated with an
augmentation in collagen synthesis. This effect was observed in both in vitro experiments using primary
lung fibroblasts and in vivo employing the bleomycin model of lung fibrosis.

While the study from VALENZI et al. [10] undoubtedly adds significant insight on the epigenetics of
mesenchymal cells during IPF, some questions remain with regard to the biology of TWIST1 in IPF. The
role of TWIST1 in lung fibrosis has been previously reported by different groups in the past decades.
While TWIST1 is primarily associated with aberrant myofibroblast activation in lung fibrosis [14–17], this
TF is also expressed by other lung cell types, such as remodelled epithelium [16] and endothelial cells
[18], as well as macrophages [16] in pulmonary fibrosis. Of note, TWIST1 is well known for its
involvement in the epithelial-to-mesenchymal transition during cancer metastasis [13]. Their integrated
scRNA-seq and snATAC-seq methodologies highlighted an enrichment in TWIST1 motifs in IPF
endothelial but not epithelial cell nuclei. However, the authors acknowledged that the constrained sample
size of nuclei and the heterogeneous nature of epithelial lung populations may have attenuated the power
of their method. In addition, some of the samples were depleted for immune and epithelial cells prior to
snATAC-seq in this study. Further investigations are needed to explore whether TWIST1 is involved in
other non-mesenchymal cells during IPF.

In summary, the “tour de force” of this study resides in the integration of snATAC-seq and scRNA-seq
datasets to identify differentially accessible chromatin regions and enriched TF motifs within lung cell
populations, and to highlight the involvement of TWIST1 in lung fibrosis in the process and by using in
vitro and in vivo preclinical models of lung fibrosis. Previous studies targeting TFs in lung fibrosis,
including GLI [19], FOXM1 [20], FOXF1 [21], FOXO3 [22], RUNX2 [23], PU.1 [24] and TBX4 [24, 25],
suggested that such therapeutic approaches could be beneficial in this chronic lung disease. However, with
the exception of TBX4, the expression of these TFs is not restricted to mesenchymal lineages. Therefore,
targeting these TFs may have implications for both fibrosis development and epithelial regeneration/repair.
The potential development of small molecule therapeutics that inhibit DNA-protein binding and TF
complexes would help to target TWIST1 dimerisation pairs or its association with binding partners.
Indeed, the diversity of TWIST1 dimer combinations and their functional specificity in lung cell types,
which was not explored by VALENZI et al. [10], remains elusive. Therefore, the identification of TWIST1
partners specifically in pathological myofibroblasts (as opposed to the epithelium or the endothelium)
would facilitate potential targeting of this aberrant pathological mesenchymal population.

Finally, it remains unclear which nuclear factors (including TWIST1 itself?) in addition to known
epigenetic processes, such as DNA methylation [26] and histone modifications [27], contribute to the
promotion of those newly accessible chromatin regions that are associated with the aberrant phenotype of
activated myofibroblasts observed in IPF. Furthermore, recent efforts have been made to map DNA
methylation [28] and histone marks [29] at single-cell resolution. These developments are noteworthy as
they could shape forthcoming multi-omics investigations in IPF. Over the past years, omics analysis
applied to IPF or experimental models has significantly deepened our knowledge of pulmonary fibrosis.
As time passes, innovative multi-dimensional methodologies are developing rapidly. While currently
exploring both transcriptomic and chromatin accessibility implies two separate workflows and specific
analysis for inferred linkage, novel methods now enable both ATAC- and RNA-seq simultaneously on the

https://doi.org/10.1183/13993003.00881-2023 3

EUROPEAN RESPIRATORY JOURNAL EDITORIAL | O. BURGY AND A.A. MAILLEUX



same cell. In the future, technology breakthroughs allowing simultaneous analysis of epigenetics (DNA
methylation, histone modification), at the single cell resolution, will be important to further deepen our
understanding of IPF. Uncovering the epigenetic mechanisms involved in chromatin remodelling, along
with gene expression regulation in activated myofibroblasts, is crucial for the development of effective
therapies that target the underlying mechanisms of IPF and hopefully promote proper repair of the lung.
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Abstract
Background In idiopathic pulmonary fibrosis (IPF), myofibroblasts are key effectors of fibrosis and
architectural distortion by excessive deposition of extracellular matrix and their acquired contractile
capacity. Single-cell RNA-sequencing (scRNA-seq) has precisely defined the IPF myofibroblast
transcriptome, but identifying critical transcription factor activity by this approach is imprecise.
Methods We performed single-nucleus assay for transposase-accessible chromatin sequencing on
explanted lungs from patients with IPF (n=3) and donor controls (n=2) and integrated this with a larger
scRNA-seq dataset (10 IPF, eight controls) to identify differentially accessible chromatin regions and
enriched transcription factor motifs within lung cell populations. We performed RNA-sequencing on
pulmonary fibroblasts of bleomycin-injured Twist1-overexpressing COL1A2 Cre-ER mice to examine
alterations in fibrosis-relevant pathways following Twist1 overexpression in collagen-producing cells.
Results TWIST1, and other E-box transcription factor motifs, were significantly enriched in open
chromatin of IPF myofibroblasts compared to both IPF nonmyogenic (log2 fold change (FC) 8.909,
adjusted p-value 1.82×10−35) and control fibroblasts (log2FC 8.975, adjusted p-value 3.72×10−28). TWIST1
expression was selectively upregulated in IPF myofibroblasts (log2FC 3.136, adjusted p-value 1.41×10−24),
with two regions of TWIST1 having significantly increased accessibility in IPF myofibroblasts.
Overexpression of Twist1 in COL1A2-expressing fibroblasts of bleomycin-injured mice resulted in
increased collagen synthesis and upregulation of genes with enriched chromatin accessibility in IPF
myofibroblasts.
Conclusions Our studies utilising human multiomic single-cell analyses combined with in vivo murine
disease models confirm a critical regulatory function for TWIST1 in IPF myofibroblast activity in the
fibrotic lung. Understanding the global process of opening TWIST1 and other E-box transcription factor
motifs that govern myofibroblast differentiation may identify new therapeutic interventions for fibrotic
pulmonary diseases.
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Introduction
Idiopathic pulmonary fibrosis (IPF) is a devastating fibrotic lung disease resulting in architectural distortion
and impaired gas exchange, ultimately progressing to respiratory failure and death in most patients. Current
therapeutics have limited effect, with no approved medications convincingly improving mortality or quality
of life. While the precise pathogenesis remains unknown, current paradigms suggest that repetitive
microinjuries of the alveolar epithelium provoke dysregulated crosstalk with the mesenchymal
compartment, leading to expansion of an activated myofibroblast population [1]. Myofibroblasts are key
effectors of fibrosis by excessive deposition of extracellular matrix and by their acquired contractile
capacity, resulting in distorted lung architecture [2]. In IPF, myofibroblasts are also apoptosis resistant,
overcoming the normal clearance mechanisms of physiological regeneration [3]. Myofibroblasts are the
primary collagen-producing cell propagating fibrosis in diverse organs, with a high disease burden ranging
from the dermal and lung fibrosis of systemic sclerosis, to nephrogenic fibrosis, cirrhosis and
graft-versus-host disease [4].

In recent years, the widespread adoption of single-cell RNA-sequencing (scRNA-seq) has produced
multiple cell atlases of the human control and IPF lung, allowing precise characterisation of cell population
transcriptomes [5–8]. While gene expression provides critical information on a cell’s phenotype and active
signalling pathways, defining upstream regulatory networks from the transcriptome alone is imprecise.
Temporal control of gene expression is regulated by the cooperative interactions of trans-acting
DNA-binding proteins with cis-regulatory elements within the genome, such as promoters and enhancers [9].
These sequences dictate target gene expression in a cell-type dependent manner by recruiting sequence-
specific transcription factors. The advent of single-nucleus assay for transposase-accessible chromatin
sequencing (snATAC-seq) technology now allows the study of open chromatin regions in heterogeneous
cell populations directly from diseased tissues, thus connecting the input regulatory signals with the output
gene expression defining each population and its effector phenotype [10]. Given the central role of
myofibroblasts in pulmonary fibrosis and our current lack of any drug targeting these cells, delineating
their transcription factor regulation and chromatin accessibility may identify new targets for IPF and other
fibroproliferative disorders.

Here we integrated snATAC-seq and scRNA-seq from human IPF and donor control explants to identify
differentially accessible chromatin regions and transcription factor motifs (consensus-sequence specific
binding sites) within lung cell populations. We specifically focused on IPF myofibroblasts and identified
enrichment of E-box transcription factor motifs in IPF myofibroblasts compared to both IPF nonmyogenic
and control fibroblasts. As the transcription factor TWIST1 is selectively expressed in IPF myofibroblasts
and binds in regions of fibroblast accessible chromatin, it was particularly implicated as a positive putative
regulator of IPF myofibroblast differentiation. We further investigated TWIST1 in vitro and in an animal
model of pulmonary fibrosis. Our studies demonstrate a critical role for TWIST1 in regulating
myofibroblast effector functions in IPF.

Methods
This work was approved by the institutional review board and the institutional animal care and use
committee of the University of Pittsburgh.

Explanted subpleural peripheral lung tissue was digested to single-cell suspensions as described previously
[11]. Single-cell suspensions were split, with a portion used for performing scRNA-seq as described
previously [12], and the remaining suspension used for nuclei generation and snATAC-seq (10X
Genomics). CellRanger ATAC pipeline (v1.2.0; 10X Genomics) and the R packages Signac (v1.3.0) [13],
Seurat (v4.0.3), harmony (v1.0) [14] and chromVAR (v1.12.0) [15] were used for downstream analysis.
Peak calling was performed by cluster using macs2 [16]. Differentially accessible regions (DARs) were
calculated by logistic regression test with number of peak region fragments as a latent variable. Wilcoxon
rank sum test with Bonferroni false discovery rate correction was used for differentially expressed gene
(DEG) testing.

Mouse lung fibroblasts were isolated from uninjured lungs of wild-type and transgenic mice as described
previously [17]. Fibroblasts were lysed for immunoblotting to measure the protein expression of TWIST1,
Collagen I, α-SMA and the housekeeping protein cyclophilin A. Cells were treated with brefeldin A at 1 h
prior to lysis to inhibit secretion of collagen.

Primary lung fibroblasts from Twist1-Luc, ColCre+, Rosa26RTta and their littermate controls (ColCre+,
Rosa26RTta) were cultured (n=3) and treated with doxycycline and tamoxifen. Total RNA was purified
and libraries sequenced, with CLC Genomics Workbench 11 (Qiagen) used for transcript counts, quality
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control, alignment, DEGs, preliminary enrichment analysis and hierarchical clustering. Additional
enrichment analyses were conducted using ingenuity pathway analysis (IPA; Qiagen). In vitro and in vivo
data were analysed by robust nonparametric two-way ANOVA (“WRS2” R 4.1.2 package), with statistical
analysis indicated in figure legends. The raw data have been deposited in the National Center for
Biotechnology Information’s Gene Expression Omnibus (GSE214085). Murine lung scRNA-seq data
obtained from GSE141259. Detailed methods are presented in the supplementary material.

Results
Single-cell transcriptional and chromatin accessibility profiling in the IPF and control lung
We performed scRNA-seq and snATAC-seq on three IPF and two donor control lung tissue samples
(figure 1a,b) with 8738 nuclei included for snATAC-seq analyses after filtering. Subpleural lower-lobe
tissue was collected at the time of lung transplant in individuals with IPF, and from organ donors without
pre-existing lung disease. Histological review of adjacent tissue showed usual interstitial pneumonia for all
IPF samples (supplementary figure S1). To increase the robustness of our scRNA-seq dataset, we included
13 additional samples, for a total of 18 samples (10 IPF, eight control), with 65 179 cells included after
filtering (figure 1c,d). The R packages Seurat and Signac were used for dimensional reduction, clustering,
differential expression/accessibility testing and visualisation at the individual sample and aggregate dataset
level [13, 18]. We annotated snATAC-seq cell types by transferring predicted labels (supplementary figure S3a)
of the scRNA-seq dataset based on their transcriptomes (figure 1d), in addition to manually identifying
cell types by examining gene activity matrices (a measure of chromatin accessibility within the promoter
and gene). Comparison between cell-type predictions by label transfer and manual annotations indicated
that all major cell types were present in both datasets and consistently identified by both methods.

We detected all major cell types within the lung with both datasets, with 260 166 accessible chromatin
regions among 8738 nuclei. In snATAC-seq, cell types can be distinguished by whether DARs of the
chromatin are conformationally “open” or “closed”. Epithelial and macrophage clusters had the most
unique DARs (figure 1e). Sequenced peak regions were annotated to the nearest gene and region of the
genome (figure 1f), with the majority of peaks in distal intergenic or intronic regions [19]. The distribution
of peak genomic regions was similar across cell types.

Mesenchymal profiling
To more closely examine the myofibroblasts, we subclustered scRNA-seq and snATAC-seq fibroblast,
smooth muscle and pericyte populations (snATAC-seq n=844 mesenchymal nuclei; scRNA-seq n=6149
mesenchymal cells). By transcriptomes, we identified three major populations consisting of myofibroblasts,
alveolar fibroblasts and adventitial fibroblasts, and a minor population referred to as CXCL2hi fibroblasts
(figure 2a). Myofibroblasts originated primarily from IPF samples, while the nonmyogenic fibroblast
populations were observed in both IPF and control samples (figure 2b). The myofibroblasts were defined
by upregulation of CTHRC1, POSTN, COMP and COL3A1, the alveolar fibroblasts by SPINT2, FGFR4,
GPC3 and MACF1 (analogous to our previously described SPINT2hi fibroblasts), and the adventitial
fibroblasts by upregulation of PI16, MFAP5, IGFBP6 (analogous to our previously described MFAP5hi

fibroblasts) (supplementary figures S4a and S5a) [11, 12, 20]. In the snATAC-seq mesenchymal
subclustering, two clusters of myofibroblasts, three clusters of nonmyogenic fibroblasts and a cluster of
pericytes and smooth muscle cells were present (figure 2c). Nuclei with significant gene activity for both
fibroblast and myeloid markers were probably doublet nuclei and excluded from further analyses. Control
fibroblasts clustered distinctly from the IPF fibroblasts (supplementary figure S4c). We focused our
analysis on the comparison of IPF myofibroblasts to IPF nonmyogenic fibroblasts (including the
adventitial, alveolar and CXCL2hi fibroblast populations), as well as IPF to control fibroblasts. There were
163 DARs more accessible in IPF myofibroblasts versus 88 DARs more accessible in IPF nonmyogenic
fibroblasts (by Bonferroni-adjusted p<0.05). Overall, these DARs were consistent across individual IPF
samples (figure 2d). These DARs were annotated to the nearest gene and utilised for pathway analysis by
IPA, with the stem-cell pluripotency, thioredoxin, hepatic fibrosis and regulation of epithelial–
mesenchymal transition (EMT) among the top upregulated pathways in IPF myofibroblasts versus
nonmyogenic fibroblasts (figure 2e). Of the DARs more accessible in IPF myofibroblasts, 17 were
annotated to DEGs when comparing IPF myofibroblasts to nonmyogenic fibroblasts, including SPON2,
PLEKHG1, SMYD3, AKAP7, LOXL2 and TSPAN2. Only 19 DARs were more accessible in IPF fibroblasts
compared to 25 DARS in control fibroblasts, revealing pathways not as clearly associated with fibrosis
(figure 2f). In comparing IPF to control fibroblasts, five out of the 19 significant DARs were annotated to
genes upregulated in IPF fibroblasts including FBXL7, SPON2, ATP10D and RUNX1. While traditionally
annotated by least base pairs distance, cis-regulatory regions do not inevitably regulate the nearest gene,
but may instead associate with more distant genes via three-dimensional chromatin looping. DARs not
located near DEGs may regulate more distant genes via such long-range interactions.
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FIGURE 1 Single-cell RNA-sequencing (scRNA-seq) and single-nucleus assay for transposase-accessible chromatin sequencing (snATAC-seq) profiling
of the human idiopathic pulmonary fibrosis (IPF) and healthy lung. a) Uniform manifold approximation and projection (UMAP) plot snATAC-seq
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https://doi.org/10.1183/13993003.00474-2022 4

EUROPEAN RESPIRATORY JOURNAL ORIGINAL RESEARCH ARTICLE | E. VALENZI ET AL.



TWIST1 motif activity enrichment in IPF myofibroblasts
Transcription factor motif enrichment can be inferred for cell populations based on the enriched presence
of transcription factor-binding motifs within accessible chromatin regions, predicting critical, active
transcription factors regulating the cell state of interest. To assess transcription factor-motif activity we
used chromVAR to determine transcription factor-associated accessibility in our snATAC-seq dataset [21].
Specific motifs were associated with each individual cell type, with known cell-type enriched transcription
factors validating our data and analysis, such as FOXA1 and TEAD1 in alveolar epithelial cells [22], ETS1
in natural killer cells and T-lymphocytes [23] and MEF2C in smooth muscle cells [24]. Motifs highly
enriched in fibroblasts compared to other cell types included ZBTB26, NFATC2, TWIST1, MYF5, HSF1,
HSF2 and PBX2, among others (supplementary table S1, supplementary figure S6a).

On a global scale, transcription factor expression had limited correlation with transcription factor activity,
supporting the notion that transcription factors may act as activators or repressors of gene expression based
on post-transcriptional regulation of their activity. Of the 208 significant unique transcription factor motif
activities identified when comparing IPF to control fibroblasts, only 36 correlated to DEGs between the
two populations. Comparing IPF myofibroblasts to nonmyogenic fibroblasts, motifs for TWIST1, TFAP4,
HAND2, ATOH7 and ZBTB18 were the most significantly enriched (figure 2g), with TWIST1, TCF3 and
NFATC3 expressed more highly by myofibroblasts. To evaluate for bias by individual sample, a
leave-one-out analysis was performed for motif enrichment, with TWIST1 consistently noted among the
top motifs in each scenario (supplementary material). Motif activity for these transcription factors was also
consistent visually across samples (supplementary figure S7a). Comparing IPF to control fibroblasts, motifs
for NR3C2, ZBTB18, NR3C1, TWIST1 and TAL1::TCF3 were the most significantly enriched, with
NR3C1 conversely having decreased expression in IPF fibroblasts (figure 2h).

Multiple transcription factors with a shared consensus binding sequence may bind to a highly similar
motif, distinguished by minor differences in their position weight matrices, such as the E-box motifs of
TWIST1 and HAND2. In silico motif enrichment analyses alone cannot definitively determine which
transcription factor binds to a particular motif. To confirm that TWIST1 binds to relevant regions of
accessible chromatin in IPF fibroblasts, we performed chromatin immunoprecipitation-sequencing of
pulmonary fibroblasts from patients with IPF (n=4) following TWIST1 antibody (Ab) immunoprecipitation
and compared results to the snATAC-seq results. After quality control, pre-processing, peak calling
utilising input controls and comparing peaks across the IPF samples, 66 statistically significant peaks
occurred in multiple IPF TWIST1 Ab samples. 48% (32 out of 66) of overlapping peaks occurred in at
least three of the four IPF samples (supplementary figure S7c), with “regulation of glutamatergic
transmission” the most significantly enriched pathway among the genes annotated to these peaks. Despite
the inevitable changes in transcription factor-biding and chromatin structure occurring in culture, 32% of
the shared IPF TWIST1 Ab peaks occurred in regions of accessible peaks in the snATAC-seq fibroblast
data. In particular, TWIST1 bound in the coding sequence of KANK3 (log2 fold change (FC) 0.978,
p=0.0539) and DYNCH11 (log2FC 1.548, p=0.0166) in DARs between the IPF and control fibroblasts
(figure 3). E-box motifs were present in these regions in snATAC-seq fibroblasts. TWIST1 also bound in
DARs between IPF myofibroblast and nonmyogenic fibroblasts in regions annotated to CACNG8,
LINC00415, RP11-34F13.3 and GPR27.

As TWIST1 motif activity was enriched in IPF myofibroblasts and IPF fibroblasts and its expression is
highly specific to myofibroblasts (figure 4a–c), we further investigated the cell populations showing
increased TWIST1-associated DARs. We separated the IPF myofibroblasts into top-quartile TWIST1 motif
activity, and those with low TWIST1 motif activity (bottom three quartiles). The thioredoxin pathway,
calcium signalling, hepatic fibrosis and 3-phosphoinositide degradation were among the pathways
significantly enriched by genes annotated to DARs in TWIST1hi motif activity myofibroblasts
(supplementary figure S7b). In addition to TWIST1, other E-box motif transcription factors including
HAND2, ZBTB18, NEUROG2 and NEUROD1 had the highest motif enrichment in the TWIST1hi motif
activity myofibroblasts compared to those with TWIST1lo motif activity.

in figure 1a. Range of normalised accessibility for fragment coverage of each gene listed on x-axis. c) UMAP plot of scRNA-seq dataset (IPF n=10,
control n=8) identified by cell type. d) Dot plot of scRNA-seq dataset showing gene expression of selected cell-type specific marker genes. The
diameter of the dot corresponds to the proportion of the cells expressing the gene, and the colour density of the dot corresponds to the average
expression level relative to all cell types. e) Heatmap of average number of Tn5 cut sites within the differentially accessible regions (DARs) (each
row is a unique DAR) for each cell type. The colour scale represents a z-score of the number of Tn5 sites within each DAR. f ) Genomic annotation
of differentially accessible region locations. Mac: macrophage; AT: alveolar type; SM: smooth muscle; NK: natural killer; pDC: plasmacytoid dendritic
cell; UTR: untranslated region.
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TWIST1 expression was upregulated in IPF myofibroblasts (log2FC 3.136, adjusted p=1.41×10−24) versus
nonmyogenic fibroblasts. Compared to other E-box motif transcription factors, TWIST1 was the most
specific to myofibroblasts and showed the greatest upregulation in IPF (figure 4f), supporting our hypothesis
that TWIST1 dysregulation perpetuates IPF myofibroblast activity. In comparing TWIST1hi IPF fibroblasts
(expression level >0.5, top 6.5% expression) to TWIST1lo IPF fibroblasts (expression level <0.5), we
identified 338 DEGs including upregulation of POSTN, ASPN, LOXL2, MMP14 and COL8A1, among
others, in the TWIST1hi population. Enriched pathways in TWIST1hi IPF fibroblasts included pulmonary
fibrosis idiopathic signalling, hepatic fibrosis, axonal guidance signalling and S100 family signalling.

Two regions of TWIST1, in the promoter and the second intron, had significant differential accessibility in
comparing myofibroblast to nonmyogenic fibroblasts (figure 4d). In addition, we also examined
myofibroblasts with accessible chromatin in TWIST1 (51.2% of myofibroblasts) versus those with closed
chromatin in TWIST1 (48.8% of myofibroblasts). Pathways enriched among genes annotated to DARs in
TWIST1-open myofibroblasts included fibroblast growth factor (FGF) signalling, regulation of EMT, Gαq
signalling and ribonucleotide reductase signalling, among others (figure 4e). Regulation of EMT was
enriched based on enhanced accessibility for CD70, FGF13, FGFR1, MAPK3, PARD6B, SNAI2, STAT3
and TWIST1, supporting the previously identified central role of TWIST1 in EMT [25], as well as
supporting the validity of our data.

To investigate whether TWIST1 motifs were enriched in nonmesenchymal cells known to transition to
mesenchymal and myofibroblast phenotypes in fibrosis (via EMT or endothelial mesenchymal transition)
we evaluated enriched motifs in IPF versus control epithelial and endothelial populations. TWIST1 motifs
were significantly enriched in IPF endothelial nuclei versus controls; however, the nuclear factor of
activated T-cell-related factors (NFATC4, NFATC3 and NFATC2), several AP-1 family transcription
factors and NR3C1 were the top enriched motifs for this comparison (supplementary table S6). TWIST1
motifs were not significantly enriched in the aggregate IPF epithelial cells versus controls, or in the
comparison for alveolar type 1, alveolar type 2, basal or ciliated cells; however, the more limited number
of nuclei for these populations limited the number of significant motifs identified. These data support the
primary action of TWIST1 within the myofibroblast, rather than the epithelial populations, consistent with
its increased gene expression in the myofibroblast population.

Increased expression of Twist1 in collagen-producing cells is associated with increased collagen
synthetic activity
We have observed previously that IPF patients with the highest expression of TWIST1 by whole-lung
microarray analysis exhibit the most impaired gas exchange [26]. Combining these data with our
ATAC-seq observations led us to consider how Twist1 overexpression in fibroblasts may impact an animal
model of pulmonary fibrosis. We examined the effect of induced expression of Twist1 in lung Col1a2+

expressing fibroblasts (Twist1-LUC; figure 5a). Lung fibroblasts were isolated and cultured in the presence
of tamoxifen and doxycycline, to induce Twist1 expression, with and without transforming growth factor
(TGF)-β. In unstimulated Twist1-LUC fibroblasts, we observed increased expression of collagen I and the
myofibroblast marker α-smooth muscle actin (α-SMA/ACTA2) compared to wild-type fibroblasts
(Twist1-WT) (figure 5b–d). TGF-β augmented both α-SMA/ACTA2 and collagen 1 in the presence of
Twist1 overexpression, suggesting that TWIST1 mediates a TGF-β independent pathway. We confirmed
increased expression of Twist1 in Twist1-Luc fibroblasts (figure 5b and e). Although Twist1 expression
may promote a “pro-survival” phenotype in certain tumours, we found that Twist1 overexpression did not
promote proliferation or resistance to apoptosis by pulmonary fibroblasts in vitro (supplementary figure S8a–c).

Next, we explored the effect of increased Twist1 in fibroblasts in vivo following bleomycin injury (figure 5f–g,
supplementary figure S9a). Uninjured Twist1-Luc mice showed no pathology (supplementary figure S9b).

clusters by cell identity. b) UMAP plot of scRNAseq fibroblasts, smooth muscle cells and pericyte clusters from (a) with cells depicted by origination
from IPF versus control samples. c) UMAP plot of single-nucleus assay for transposase-accessible chromatin sequencing fibroblast, smooth muscle
cells and pericyte clusters by cell identity. d) Heatmap of average number of Tn5 cut sites within the differentially accessible regions when
comparing IPF myofibroblasts to IPF nonmyogenic fibroblasts, depicted by individual sample. Each row is a unique differentially accessible region
(DAR). e) Ingenuity pathway analysis pathways significantly enriched for genes annotated to the upregulated DARs in IPF myofibroblasts versus IPF
nonmyogenic fibroblasts. f ) Ingenuity pathway analysis pathways significantly enriched for genes annotated to the upregulated DAR in IPF
fibroblasts versus control fibroblasts. g) Transcription factors with the most significantly enriched motif activity when comparing IPF myofibroblasts
to the IPF nonmyogenic fibroblasts. h) Transcription factors with the most significantly enriched motif activity when comparing all IPF fibroblasts
to all control fibroblasts. EMT: epithelial–mesenchymal transition; BMP: bone morphogenetic protein; FC: fold change; adj: adjusted.
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Following bleomycin injury, we saw no difference in the ratio of wet-to-dry lung mass, suggesting a
comparable degree of acute lung injury between genotypes (figure 5f). In contrast, we observed increased
collagen content in Twist1-LUC mice injured with bleomycin compared to Twist1-WT mice (figure 5g).
Histologically, we observed comparable acute lung injury in both Twist1-WT and Twist1-LUC mice
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injured with bleomycin, but increased collagen deposition in Twist1-LUC mice (figure 5h). We
incidentally noted airspace multinucleated giant cells in bleomycin-treated Twist1-LUC mice. As expected,
Twist1 mRNA was overexpressed in whole lungs of Twist1-LUC mice (supplementary figure S10a).
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FIGURE 5 Overexpression of Twist1 in Col1a2+ cells leads to increased collagen I levels in vitro and in vivo. a) A triple transgenic animal was bred
where Cre recombinase is under control of the col1a2 enhancer element (col1a2-Cre-ER(T)). In the presence of tamoxifen (TAM), the STOP signal is
excised leading to expression of the reverse tetracycline transactivator (rtTA). In the presence of doxycycline (DOX) and the rtTA, the tetO7 operator
is activated leading to expression of Twist1 and luciferase. b) Lung fibroblasts from Twist1-WT (wild-type) and Twist1-Luc (Twist1 overexpressors)
were incubated in the presence of TAM and DOX with and without transforming growth factor (TGF)-β (2 ng·mL−1). Cells were lysed and subjected
to immunoblotting for collagen I, α-smooth muscle actin (SMA), Twist1 and the loading control, cyclophilin A. In the presence of TAM/DOX,
increased c) collagen, d) α-SMA and e) Twist1 in Twist1-LUC fibroblasts. This was amplified in the presence of TGF-β (n=3). Data were analysed by
robust nonparametric two-way ANOVA. p-values for the effects of Twist1 and TGF-β and the interaction are presented in the panels. f ) Twist1-WT
and Twist1-Luc mice were injured with bleomycin. Animals were sacrificed at 14 days. Lungs were excised, and the ratio of the lung mass before
and after freeze-drying was determined. g) Determination of acid-soluble collagen content showed a significant increase in bleomycin-induced
collagen in Twist1-Luc mice compared to Twist1-WT mice (by robust nonparametric two-way ANOVA; n=6–8). h) A comparable degree of histological
injury was observed in Twist1-WT and Twist1-Luc mice. Haematoxylin and eosin (H&E) and trichrome images are presented. Incidentally noted
multinucleated giant cells are identified and magnified by the black arrows. Scale bar=200 μm, inset ×100 magnification. NS: nonsignificant.
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Bleomycin induced the inflammatory mediators Tnfa, Il1, Il6, Cxcl12 and Ccl7; however, Twist1
overexpression in Col1a2+ cells did not alter expression of these mediators except for Cxcl12 and Il6,
which were slightly decreased (supplementary figure S10a–f ). Taken together, these data show that
increased expression of Twist1 in collagen-producing cells is associated with increased collagen synthetic
activity in both in vitro and in vivo models.

Timing of Twist1 expression
To investigate the timing of Twist1 expression in lung injury and fibrosis, we analysed publicly available
whole-lung scRNA-seq data collected at days 3, 7, 10, 14, 21 and 28 of the murine intratracheal bleomycin
injury model [27]. Similar to our human IPF scRNA-seq studies, Twist1 was primarily expressed in
myofibroblasts (supplementary figure S11a and b). Within the mesenchymal compartment, no Twist1
expression was detected in the uninjured control, day 3 or day 7 animals. Twist1 expression was present in the
highest number of cells at day 10 of bleomycin injury, with a lower percentage of cells expressing it at days
14, 21 and 28 (supplementary figure S11c). Day 10 Twist1 expression correlates with early extracellular matrix
deposition in the bleomycin injury model (typically peaking at day 14) [28], as well as peak alveolar Krt8
expression, reflecting a transitional alveolar cell present in lung injury that persists within the fibrotic lung [27].

Twist1 overexpression induces dysregulation of multiple profibrotic genes
To further explore genes regulated by TWIST1, we compared gene expression in cultured lung fibroblasts
from three Twist1-LUC mice and three Twist1-WT mice in vitro by RNA-seq (figure 6). On clustering by
DEGs between Twist1-LUC and Twist1-WT fibroblasts, one of the three Twist1-WT fibroblasts clustered
more closely to Twist1-LUC fibroblasts. By immunoblotting, this line spontaneously expressed higher
TWIST1 protein than the other two Twist1-WT lines, but less than the Twist1-LUC fibroblasts, thus
representing an intermediate phenotype (figure 6a). Several significantly upregulated genes (figure 6b–d)
have been associated with TGF-β signalling and pulmonary fibrosis including Ltbp1, Tbx, Tnc and Thbs4.
Based on IPA dysregulated canonical pathways including “systemic lupus erythematosus in B cell
signalling” (Tnfsf11 and Tnfsf15) and “role of hypercytokinemia in the pathogenesis of influenza” as well
as Hippo signalling (implicated in pulmonary fibrosis [29]) and pulmonary and hepatic fibrosis pathways
(Ptch2, Il1rap, Itgb3 and Flt3). Downregulated signalling for xenobiotic metabolism, glutathione-mediated
detoxification and NRF2-mediated oxidative stress response (Gsta3, Nqo1, Cyp1a1 and Acta1) support
previous data suggesting that loss of these pathways is a component of fibrosis (figure 6e) [30, 31]. In the
heatmap-based on genes showing the highest coefficient of variation, fibrotic genes such as Col1a1,
Col1a2, Col3a1, Tnc, Thbs1 and Lox were highly upregulated in Twist1-LUC fibroblasts (supplementary
figure S12). Using quantitative reverse-transcriptase PCR, we validated the top-most DEGs genes that are
upregulated and downregulated, as well as extracellular matrix genes (supplementary figure S10). In
comparing our snATAC-seq data with the mouse lung fibroblasts, we observed that MMP8 and TNFRSF9,
among the top upregulated genes in Twist1-LUC fibroblasts (figure 6c), have significantly increased
chromatin accessibility in IPF myofibroblasts and a trend towards increased accessibility in IPF versus
control fibroblasts (supplementary figures S13 and S14). This finding demonstrates that downstream targets
of TWIST1 have altered chromatin in myofibroblasts.

Discussion
Our study demonstrates that the differentiation of myofibroblasts – the central effector cells in IPF – is
characterised by a significant shift in chromatin accessibility, dominated by opening of E-box transcription
factor binding sites. We utilised single-cell sequencing platforms of ex vivo IPF lungs to obviate the
distortion of signals across heterogeneous populations and the changes in chromatin accessibility and gene
expression that may occur with expansion in culture. Of the E-box transcription factors, we identified
TWIST1 as the most highly enriched regulator of myofibroblast activity. We then confirmed a critical
regulatory role for TWIST1 by demonstrating that overexpression of Twist1 in the fibroblast compartment,
in vitro and in vivo, led to increased expression of collagen I and α-SMA.

Previous studies have identified epigenetic changes in IPF lungs via methylation profiling [32–34]; however,
knowledge of cell-type specific epigenetic alterations remains limited. A recent study by HANMANDLU et al.
[35] utilised bulk ATAC-seq of cultured fibroblasts to investigate chromatin accessibility in IPF upper-lobe
fibroblasts. They similarly identified enrichment of the E-box transcription factors TWIST1 and ZBTB18
motifs in IPF fibroblasts, further supporting an important role for TWIST1 and the E-box transcription
factors in IPF myofibroblasts. However, other motifs implicated by their analysis, including FOXA1 and
FOXP1, were significantly less enriched in our analyses, while CBFB was enriched in IPF fibroblasts in the
bulk analyses only, indicating that accessibility may be altered by in vitro culture, though heterogeneity
among samples cannot be ruled out. The E-box transcription factor MYF5, a known regulatory factor critical
to myogenic differentiation, was also enriched in our snATAC-seq, but not the cultured fibroblasts.
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FIGURE 6 Twist1 overexpression in mouse lung fibroblasts is associated with dysregulation of several
pulmonary fibrosis genes and pathways. Bulk RNA-sequencing (seq) was performed on fibroblasts isolated
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The consistent enrichment of E-box motifs in IPF myofibroblasts suggests modulation of their accessibility
as a critical step within or resulting from activation of the aberrant myofibroblast programme. While we
focus in this work on TWIST1, the complex mechanism of myofibroblast activation undoubtedly involves
the coordinated activation of multiple transcription factors. Defining such shifts in a cell population’s
epigenetic state now opens the door for novel molecular and computational approaches to therapeutic
development in IPF. For instance, the rapid advancement of small-molecule therapeutics including those
inhibiting DNA–protein binding and transcription factor complexes supports identifying and targeting key
dimerisation pairs or other coordinated binding partners of TWIST1 [36]. Investigating chromatin
alterations in the context of therapeutics may identify agents halting (and ideally reversing) such epigenetic
changes, potentially as an early signal for therapeutic response.

In contrast to previous studies [26, 37–39] examining TWIST1 in fibroblasts, to our knowledge, we are the
first to report that fibroblast-specific overexpression of Twist1 in vivo is associated with increased collagen
synthesis following bleomycin injury. This corroborates our observation that increased expression of TWIST1
in IPF is associated with worse gas exchange [26]. It was striking that one Twist1-WT line of fibroblasts,
through experimental variation, mapped more closely with the Twist1-LUC fibroblasts, suggesting a very
narrow dynamic range of expression of TWIST1 in unstimulated cells. Deviations from that narrow range of
expression can lead to pronounced differences in fibroblast phenotypes [26]. Taken together, these data
support a unique model whereby TWIST1 serves as a critical “rheostat” in IPF. Cellular levels of TWIST1
are tightly regulated, and even small changes can significantly impact the fibrotic phenotype. It is clear that
the “good/bad” paradigm does not suffice in describing the role of TWIST1 in pulmonary fibrosis.
Downstream studies which will require much greater depth include 1) what are TWIST1’s binding partners?
[40] and 2) do other E-box transcription factors compensate for the loss of TWIST1?

Our studies have focused specifically on the behaviour of Twist1 expression in fibroblasts. In our hands,
Twist1 expression did not protect fibroblasts from apoptosis in vitro. An important remaining question
would be the persistence of Twist1-LUC fibroblasts as fibrosis “resolves” after bleomycin injury in mice
[41, 42]. In addition, we did not fully assess the effect of Twist1 overexpression on other cell lineages in
the lung as well as the more complex question of modelling human pulmonary fibrosis. This is clearly
important, as we, surprisingly, observed multinucleated giant cells (MGCs) in bleomycin-injured
Twist1-LUC mice. This phenotype in macrophages may be driven by increased expression of receptor
activator of NF-κB ligand (RANKL) signalling (essential for MGC formation in bone [43]) in mouse lung
fibroblasts following overexpression of Twist1. This finding suggests that Twist1 overexpression impacts
other cell types in the lung and may have important effects on epithelial cell function [40, 44]. Future
studies should include testing Twist1-LUC mice in other models of pulmonary fibrosis and would include
opportunities for single-cell transcriptomics.

As the demonstrated changes in TWIST1 motif enrichment were consistently observed despite the modest
sample size and TWIST1 binds in accessible chromatin in IPF fibroblasts, it merited further mechanistic
investigation. Despite small snATAC-seq sample numbers, we demonstrate consistency of DARs and motif
activity between cell types and IPF and control fibroblasts across individual samples. All IPF samples were
from patients with end-stage disease receiving care at a tertiary medical centre and may not reflect the
comprehensive IPF population.

In summary, our analysis utilises human multiomic single-cell analyses combined with in vivo murine
disease models to investigate transcription factor networks critical to IPF myofibroblasts. Comparison of in
vivo IPF myofibroblasts to nonmyogenic and control fibroblasts identified a dynamic opening of E-box
transcription factor binding sites, with the E-box transcription factor TWIST1 particularly implicated as a

from lungs of wild-type (WT) and Twist1-LUC mice (n=3). Estimation of differential gene expression using CLC
Genomics Workbench was performed comparing fibroblasts from knock-in with normal lungs. a) Hierarchical
clustering heatmap of significant differentially expressed genes was generated using CLC Genomics Workbench
using minimum absolute fold change of 3.0 and false discovery rate (FDR) p-value threshold of 0.05.
Immunoblotting is shown for the individual lines subjected to RNA-seq. Densitometry normalised to β-actin is
shown beneath. b) Volcano plot shows comparative analysis of differentially expressed genes between the WT
and Twist1-LUC. c) List of dysregulated genes by FDR that are upregulated ranked by −log10 (FDR p-value) with
p<0.05 cut-off. d) List of top downregulated genes ranked by −log10 (FDR p-value) with p<0.05 cut-off
downregulated in Twist1-LUC fibroblasts compared to Twist1-WT fibroblasts. e) Ingenuity pathway analysis
(IPA) of dysregulated canonical pathways between WT and Twist1-LUC (n=3) by z-score and FDR.
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positive regulator of myofibroblast activity. Both low [26] and high expression of Twist1 in fibroblasts is
associated with increased collagen deposition in the lung, confirming its role as a critical regulator in the
fibrotic lung. Future studies delineating the global mechanism modulating E-box transcription factor motif
accessibility may identify crucial therapeutic targets for deactivating the aberrant myofibroblast programme.
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