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Abstract

The mammalian airways are lined by a continuous epithelial layer that is maintained by

diverse populations of resident multipotent stem cells. These stem cells are responsible for
replenishing the epithelium both at homeostasis and following injury, making them promising
targets for stem cell and genetic-based therapies for a variety of respiratory diseases. However,

the mechanisms that regulate when and how these stem cells proliferate, migrate, and differentiate
remains incompletely understood. Here, we find that the high mobility group (HMG) domain
transcription factor Lef-1 regulates proliferation and differentiation of murine tracheal basal cells.
We demonstrate that conditional deletion of Lef-1 stalls basal cell proliferation at the G1/S
transition of the cell cycle, and that Lef-1 knockout cells are unable to maintain luminal tracheal
cell types in long-term air-liquid interface culture. RNA sequencing analysis revealed that Lef-1
knockout (Lef-1KO) results in downregulation of key DNA damage response and cell cycle
progression genes, including the kinase Chek1. Furthermore, chemical inhibition of Chek1 is
sufficient to stall basal cell self-renewal in a similar fashion as Lef-1 deletion. Notably, the cell
cycle block imposed by Lef-1KO /n vitrois transient and basal cells eventually compensate

to proliferate normally in a Chek1-independent manner. Finally, Lef-1KO cells were unable to
fully regenerate tracheal epithelium following injury /n vivo. These findings reveal that Lef-1 is
essential for proper basal cell function. Thus, modulating Lef-1 function in airway basal cells may
have applications in regenerative medicine.
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Airway basal stem cells utilize Lef-1 to regulate the expression of certain DNA damage response
genes, including Chekl, and facilitate proper G1/S checkpoint cell cycle progression required for
self-renewal and differentiation (left panel). Mouse tracheal epithelial cells conditionally deleted
for Lef-1 (Lef-1cKO) have a selective disadvantage, compared to wild type Lef-1 (Lef-1WT) cells,
to regenerate an injured epithelium.
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1| INTRODUCTION

Resident stem cells (SCs) are responsible for the maintenance and regeneration of the tissues
they reside within, and are thus promising targets for regenerative medicine. However, the
mechanisms that govern SC self-renewal, survival, and differentiation remain incompletely
understood. SCs often reside within a specialized microenvironment that regulates SC
function®. This SC niche is composed of the surrounding mesenchyme, nerves, vasculature,
and other non-SC cell types that all work in concert to control SC function by transmitting
specific signals to the SCs2 3. However, the identity of these signals, and how exactly they
control SC quiescence, self-renewal, and differentiation remains incomplete.

In many developing and adult tissues, Wnt signaling pathways play critical roles in
regulating SC niches and their responses to environmental insults. Canonical Wnts

bind transmembrane-frizzled receptors, resulting in the stabilization of p-catenin and its
subsequent localization to the nucleus. Once in the nucleus, B-catenin forms complexes
with members of the T-Cell Factor/Lymphoid Enhancer Factor (TCF/Lef) family of
transcription factors and proceeds to modulate transcription of genes involved in self-
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renewal, proliferation, and migration, including cyclin D1 and c-myc*-5. Lef-1-mediated
Whnt signaling has been shown to be heavily involved in both SC maintenance and
differentiation in many tissue types. In bud-forming epithelial organs, including the
mammary gland, lung, teeth, and hair follicles, Lef-1 activation is necessary for SC
proliferation and subsequent organ morphogenesis during development’10. Canonical
Whnt signaling is also associated with hematopoietic stem cell (HSC) pool maintenance
in adult bone marrow!!: 12, In other adult tissues, including the epidermis/hair follicle,
Lef-1 is associated with progenitor cell lineage-restriction and terminal differentiation?3.
Furthermore, studies conducted in various human cancer cell lines have demonstrated
that Lef-1 is involved in the survival and progression of multiple cancer types, where

its increased and prolonged expression facilitates increased proliferation and invasion of
tumor cells416, The functions of Lef-1 are therefore complex and context-dependent,
necessitating closer examination of its function in pulmonary stem cells.

The lung is composed of several distinct trophic levels of epithelia, each of which has its
own SC niche responsible for tissue maintenance and repairl”- 18, Studies in the lung have
shown that Wnt signaling promotes SC expansion and regeneration of injured tissuel® 20,
However, the field’s understanding of the master regulators of Wnt signaling involved in
lung SC regeneration remain incomplete. Airway basal cells (BCs) serve as the primary
stem/progenitor cell population of mouse trachea and human conducting surface airway
epithelium (SAE) of the cartilaginous airways?!. Recent findings have also demonstrated
that submucosal gland myoepithelial cells (MECs) act as a reserve stem cell population of
the murine trachea and are capable of replenishing the BC compartment and subsequently
differentiating into luminal cell types following severe airway injury?2 23, Interestingly,

it was also reported that overexpression of Lef-1 in MECs results in spontaneous lineage
commitment toward a BC phenotype with multipotent capacity for airway regeneration?2.
Thus, Lef-1 may play a role in airway BC self-renewal and/or lineage commitment, though
this has not been formally tested.

In the present study, we demonstrate that Lef-1 facilitates self-renewal and proliferation

of murine airway BCs. Conditional deletion of Lef-1 from BCs isolated from murine
tracheae results in a significantly reduced ability to proliferate in culture and maintain
properly differentiated airway epithelium. Lef-1 knockout (Lef-1KQO) BCs fail to self-renew
and arrest at the G1/S phase transition of the cell cycle. We show that Lef-1 controls

genes involved in the DNA damage response/repair pathway, as well as genes involved in
G1/S checkpoint regulation. Given that BCs are responsible for the maintenance of human
conducting airway epithelia, these findings may be relevant to disease processes affecting
the regenerative capacity of BCs.

2| MATERIALS AND METHODS:

2.1] Animal Studies

All mouse studies were approved by an Institutional Animal Care and Use Committee.
Mice of the following strains were used and maintained on a C57BL/6 background:
B6.129- GI{(ROSA)26SormL(cre/ERT2) Ty 3 (ROSA-CreERT2: The Jackson Laboratory, stock
number 008463), B6.129(Cg)-Gt(ROSA)26Sorm4(ACTB-tdTomato,-EGFP)LU0/j x (ROSA-TG)
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Cre-reporter mice (The Jackson Laboratory, stock number 007676), B6.Cg-Lef1im1Hhx/;
(Lef-1cKO; The Jackson Laboratory, stock number 030908), and ROSA26-CAG-
LoxPEGFPStopLoxP (| ef-1 mice?2). All transgenic mouse lines and abbreviated names used
in the text can be found in Table S1 in the Supplemental Methods. Mice were induced
with tamoxifen and injured with a single i.p. injection of naphthalene as described in the
Supplemental Methods.

2.2 | Primary Cell Isolation and Culture

Surface epithelial cells were isolated from resected murine tracheae using enzymatic
digestion as previously described?2. A detailed procedure can be found in the Supplemental
Methods. Culture conditions and media used to propagate BCs were previously described?2.
For air-liquid interface (ALI) differentiated cultures, primary murine airway BCs were first
expanded in SAGM, then seeded onto 0.33 cm? polyester transwell membranes (Corning).
Culture media was then changed to PneumaCult-ALI (Stem Cell Technologies) when
polarized and apical media was removed. See Supplemental Methods for details.

2.3 | Cell Proliferation and Competition Assays

Cell proliferation assays were performed on cultured primary mouse tracheal BCs isolated
from ROSA-CreERT2: | ef-11/fl. ROSA-TG mice. Passage 3 (P3) BCs were treated with
either 4-hydroxytamoxifen (OH-Tam) (Sigma-Aldrich) or 100% ethanol (vehicle control)
for 3 days, with the media replaced every day. The cells were then plated onto 6 well
dishes, and cell number was determined at 24 hrs intervals. Competition assays were
performed using P3 primary tracheal BCs isolated from Lef-1cKO, Lef-1cKO:ROSA-TG,
or Lef-1cKO:Lef-1cKI mice were mixed at a 9:1 ratio with ROSA-TG BCs, treated with
OH-Tam as described above, and then co-cultured for 5 passages. Quantification of GFP™,
tdTomato*, and GFP~tdTomato~ cells was done using flow cytometry (Becton Dickinson
LSR 11). See Supplemental Methods for details.

2.4 | Immunofluorescence and Fluorescent in situ Hybridization

Mouse tracheae were excised and fixed in 4% paraformaldehyde (PFA) overnight at 4°C,
then washed in PBS and embedded in OCT frozen blocks. Tracheal longitudinal frozen
sections were cut and used for immunofluorescent staining as described in the Supplemental
Methods. Airway cell cultures (both expanding BC cultures and ALI cultures) were fixed
in 4% PFA for 20 min at room temperature, then subjected to the same immunofluorescent
staining protocol as for tissue sections. Detection of EJU was done using Click-iT™ Plus
EdU Cell Proliferation Kit for Imaging (ThermoFisher Scientific) and the accompanying
protocol. A complete list of the antibodies used can be found in Table S2 of the
Supplemental Methods. For fluorescent /in7 situ hybridization, BCs were spun onto glass
microscope slides, and performed using a ViewRNA Cell Plus Assay Kit (ThermoFisher
Scientific). See Supplemental Methods for details.

2.5| RNA Sequencing

Cultured basal cells (P4) were treated once with OH-Tam or 100% ethanol as mentioned
above. Cells were collected for RNA isolation at the indicated times following treatment.
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Transcription profiling using RNA-Seq was performed by the University of lowa Genomics
Division using manufacturer recommended protocols. See Supplemental Methods for
details.

2.6 | Statistical Analysis

Results are reported as mean +/— SEM. Statistical analysis was conducted using Prism
version 8 (GraphPad Software). The statistical tests used are stated in each figure legend.
Data were considered significant at p < 0.05.

3| RESULTS

3.1| Lef-1 deletion acutely prevents BC proliferation in vitro.

Airway BCs can be trapped in a self-renewal state in culture through the

inhibition of Rho-associated coiled-coil containing protein kinase (ROCK). To

determine if Lef-1 is essential for BC self-renewal, we isolated primary

BCs from ROSACreERT2:ROSALOXPtdTomatoStOPLOXPEGFP (Lef-1WT:ROSA-TG) and
ROSACreERT2:ROSAL*Ptd TomatoStOPLOXPEGEP: Lef-11/fl (Lef-1cKO:ROSA-TG) mice and
cultured them for 4 passages in modified Small Airway Growth Medium containing ROCK-
inhibitor (Figure 1A). The cells were then treated with either 4-hydoxytamoxifen (OH-Tam)
or ethanol (vehicle control) to induce Cre and thus Lef-1 deletion and conversion of the
EGFP reporter. After three days of OH-Tam treatment, the majority of the cells had begun
expressing EGFP (Figure 1B). Consistent with our primary hypothesis, OH-Tam treated
Lef-1cKO:ROSA-TG BCs had a significantly reduced ability to proliferate (Figure 1C). By
contrast, OH-Tam-treated Lef-1WT:ROSA-TG BCs, and vehicle-treated Lef-1cKO:ROSA-
TG BCs had no significant change in proliferation, suggesting that the reduction in
proliferation was most likely due to the loss of Lef-1 expression (Figure 1C).

To verify that Lef-1 deletion inhibits BC proliferation through a cell-

autonomous process, we conducted /77 vitro competition assays. BCs isolated

from ROSALXPtdTomatoStOPLOXPEGFP (ROSA-TG) and ROSACreERT2: | ef-1f/fl mice
(Lef-1cKO) were mixed at a 1:10 ratio (ROSA-TG:Lef-1cKO) and then treated with either
ethanol or OH-Tam in mixed culture (Figure 1D). At each passage, the number of tdTomato
(ROSA-TG) and tdTomato™ (Lef-1cKO) cells were quantified using flow cytometry. As
expected, the ratio of ROSA-TG cells to Lef-1cKO in OH-Tam treated cultures increased
significantly with each successive passage, while this ratio remained unchanged in ethanol
treated cultures (Figure 1E).

+

Next we assessed how Lef-1 gene deletion functionally impared Lef-1cKO BC expansion.
Q-PCR and immunofluorescence were insufficiently sensitive to detect Lef-1 expression
in wild type BCs and thus failed to confirm a reduction in Lef-1 gene product

(at the mRNA or protein level) in Lef-1cKO BCs (data not shown). To exclude

the possibility that the loss of an essential genomic locus within the deleted Lef-1
intronic sequence was the functional cause of cell cycle defects in Lef-1KO BCs, we
conducted rescue experiments in which ectopic human Lef-1 (hLef-1) expression was
activated from a ROSA locus at the time of mouse Lef-1 deletion. These experiments
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utilized a ROSACreERT2:ROSATEGFPStoP-fl|_ef-1 knock-in transgene capable of expressing
human Lef-1 in response to Cre activity. We crossed these mice with the Lef-1f/fl

mice to generate ROSACreERTZ:ROSAMEGFPSOP-fl ef-1: | ef-11/f (Lef-1cKO:Lef-1K1)
mice. We then conducted competition assays with ROSA-TG cells co-cultured with
Lef-1cKO:Lef-1KI cells at 1:10 ratio, respectively (Figure 1F). Following OH-Tam
induction, forced expression of human Lef-1 in mouse Lef-1cKO BC led to a near complete
rescue in the ability to proliferate when compared to vehicle treated cultures (Figure 1G).
Collectively, these proliferation and competition assays demonstrate that Lef-1 is acutely
required for self-renewal of airway BCs.

3.2 | Lef-1listransiently expressed in a small subset of basal cells.

Given that attempts to detect Lef-1 by immunofluorescence and Q-PCR in bulk cultures
were unsuccessful, we hypothesized that Lef-1 might be transiently expressed in a small
subset of cells during a critical phase of the cell cycle. Indeed, analyzing Lef-1 expression in
a publicly available single-cell RNA sequencing dataset showed that Lef-1 was expressed at
low-levels in a subset of BCs (Figure SLA-C)24. To this end, we performed single molecule
fluorescent /n situ hybridization (smFISH) on Lef-1cKO BCs that were treated with either
ethanol or OH-Tam for three days. On the day following the last treatment, cells were pulsed
with 5-ethynyl-2’-deoxyuridine (EdU) for two hours, then lifted from the dish and cytospun
onto glass slides for smFISH localization of Lef-1. EAU pulsing was used to determine if
cells in active S-phase demonstrated increased levels of Lef-1 expression. Because Lef-1
transcriptionally regulates expression of CCND1 (cyclin D1)* and cyclin D1 is required

for cell enter into S-phase, we hypothesized that BC Lef-1 expression might be highest in
BCs stalled in early S-phase and thus enriched in EAU. Our results demonstrated that the
ethanol-treated (WT) group contained infrequent cells that had Lef~Z mRNA signal (Figure
S1D,E) above the background levels observed in OH-Tam (KO) cells (Figure S1F). Contrary
to our initial hypothesis, Lef-1 signal did not appear to correlate with EAU positivity,
suggesting that Lef-1 is unlikely to have a role in S-phase. Overall, these results indicate that
Lef-1 is indeed expressed in BCs, albeit at low level and in a small subset of cells at any
given time.

3.3 | Lef-1is required for maintenance of a differentiated airway epithelium in vitro.

BCs are responsible for the maintanence of a properly differentiated airway epithelium,
which is comprised of multiple luminal cell types. Lef-1 is necessary for cell cycle
progression in BC expansion media containing ROCK-inhibitor, two SMAD inhibitors

that repress TGFBR and BMPR signaling, and a Wnt activator. To better appreciate the

role Lef-1 has in homeostatic maintenance of BCs and its impact on differentiation, we
performed studies on Lef-1cKO BCs in air-liquid interface (ALI) cultures. We hypothesized
that deletion of Lef-1 in BCs could impair their ability to self-renew by one of two
mechanisms: Lef-1 deletion could lead to a depletion of the BCs or could induce
differentiation toward ciliated and/or secretory cells.

To differentiate between these two mechanisms, we mixed Cre™ ROSA-TG and
Lef-1cKO:ROSA-TG BCs at a 1:1 ratio and seeded them into air-liquid interface (ALI)
cultures in the presence of OH-Tam for the first three days (Figure 2A). In this setting,
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Lef-1cKO:ROSA-TG cells progressively switched from tdTomato* to GFP* over the

first three days, while ROSA-TG cells (WT for Lef-1 and lacking CreERT2) remained
tdTomato*. By day 15 at ALI, Lef-1cKO:ROSA-TG (GFP*) cells predominated in the
culture, increasing from the initial 50% to 62%, while ROSA-TG (tdTomato™) composed
38% of the cultures (Figure 2A, B). However, the number of ROSA-TG (tdTomato*) cells
progressively increased over time, making up almost 80% of the differentiated cultures

by 60 days at ALI (Figure 2A, B). Phenotypic characterization of these cultures for the
distribution of ciliated cells (a-tubulin®), secretory goblet cells (Muc5B*), and secretory
club cells (Scgbhlal*) showed that Lef-1cKO:ROSA-TG (GFP*) BCs initially had a greater
capacity to differentiate into these luminal cell types, as 70-80% of all ciliated, goblet, and
club cells were GFP™ after 15 days at ALI (Figure 2C-E). However, by 60 days at ALI,
~80% of all ciliated and goblet cells were derived from tdTomato™ ROSA-TG cells (Figure
2C-D). Notably, this trend was not seen with secretory club cells, as about half of all club
cells were still derived from GFP* Lef-1cKO:ROSA-TG cells at 60 days of ALI (Figure 2E).
These data indicate that BCs lacking Lef-1 differentiate into various luminal cell types more
rapidly than WT BCs, but fail to maintain steady luminal cell numbers over time.

We hypothesized that Lef-1 deletion in BCs induced terminal differentiation to luminal cells
and thus anticipated that BCs would deplete from ALI cultures over time following OH-Tam
treatment. To investigate this hypothesis, mixed ALI cultures were embedded and sectioned
after 15, 30, and 60 days at ALI. Consistent with this hypothesis, phenotypic staining for
BCs (Krt5*) revealed that ~60% of BCs were Lef-1 WT (tdTomato™) after 15 days at ALI
(Figure S2A,D). However, the percentage of Lef-1KO BCs increased in proportion over
time reaching ~75% by 60 days at ALI (Figure S2B-F). Contrary to our hypothesis, these
data indicate that Lef-1 deletion does not cause BC depletion in a differentiated epithelium.
Overall, these findings demonstrate that deleting Lef-1 in BCs initially drives differentiation
toward luminal cells and are consistent with a requirement for Lef-1 in self-renewal and
maintenance of a multipotent BC compartment.

3.3| BCs escape a Lef-1-dependent block in self-renewal with time in culture.

We noted in our proliferation assays (Figure 1C) that Lef-1cKO BCs began to proliferate
after 6 days in culture. Similarly, our competition assays (Figure 1D,E) demonstrated that
Lef-1cKO BCs reached a steady state of ~5% of the culture by passage 4. We hypothesized
that Cre-mediated excision of Lef-1 was incomplete and led to survival bias of cells with one
or both Lef-1 allele intact. To test this, we measured the doubling time of OH-Tam-treated
Lef-1cKO BCs through multiple passages in expansion media. We then genotyped at each
passage to determine the status of the Lef-7 gene deletion in the cells that proliferated. These
cells continued to grow for at least four passages following OH-Tam treatment, and had a
similar doubling time to passage-matched EtOH-treated cells after passage 2 (Figure 3B).
Notably, genotyping revealed that the majority of recovered cells remained null for the Lef-1
gene after four passages (Figure 3C).

We hypothesized that proliferation-competent Lef-1cKO BCs might be derived from a small
subset of cells similar to a tumor that epigenetically escapes a radiation or chemical block
in cell cycle progression?®: 26, To approach this hypothesis, we performed a 12 hour EdU
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pulse in Lef-1cKO cells at an early stage of proliferative recovery. Results from these
experiments demonstrated a lack of apparent clonal expansion, as EdU incorporation was
evenly distributed among the cells at 5 days following OH-Tam treatment (Figure 3D). Thus,
BCs are capable of overcoming a Lef-1-dependent block in proliferation with time and the
mechanism of this escape occurs in the majority of Lef-1cKO BCs. Collectively, these data
demonstrate that Lef-1-dependent and -independent mechanisms are involved in cell cycle
progression of BCs in culture, though the mechanism of this Lef-1-independent adaption
remains unknown.

3.4| Lef-1 facilitates BC progression through the G,/S phase of the cell cycle.

High levels of Lef-1 expression have been shown to correlate with the proliferative and
invasive characteristics in variety of cancers, including human lung adenocarcinomas® 27: 28,
However, its importance in regulating self-renewal of stem cells at homeostasis is largely
unexplored. Given the requirement of Lef-1 for airway BC self-renewal in culture, we
evaluated whether Lef-1-deficient BCs stopped proliferating at the same point in the cell
cycle. These studies in asynchronous cell culture utilized EdU incorporation to mark S
phase, Cyclin D1 to mark G1 phase, and phosphorylated histone 3 (His-H3P) to mark late
G2 and M phases (G2/M) in vehicle- or OH-Tam-treated Lef-1cKO BCs (Figure 4A-B).
The percentage of BCs in the G1/S transition phase (Cyclin D1*EdU™) was significantly
higher after Lef-1 deletion (32.4% for OH-Tam vs 8.6% for vehicle treatment groups)
(Figure 4A—-C). Additionally, the percentage of cells that were in the later stages of S phase
(CyclinD1"EdU™) was significantly lower after Lef-1 deletion (2.2% for OH-Tam vs 22.2%
for vehicle treatment groups) (Figure 4C).

To better determine how Lef-1 influences cell cycle progression of airway BCs, we
performed bulk RNAseq on Lef-1cKO cells at 0, 6, 12, 18, 24, and 30 hours following
treatment with either OH-Tam or ethanol. Of the 21,390 protein-coding genes identified,
6,406 genes were significantly differentially expressed genes (DEGs) (Benjamini-Hochberg
adjusted t-test; p<0.05) (Table S3). When normalized to their time-matched ethanol-treated
controls, 1,028 genes had altered expression > 2-fold in at least one of the five timepoints
analyzed (Figure 4D, Table S4). Principal-component analysis (PCA) of all 21,390 genes
showed a clear divergence with time in ethanol vs OH-Tam treated cultures, with the

first two PCs accounting for 59.95% of the total variance (Figure 4E). Ingenuity Pathway
Analysis (IPA) was used to discover biological processes that were significantly altered

in OH-Tam treated Lef-1cKO BCs (Table S5). This analysis revealed significantly altered
biological processes including Cell Cycle, Cellular Growth and Proliferation, and DNA
Replication and Repair (Figure 4F, Table S5A). Taken together, these data support the
importance of Lef-1 in BC progression through the cell cycle.

3.5| Lef-1 deletion disrupts DNA damage response pathways in airway BCs.

Adult stem cells must ensure their genomic integrity for the life of the host and thus

are equipped with highly effective DNA damage response (DDR) pathways. Stem cells
must also sense when DNA damage is too significant to self-renew and such states have
been linked to differentiation, senescence, and apoptosis2® 30. However, whether stem cell
lineage-commitment and differentiation are directly controlled by DDR pathway regulation
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or simply a default response to excessive DNA damage remains unclear3. Given the
importance of the G1/S DNA damage checkpoint in cellular replication, we sought to
investigate whether disruption of Lef-1 in BCs leads to alterations in the expression of
DDR genes. In support of his hypothesis, the majority of the 139 differentially expressed
genes associated with DDR were downregulated following Lef-1 deletion (Table S5C).

IPA also revealed lists of biological functions (Table S5A) and canonical pathways (Table
S5B) that were associated with DDR and DNA replication in Lef-1cKO BCs, including
Double-stranded DNA Break Repair, Excision Repair, p53 Signaling, and G1/S checkpoint
regulation (Figure 5A, B). Together, these data suggest that loss of Lef-1 in BCs could
perturb cellular responses to DNA damage.

To better understand how Lef-1 impacts expression of DDR gene, we utilized a previously
published list of direct Lef-1 target genes obtained via chromatin immunoprecipitation
sequencing (ChlIP-seq) of transit amplifying cells of the hair follicle niche!3. Notably,

1138 DEGs (or 18%) in our RNA-seq dataset were also found in this ChIP-seq dataset
(Table S6A). Cross referencing Lef-1cKO DEGs against DDR genes and Lef-1 target genes
resulted in a list of 28 potential Lef-1 target genes associated with DDR pathways (Figure
5C, Table S6B). This list included 77p53, and its family member 7rp73, Myc, Mrell,
Checkpoint kinase 1 (Chekl), and Rad51 (Figure 5D), all of which have been previously
identified as important regulators of cell cycle checkpoint progression and DNA repair31-34,
The majority (16 out of 28) of these DDR genes were downregulated in our RNA-seq
dataset (Figure 5D). These data support the hypothesis that Lef-1 controls BC proliferation
through the regulation of the DDR pathway.

Out of the list of 28 DDR genes, Chek1 and Rad51 were two of the most significantly
downregulated genes following Lef-1 deletion. To evaluate the involvement of these genes
in the regulation of BC proliferation, we treated BCs with chemical inhibitors of either
Rad51 or Chekl. Inhibition of Rad51 (with B02) nearly completely blocked BC replication
out to 6 days (Figure 5E). Inhibition of Chekl (with SCH-900776) also led to suppressed
proliferation at higher concentrations. To evaluate the reversibility of Rad51 and Chek1
inhibition, we treated BCs with these inhibitors, then removed the inhibitor after 3 days

of treatment. Removal of B02 from BCs led to a recovery in proliferation as compared to
sustained treatment with the Rad51 inhibitor (Figure 5F). However, removal of SCH-900776
from BCs produced a marginal proliferative advantage at later timepoints and there was

a clear rise in proliferation by 7 day in the presence of sustained ChekZ inhibition. This
observed proliferative escape from Chek1 inhibition was similar to that observed in BCs
following Lef-1cKO (Figure 1C,E; Figure 3C,D), suggesting that BCs can compensate for a
G1/S block imposed by inhibition of Chek1 or Lef-1.

Given that Chekl and Rad51 expression is altered by Lef-1 deletion, we hypothesized that
later-passage Lef-1cKO BCs are able to escape G1/S cell cycle blockade and proliferate
normally by adapting replication-recovery pathways that are independent of Chek1 and/or
Rad51. If true, proliferation-competent Lef-1cKO BCs would be resistant to Chek1 or
Rad51 inhibition. Indeed, Chek1-inhibited Lef-1cKO BCs reached confluency at the same
rate as DMSO-treated proliferation-competent Lef-1cKO BCs. Notably, Rad51 inhibitor-
treated proliferation-competent Lef-1cKO BCs had a similar level of growth inhibition as
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WT BCs and failed to proliferate over six-day study period (Figure S3). These findings
suggest that Lef-1 likely controls a Chek1-dependent G1/S checkpoint in BCs and that
adaptation to an imposed block by inhibiting either protein enables BCs to reengage the cell
cycle.

3.6 | SMAD-Dependent TGFR Signaling Pathways are Activated in BCs Following Lef-1
Deletion Despite Sustained Dual SMAD Chemical Inhibition.

BMP and TGFR pathways have roles in regulating BC proliferation and differentiation,

and these pathways can be influenced by other signaling pathways including Wnt and

Notch signaling3>-38. These interconnected and carefully regulated signaling cascades allow
stem cell niches to respond appropriately during tissue maintenance and repair following
injury3%-41, Therefore, we sought to determine if ablating Lef-1-mediated Wnt signaling
altered the state of other major signaling pathways in BCs. To this end, we performed

IPA Upstream Analysis, which evaluates the activity of potential upstream regulators

(e.g., transcription factors and kinases) that might be responsible for the observed altered
expression of genes imposed by Lef-1KO. Upstream Analysis of our RNA-seq dataset
revealed a prediction of activated TGFR signaling, as TGF1, SMAD3, and SMAD4 were all
predicted to be activated in Lef-1cKO BCs (Figure S4A-D, Table S7), despite the presence
of dual SMAD inhibitors in the culture media. Several upstream regulators involved in

cell cycle progression were predicted to be inhibited, including several members of the

E2F family, Myc, and FoxM1 (Figure S4A). Notably, each of these factors was a DEG in
Lef-1cKO cells, including four isoforms of E2F. Among these, SMAD3 is known to directly
associate with Lef-1, and the Myc promoter is directly regulated by Lef-142: 43, These data
provide further support that Lef-1 deletion imposes a block in BC cell cycle progression.
The prediction of SMAD-dependent signaling activation was particularly intriguing, as
SMAD signaling is known to inhibit the proliferative abilities of BCs /in vivoand in vitro,
and also plays a role in mucociliary differentiation38.

3.7 | Deletion of Lef-1 in vivo reduces the regenerative capacity of BCs following airway

injury.

BCs are the primary progenitor responsible for replacing SAE cells lost to injury or
infection?L, Therefore, we sought to determine if Lef-1 regulates BC regenerative capacity
in an /n vivo setting. ROSACreERT2:Rosa-TG (Lef-1 WT) and Lef-1cKO:ROSA-TG mice
were induced with tamoxifen once a day for five days to trace and induce Lef-1 deletion

in SAE cell types (Figure 6A). One week following the tamoxifen induction, mice were
then administered a single dose of naphthalene (200 mg/kg) to induce moderate airway
injury and compared a corn oil-injected uninjured control gorup?2. Three weeks following
the injury, tracheae were collected and processed for tissue sectioning. The uninjured control
groups demonstrated no significant differences between Lef-1 WT and Lef-1cKO:ROSA-
TG animals in the total number of lineage-tagged (GFP*) SAE cells (Figure 6B,C,F) or

the abundance of lineage-tagged BCs (GFP*Krt5*) (Figure 6B,C,G). Notably, naphthalene-
injured Lef-1cKO:ROSA-TG mice had significantly fewer lineage-tagged total SAE cells
and BCs than mock injured Lef-1cKO:ROSA-TG mice (Figure 6D-G). Naphthalene-injured
Lef-1 WT mice showed no significant difference in lineage-tagged SAE cell and BC
abundance compared to their uninjured counterparts, indicating that the differences seen
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are not simply due to injury (Figure 6D-G). Overall, these findings indicate that Lef-1cKO
BCs have a significantly reduced regenerative capacity following an injury. However, these
results also show that Lef-1 is not required for BC survival /n vivo, as the abundance of
lineage-tagged BCs in mock-injured Lef-1cKO:ROSA-TG mice was similar to that of Lef-1
WT mice.

4| DISCUSSION

SC niches found within adult organs facilitate tissue maintenance and repair, and these
processes are controlled by careful regulation of multiple signaling pathways?: 35 37.44 |n
the mammalian proximal airway, BCs have been defined as the primary resident SC, slowly
cycling under homeostatic conditions but able to rapidly proliferate and differentiate into
multiple luminal lineages following injury?L. Though Wnt signaling has been demonstrated
to be active within the proximal airway epithelia during injury repair2Y, its role in the
individual cell types of the SAE, including BCs, has remained unclear. In the present

study, we sought to elucidate the role of Lef-1, a Wnt signaling effector, within the BC
compartment of the surface airway epithelium.

Ablation of Lef-1 from BCs led to transient loss in the ability to proliferation /in vitro
(Figure 1) with a block occurring at the G1/S phase of the cell cycle (Figure 4). Based

on several criteria, this failure to progress through the cell cycle was at least in part due

to cell-intrinsic functions of Lef-1. First, mixing of Lef-1cKO with WT BCs failed to
rescue the proliferation defect, ruling out the possibility that Lef-1 mediates secretion of
ligands that act in a paracrine manner to maintain a proliferative state. Second, activation
of hLef-1 expression in Lef-1KO BCs rescued the proliferative defect. Consistent with a
Lef-1-dependent G1/S transition mechanism was the downregulation of key DNA damage
response pathway genes (e.g., Rad51 and Chekl), which are critical for progression through
S phase during DNA replication (Figure 5). Although many of these genes were known
targets of Lef-1 in other SC systems?3, we cannot draw conclusions on the direct Lef-1
targets in BCs that control the cell cycle. However, chemical inhibition of Chekl in WT
BCs phenocopied Lef-1KO BCs (Figure 5) and like Lef-1cKO BCs, Chek1-inhibited BCs
were eventually able to escape G1/S-blockade with time. Moreover, late-passage Lef-1cKO
BCs that escape cell cycle arrest are resistant to Chek1 inhibition, suggests a functional
relationship between Lef-1 and Chek1-dependent regulation in BC progression through
G1/s.

We hypothesized that downregulation of critical DNA damage checkpoint genes in
Lef-1cKO BCs, such as Rad51 and Chekl, might elevate the level of double-stranded

DNA breaks within BCs and thus lead to terminal differentiation in culture and /in vivo.
However, localization of yH2AX, a histone that binds to double-stranded DNA breaks,
failed to demonstrate elevations in Lef-1cKO cells at 3 days following OH-Tam treatment in
culture (data not shown). Similarly, there was no change in yH2AX expression in BCs of
the trachea following /n vivo injury of Lef-1cKO mice (data not shown). For these reasons,
we hypothesize that Lef-1 promotes cell cycle progression during late G1 phase prior to
significant DNA replication that would be associated with enhanced requirements for DNA
repair. Supporting this hypothesis was the finding that Lef-1 mRNA was expressed in a
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subset of BCs not actively synthesizing DNA (Figure S1). Furthermore, the transient nature
of the proliferative block imposed by Lef-1KO or Chek1 inhibition supports the lack of
significant DNA damage that would permanently impair BC self-renewal.

Given the clear block in cell cycle progression in Lef-1cKO BCs, it was somewhat
surprising that there was undetectable Lef-1 protein and mRNA in bulk cultures. Only a
small fraction of BCs express Lef-I mRNA when detected by smFISH (Figure S1). Given
the infrequent and transient nature of Lef-1 expression in BCs, we conclude that Lef-1

is required during a short window in late G1 phase. Our rescue experiments with hLef-1
in Lef-1cKO cells, however, lends strong support that Lef-1 is indeed required for BC
self-renewal, and the loss of non-coding sequences within the deleted intron of Lef-1cKO
BCs is not responsible for the observed alterations in cell cycle progression (Figure 1).

The mechanism by which BCs regain an ability to proliferate following Lef-1KO or Chek1
inhibition is currently unclear. However, several cell systems have demonstrated redundancy
if TCF/Lef-1 signaling. For example, in the mouse hair follicle, both Lef-1 and TCF7 act
redundantly to regulate stem cell activation and lineage progressionl3. Similarly, the four
TCF/Lef family members (Lef-1, TCF7, TCF7L1, and TCF7L2) function in an additive and
redundant manner to specifying epithelial progenitors during mouse lung development?2.
Thus, it is possible that other TCFs can compensate for the loss of Lef-1 and reestablish

a self-renewing state. However, if any of these other TCFs was indeed compensating for

the loss of Lef-1, it remains unclear why this compensation utilizes a Chek1-independent
mechanism involved in the G1/S checkpoint. It should also be noted that the /n vitro cell
culture system used may drive the observed Lef-1-independent reprogramming that allows
for cell cycle progression and this may not occur /n vivo. Indeed, our in vivo injury studies
in mice suggest that this compensation does not occur /n vivo, with Lef-1 deletion leading
to a decline in the overall capacity of BCs to regenerate luminal cells following injury. This
could be due to the lack of time required for Lef-1-independent reprogramming to occur, or
the fact that our /n vitro culture conditions do not fully represent the /n vivo BC state.

Our /n vitroand in vivo studies both suggest that Lef-1 deletion is not lethal to BCs. Based
on our /n vivostudies, Lef-1 deletion appears to have little impact on BCs or luminal cell
behavior in the absence of injury (Figure 6). However, mixed WT and Lef-1cKO in vitro
ALLI cultures demonstrated an increase in Lef-1cKO BCs at 60-days post-seeding (Figure
S2) despite a decline in Lef-1cKO ciliated and goblet cells (Figure 2). This phenotype
diverges from what was observed in vivo, where Lef-1KO BC numbers declined following
injury. Unlike the /n vitro ALI culture studies, Lef-1cKO BCs and their luminal descendants
had a survival disadvantage following injury in comparison to WT BCs (Figure 6). These
differences may reflect the need for Lef-1cKO BCs to mature toward a unipotent state
capable of proliferation, one that was afforded in ALI and proliferative cultures, but
overshadowed /7 vivo by the more rapid proliferative advantage of WT BCs following
injury. Taken together, these findings suggest that Lef-1 is required for BCs to maintain

a multipotent state and that multiple BC subtypes may exist within mixed cultures of
tracheal BCs with differential proliferative requirements for Lef-1. Indeed, others have
observed functional heterogeneity in BCs using /n vivo clonal analysis and the existence of
unipotent BCs that cannot differentiate into luminal cells*6-48, The functions of unipotent
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BCs remains to be determined, but could serve a structural role in airway maintenance and
repair.

5] CONCLUSIONS

In summary, our findings demonstrate that Lef-1 has a role in regulating the proliferation of
BCs through the control of cell cycle progression (Figure 7). Using multiple cell systems,
we show that Lef-1 deletion can alter the ability of multipotent BCs to self-renew and
differentiate into luminal cells (Figure 7). While the direct targets of Lef-1 remain to

be clearly defined and could involve transcriptional and post-transcriptional mechanisms,
these studies implicate Lef-1 targets involved in the G1/S DNA damage checkpoint. Thus,
modulating Lef-1 function in airway BCs may have applications in regenerative medicine.
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SIGNIFICANCE STATEMENT

Airway basal cells (BCs) are the primary progenitor cells of the conducting airway
epithelium and thus are promising targets for durable genetic- and cell-based therapies
of lung diseases such as cystic fibrosis. However, the mechanisms that govern their
regenerative abilities are not fully understood. We show that Lef-1, an effector of

Wht signaling, is critical for BC cell cycle progression through G1/S and influences
BC differentiation /in vitro. Loss of Lef-1 significantly reduces the capacity of BC

to regenerate the tracheal epithelium /7 vivo following injury. Manipulating Lef-1
expression in BCs may provide opportunities to modulate the regenerative capacity of
BCs and their progeny.
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Figure 1. Deletion of Lef-1 from BCs decreases proliferative capacity.
(A) Schematic of basal cell (BC) isolation and expansion from murine tracheae. To induce

Lef-1 excision, cells were treated with either ethanol or 1uM 4-hydroxytamoxifen (OH-Tam)
three times over the course of three days. Treated cells were then plated onto 6 well

plates at a density of 75,000 cells/well. Viable cells/well were quantified from at least

two separate wells each day for 6 days from each of 3 independent donor cell pools.
(N=6-8 total wells quantified for each condition). (B) FACS plots of ethanol and OH-Tam
treated BCs on the third day of OH-Tam treatment. BCs were treated as outlined in A. (C)
Number of viable cells/day from experiments outlined in A. (D) Schematic of competition
assays shown in E. (E) BCs isolated from ROSA-CreERT2:|_ef-1cKO mice (for ethanol
treated cultures) or ROSA-CreERTZ: | ef-1cKO:ROSA-TG (for OH-Tam treated cultures)
were mixed with BCs isolated from WT ROSA-TG mice at a 9:1 ratio (Lef-1cKO:WT
ROSA-TG). (F) Schematic of competition assays shown in G. (G) BCs isolated from
ROSA-CreERT2:Lef-1cKO:Lef-1KI mice were mixed with BCs isolated from WT ROSA-
TG mice at a 9:1 ratio (Lef-1cKO:Lef-1KI : WT ROSA-TG). Mixed cultures in E and G
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were treated with either ethanol or OH-Tam during the first three days of culture. Cultures
were then expanded until near confluence and passaged. Ratios of each BC population was
quantified at each passage via flow cytometry for five passages. Three independent donor
pools were evaluated in duplicate to generate the graphs in E and G (N=6 total). Graphs
show means +/— SEM. Asterisks indicate statistical significance of (C) unpaired two-tailed
Student’s T-test (* indicates p < 0.05, ** indicates p< 0.01, *** indicates p < 0.001).
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Figure 2. BC Lef-1 expression facilitates the maintenance of a differentiated epithelium in vitro.
(A) Diagram of the experimental design using mixed basal cell (BC) populations seeded
into air-liquid interface (ALI) cultures (top panel). Cells were mixed at a 1:1 ratio and
seeded onto transwells in the presence of 1uM 4-hydroxytamoxifen (OH-Tam) for the first
three days of culture in Small Airway Growth Media (SAGM). Cells were then polarized
by removing the media from the apical chamber and changing to differentiation media in
the basolateral chamber. Bottom panel shows the percentage of ROSA-TG (tdTomato™) and
Lef-1cKO:ROSA-TG (GFP*) airway epithelial cells in the ALI culture after seeding and

at 15, 30 and 60 days after polarization. The percentage of the culture that was tdTomato™*
or GFP* was quantified by determining the total area of each genotype at each timepoint
(N = 9 transwells from three donor pools, N > 3 images/transwell were quantified) (B)
Images of cultures at 15, 30, and 60 days following polarization. Scale bars, 200 pm. (C-E)
Mixed ALLI cultures stained for ciliated cell marker a-tubulin (C), goblet cell marker Mucin
5B (Muc5B) (D), and club cell marker Secretoglobulin 1al (Scgblal) (E), at the indicated
timepoints after polarization (N = 3 transwells, = 2 images/transwell). Scale bars, 100

pum. Graphs show means +/— SEM. Asterisks indicate statistical significance by unpaired
two-tailed Student’s T-test (* p< 0.05, ** p< 0.01, and *** p< 0.001).
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Figure 3. BCs escape a L ef-1-dependent block in cell cycle progression with timein culture.
(A) Schematic of the genotyping protocol used to determine deletion status of Lef-1in

Lef-1cKO basal cells (BCs). (B) Doubling times of Lef-1cKO BCs treated with either
ethanol (EtOH) or OH-Tam for three days, then passaged four times. Passaging occurred
as the cultures neared confluency (85-90%). (C) DNA from Lef-1cKO BC cultures was
collected either in the absence of 4-hydroxytamoxifen (OH-Tam), 24 hours following
OH-Tam treatment, or 4 passages following OH-Tam treatment. Cultures were treated
with OH-Tam on three consecutive days using the same experimental protocol for other
studies. PCR was performed using the primer sets indicated in A. Genotyping revealed that
cultures passaged 4 times following OH-Tam are predominately composed of BCs with
excised Lef-1 alleles. Agarose gels show the DNA results from three separate replicates.
(D) Lef-1cKO BCs were pulsed with 5-ethynyl-2’-deoxyuridine (EdU) for 12 hrs at 5 days
following treatment with EtOH (top image) or OH-Tam. Images show EdU incorporation
(white) with Hoechst counter stain. Scale bars, 30 um.
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Figure4. Lef-1 deletion in BCsleadsto cell cyclearrest at the G1/Sboundary and altered
expression of genes associated with cell cycle regulation.

(A) Experimental schematic for cell cycle and RNA-seq analyses. Passage 4 (P4)
Lef-1cKO:ROSA-TG or Lef-1cKO BCs were treated once with either 100% ethanol or 2
UM 4-hydroxytamoxifen (OH-Tam). Lef-1cKO:ROSA-TG BCs were used for RNA-seq and
Lef-1cKO BCs were used for immunofluorescence (IF). Lef-1cKO BCs used for IF were
pulsed with 5-Ethynyl-2"-deoxyuridine (EdU) 1 hour prior to fixing. (B) Lef-1cKO BCs
were immunostained for the indicated antigens 30 hrs after ethanol or OH-Tam treatment.
(C) Quantification of BCs in each indicated phase of the cell cycle as a % of total cells
imaged from experiment in B. CyclinD1*EdU~His-H3P~ cells were scored as being in Gy,
CyclinD1*EdU*His-H3P~ cells were scored as being in G4/S, CyclinD1"EdU*His-H3P~
cells were scored as being S phase, and CyclinD1"EdU~His-H3P™* cells were scored

as being in Go/M phase. Cells negative for all markers were scored as being in Gg.

Graph shows means +/— SEM, N=3. Asterisks indicate statistical significance of unpaired
two-tailed Student’s T-test (*p < 0.05, **p < 0.01). (D) RNA-seq experiment on N=4

independent donor cell pools for each experimental time point. Shown is a heatmap of the

40

1028 differentially expressed (p < 0.05, BH corrected) genes, following Lef-1 deletion, that
had an absolute fold change (FC) = +/-2 in expression in at least one of the indicated
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timepoints after treatment. (E) Principal Component Analysis (PCA) of the 21,390 genes
detected. (F) Ingenuity Pathway Analysis (IPA) biological processes and functions defined
by gene expression patterns showing -Log(p-values).
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Figure5. Lef-1 regulatesthe DNA damage response (DDR) pathway in BCs.
(A-B) Ingenuity Pathway Analysis (IPA) was used to identify biological processes

and functions (A) and canonical pathways (B) that were significantly altered in
Lef-1cKO:ROSA-TG BCs based on RNA-seq analysis. Graphs display the -Log(p-value)
and activation z-score, as determined by IPA, of each process/function or pathway.

Red bars indicate positive z-scores (upregulated), while blue bars indicate negative z-
scores (downregulated). (C) Venn diagram of overlapping genes from three datasets: 1)
Differentially expressed genes (DEGS) in Lef-1cKO BCs, 2) genes involved in DDR from
IPA, and 3) genes containing Lef-1 binding sites as determined by ChlP-seq of hair follicle
stem cells3. This analysis produced a list of 26 direct Lef-1 target genes involved in

DDR that were also DEGs in Lef-1cKO BCs. (D) Heat map depicting Z-scores of the

26 DDR genes over the time course of OH-Tam treatment. (E-F) Proliferation assays of
BCs treated with various concentrations of Chek-1 inhibitor (SCH-900776; top graphs)

or Rad51 inhibitor (B02; bottom graphs). (E) BCs were continuously exposed to various
concentrations of the two inhibitors. (F) BCs treated with the lowest effective concentration
of inhibitor that prevented proliferation and then had the inhibitor removed from one group
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at three days (dotted line) to assess reversibility. Graphs show means +/- SEM, N = 3
donor cell pools. Asterisks indicate statistical significance by 2-way ANOVA and Bonferroni
multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure6. In vivo loss of L ef-1 reduces the regenerative capacity of BCsfollowing airway injury.
(A) Timeline of when tamoxifen inductions and naphthalene injury occurred. Injury

was done using 200 mg naphthalene/kg body weight. (B-E) Confocal images of

tracheal sections from mock injured (B) ROSA-CreERT2:ROSA-TG (Lef-1WT) mice and
(C) Lef-1cKO:ROSA-TG mice, and naphthalene-injured (D) Lef-1WT mice and (E)
Lef-1cKO:ROSA-TG mice. Sections were immunostained for tdTomato, GFP, and Krt5.
Box regions in the main panels are magnified below each image. White arrowheads indicate
basal cells (Krt5*) that are also lineage-traced (GFP*). Scale bars are 50 um for main

the panels and 25 um for the magnified boxed regions. (F and G) Quantification of

the percentage of lineage-traced (GFP*) cells in (F) the entire surface airway epithelium
(SAE) and (G) in the Krt5* BCs population. Graphs show means +/- SEM, N > 4
independent mice. Significance was determined using 2-way ANOVA and Bonferroni
multiple comparison test (*p < 0.05, **p < 0.01).
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Figure 7. Lef-1 regulates BC function through the transcriptional control of cell cycle
progression and DNA damage response genes.

(A) Lef-1 expression in BCs regulates genes involved in DNA damage response
(DDR)/DNA replication, as well as genes involved in cell cycle progression. Inhibition of
Chek1 phenocopies Lef-1cKO and Lef-1cKO BCs that recovery the ability to proliferate are
resistant to Chek inhibition. Thus, Chek1 is a candidate Lef-1-dependent factor controlling
cell cycle progression in BCs. (B) Working model whereby Lef-1 and Chek1 regulate BC
progression through G1/S. (C-E) Lef-1 enables BCs to (C) self-renew, (D) differentiate

into multiple luminal cell lineages, and (E) regenerate airway epithelium lost to injury. (F)
Lef-1cKO BCs are impaired in these capacities and outcompeted by Lef-1WT BCs in the
regenerating epithelium. Figure was created using BioRender.
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