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A B S T R A C T

During development of the embryonic mouse lung, the pulmonary mesenchyme differentiates into smooth muscle
that wraps around the airway epithelium. Inhibiting smooth muscle differentiation leads to cystic airways, while
enhancing it stunts epithelial branching. These findings support a conceptual model wherein the differentiation of
smooth muscle sculpts the growing epithelium into branches at precise positions and with stereotyped mor-
phologies. Unfortunately, most approaches to manipulate the differentiation of airway smooth muscle rely on
pharmacological or physical perturbations that are conducted ex vivo. Here, we explored the use of diphtheria
toxin-based genetic ablation strategies to eliminate airway smooth muscle in the embryonic mouse lung. Sur-
prisingly, neither airway smooth muscle wrapping nor epithelial branching were affected in embryos in which the
expression of diphtheria toxin or its receptor were driven by several different smooth muscle-specific Cre lines.
Close examination of spatial patterns of Cre activity in the embryonic lung revealed that none of these commonly
used Cre lines target embryonic airway smooth muscle robustly or specifically. Our findings demonstrate the need
for airway smooth muscle-specific Cre lines that are active in the embryonic lung, and serve as a resource for
researchers contemplating the use of these commonly used Cre lines for studying embryonic airway smooth
muscle.
1. Introduction

During embryonic development, smooth muscle and similar con-
tractile cell types help to shape their adjacent epithelia into complex
three-dimensional shapes (Donadon and Santoro, 2021; Jaslove and
Nelson, 2018). For example, smooth muscle influences morphogenesis of
the epithelia of the mammalian lung (Danopoulos et al., 2018; Goodwin
et al., 2019; Kim et al., 2015), digestive tract (Shyer et al., 2013; Yang
et al., 2021), and epididymis (Hirashima, 2014). Smooth muscle can be
experimentally manipulated to test its roles in epithelial morphogenesis.
Pharmacological agents that target signaling pathways known to affect
smooth muscle differentiation or contraction can be used to prevent
smooth muscle differentiation, induce ectopic smooth muscle wrapping,
or tune smooth muscle contractility ex vivo (Goodwin et al., 2019;
Huycke et al., 2019; Kim et al., 2015). However, these approaches are not
cell type-specific and can have off-target effects. Alternatively, smooth
muscle can be dissected away from its adjacent epithelium to reveal how
it influences morphogenesis mechanically (Goodwin et al., 2022b;
DT, diphtheria toxin; DTR, diph
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Goodwin et al., 2019; Huycke et al., 2019; Kim et al., 2015; Shyer et al.,
2013). Once the mesenchyme has been removed, smooth muscle wrap-
ping can be mimicked using physical manipulations to define whether
mechanical constraints are sufficient to produce a given epithelial
morphology (Shyer et al., 2013). However, these approaches are
destructive and cannot be carried out in vivo. Furthermore, physical
dissections are typically limited to acute perturbations and provide little
opportunity for observing effects on the epithelium over longer
timescales.

Genetic manipulations (e.g., deletions or mutations) are generally
considered to be the gold standard for interrogating biological systems
and, in principle, could be used to assess the role of smooth muscle in
vivo. However, these approaches have not always produced clean or ex-
pected results when used to study smooth muscle. Mice that lack markers
of contractile smooth muscle, such as Acta2 (smooth muscle actin;
αSMA), Cnn1 (calponin-1), or Tagln (transgelin or SM22α), are all viable
(Feng et al., 2019; Schildmeyer et al., 2000; Zhang et al., 2001). Tar-
geting upstream regulators of smooth muscle, rather than marker genes,
theria toxin receptor; SRF, serum response factor; UMAP, uniform manifold
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is an alternative approach. However, genetic manipulations have
revealed that embryonic airway smooth muscle is surprisingly plastic in
mice. Deleting serum response factor, which regulates the smooth muscle
differentiation program along with its cofactor myocardin (Chen et al.,
2002; Du et al., 2003; Wang et al., 2003), fails to ablate airway smooth
muscle and instead leads to a loss of contractile smooth muscle markers
and formation of an immature smooth muscle layer around the airway
epithelium (Goodwin et al., 2022a). Similarly, deleting myocardin from
the embryonic pulmonary mesenchyme also leads to a loss of contractile
smooth muscle markers without affect branching morphogenesis of the
adjacent epithelium (Young et al., 2020). These findings suggest that
genetically disrupting a single transcription factor is unlikely to result in
loss of smooth muscle tissue.
Fig. 1. Using Acta2-Cre and Myh11-Cre to drive expression of DT does not affect
the early pseudoglandular stage (E12.5). (A) E12.5 DTAfl/þ and Acta2-Cre;DTAfl
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values were obtained using unpaired t-tests unless otherwise indicated. Error bars sh
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A final alternative approach to manipulate smooth muscle genetically
is to take advantage of diphtheria toxin-based ablation systems (Buch
et al., 2005; Ivanova et al., 2005). These mice are genetically engineered
to express either diphtheria toxin (DT; DTAfl/fl) or the human diphtheria
toxin receptor (DTR; iDTRfl/fl) in a Cre-recombinase-inducible manner.
Once inside the cell, DT terminates protein synthesis and thus promotes
apoptotic cell death (Honjo et al., 1971). Cre-induced expression of DTA
results in intracellular DT in vivo without further intervention, whereas
Cre-induced expression of DTR requires treatment with DT and
receptor-mediated endocytosis. To target airway smooth muscle (or
smooth muscle generally), there are a variety of mouse lines in which Cre
is driven by markers of contractile smooth muscle, including Acta2-Cre
(LeBleu et al., 2013), Myh11-Cre (Xin et al., 2002), and Tagln-Cre
airway smooth muscle wrapping or epithelial branching morphogenesis at
/þ lungs immunostained for Ecad and αSMA. Scale bars indicate 100 μm. (B)
gs immunostained for Ecad and αSMA. Scale bars indicate 100 μm. (D) Smooth
cad staining. (E) E12.5 DTAfl/þ and Acta2-Cre;DTAfl/þ lungs immunostained for
rs indicate 50 μm. (F) Number of c-Casp3þ cells per field of view in the smooth
s immunostained for Ecad and αSMA. Scale bars indicate 100 μm. (H) Number of
ned for Ecad and αSMA. Scale bars indicate 100 μm. (J) Smooth muscle coverage,
2.5 DTAfl/þ andMyh11-Cre;DTAfl/þ lungs immunostained for αSMA and c-Casp3.
p3þ cells per field of view in the smooth muscle, epithelium, and mesenchyme. p
ow s.d.
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(Holtwick et al., 2002). Diptheria toxin-based ablation systems have been
used to eliminate airway epithelial stem cells (Zuo et al., 2015) and
pericytes (Hung et al., 2017) of the mouse lung. Surprisingly, in
explanted lungs that express DTR under the control of Myh11-Cre,
treatment with DT does not significantly affect the wrapping of airway
smooth muscle. One possible explanation for the inability of DT to ablate
airway smooth muscle in the embryo is the fact thatMyh11-Cre activity is
restricted to mature contractile smooth muscle, whereas the embryonic
airways are initially wrapped by immature smooth muscle (Goodwin
et al., 2022a, 2022b; Goodwin et al., 2019). In contrast, using Acta2-Cre
to drive the expression of DTR leads to a moderate loss of smooth muscle
wrapping and alteration of epithelial morphology (Goodwin et al., 2019),
perhaps because Acta2 is expressed at earlier stages of smooth muscle
differentiation (Goodwin et al., 2022a). Whether these Cre lines would
Fig. 2. Using Acta2-Cre and Myh11-Cre to drive expression of DT does not affect
the late pseudoglandular stage (E15.5). (A) E15.5 DTAfl/þ and Acta2-Cre;DTAfl/þ lu
in views of the distal airways of E15.5 DTAfl/þ and Acta2-Cre;DTAfl/þ lungs immunost
area and αSMA intensity were measured, as detailed in the schematic. Scale bars indic
the same lung have matching symbol shapes. (D) αSMA immunofluorescence inten
immunostained for αSMA and cleaved Casp3 (c-Casp3). Scale bars indicate 50 μm. (F
and mesenchyme. (G) E15.5 DTAfl/þ and Myh11-Cre;DTAfl/þ lungs immunostained fo
airways of E15.5 DTAfl/þ and Myh11-Cre;DTAfl/þ lungs immunostained for αSMA an
intensity were measured, as detailed in the schematic. Scale bars indicate 100 μm. (I
have matching symbol shapes. (J) αSMA immunofluorescence intensity around epithe
αSMA and c-Casp3. Scale bars indicate 50 μm. (L) Number of c-Casp3þ cells per fie
obtained using unpaired t-tests unless otherwise indicated. Error bars show s.d.
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generate a stronger phenotype using DTAfl/fl mice is unknown. Tagln is
considered to be an early marker for smoothmuscle (Solway et al., 1995),
but experiments using Tagln-Cre to ablate airway smooth muscle via DT
expression have not been reported.

Here, we investigated the extent to which three smooth muscle-
specific Cre lines, Acta2-Cre, Myh11-Cre, and Tagln-Cre, could be used
to ablate airway smooth muscle in vivo during embryonic lung develop-
ment. We used Acta2-Cre and Myh11-Cre to drive the expression of DT
and found that smooth muscle wrapping is unaffected at both early and
late stages of epithelial morphogenesis. In contrast, using Tagln-Cre to
drive the expression of DT caused embryonic lethality prior to lung for-
mation. To circumvent this complication, we instead used Tagln-Cre to
drive the expression of DTR. We found that treating E11.5 Tagln-
Cre;iDTRfl/þ lung explants with DT is not sufficient to ablate smooth
airway smooth muscle wrapping or epithelial branching morphogenesis at
ngs immunostained for Ecad and αSMA. Scale bars indicate 500 μm. (B) Zoomed-
ained for αSMA and Ecad. Dashed lines indicate cross-sections of branches where
ate 100 μm. (C) Cross-sectional areas of epithelial branches. Measurements from
sity around epithelial branches. (E) E15.5 DTAfl/þ and Acta2-Cre;DTAfl/þ lungs
) Number of c-Casp3þ cells per field of view in the smooth muscle, epithelium,
r Ecad and αSMA. Scale bars indicate 500 μm. (H) Zoomed-in views of the distal
d Ecad. Dashed lines indicate cross-sections of branches where area and αSMA
) Cross-sectional areas of epithelial branches. Measurements from the same lung
lial branches. (K) E15.5 DTAfl/þ andMyh11-Cre;DTAfl/þ lungs immunostained for
ld of view in the smooth muscle, epithelium, and mesenchyme. p values were
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muscle. To determine why wewere unable to ablate smooth muscle using
these Cre drivers, we examined patterns of Cre expression using a fluo-
rescent reporter line. Surprisingly, we found that none of these drivers
results in either sufficient or specific expression of Cre in embryonic
airway smooth muscle. Our findings highlight the importance of using
reporters to confirm patterns of Cre activity, and emphasize the need for
a smooth muscle-specific Cre that is robustly expressed in embryonic
smooth muscle.

2. Materials and methods

2.1. Mice

Breeding of Rosa26-mTmG (hereafter referred to as mTmG; JAX
007676), Rosa26-iDTR (iDTRfl/fl; JAX 007900), Rosa26-DTA (DTAfl/fl;
JAX 009669), Acta2-Cre (JAX 029925), Myh11-Cre-EGFP (Myh11-Cre;
JAX 007742), and Tagln-Cre (JAX 017491) mice and isolation of embryos
were carried out in accordance with institutional guidelines following
the NIH Guide for the Care and Use of Laboratory Animals and approved
by Princeton's Institutional Animal Care and Use Committee. To label
Cre-expressing cells, Acta2-Cre, Myh11-Cre, or Tagln-Cre males were
mated tomTmG females and embryos were isolated at E12.5 or E15.5. To
ablate Cre-expressing cells, Acta2-Cre, Myh11-Cre, or Tagln-Cre males
were mated to DTAfl/fl females. For crosses with Acta2-Cre andMyh11-Cre
males, embryos were isolated at E12.5 or E15.5. For crosses with Tagln-
Cre males, embryos were isolated at E10.5, E11.5, or E12.5, but no Cre-
positive embryos were found. To ablate Cre-expressing cells in explants
cultured ex vivo in the presence of DT, Tagln-Cre males were crossed to
iDTRfl/fl females and embryos were isolated at E11.5. Genotyping was
carried out by isolating DNA from the head of each embryo, followed by
PCR amplification of the Cre product and gel electrophoresis. The for-
ward primer sequence for Cre was GCATTACCGGTCGATGCAACGAGT-
GATGAG and the reverse primer sequence was
GAGTGAACGAACCTGGTCGAAATCAGTGCG.
2.2. Tissue sectioning, immunofluorescence staining, and imaging

Isolated lungs were fixed in 4% paraformaldehyde in PBS at room
temperature for either 15 min for E12.5 lungs or 30 min for E15.5 lungs.
Samples were washed four times for 15 min each with PBST (0.1% Triton
X-100 in PBS) and then blocked with 5% goat serum and 0.1% BSA.
E15.5 lungs were additionally washed overnight with PBST prior to
blocking. Samples were then incubated with primary antibodies against
αSMA (Sigma a5228, 1:400), GFP (Invitrogen A-11122, 1:500), cleaved
caspase-3 (Cell Signaling 9661, 1:200), or E-cadherin (Cell Signaling
3195, 1:200 or Invitrogen 13–1900, 1:200), followed by incubation with
Alexa Fluor-conjugated secondary antibodies (1:200; Thermo Fisher
Scientific) and Hoechst (1:1000). Sections on slides were then mounted
in Fluorosave. Whole lungs were dehydrated in a methanol series and
cleared with Murray's clear (1:2 ratio of benzyl alcohol to benzyl ben-
zoate). Samples were imaged using a spinning disk confocal (BioVision X-
Light V2) fitted to an inverted microscope.
2.3. Organ culture and live imaging

Lungs were dissected in PBS and cultured on porous membranes
(nucleopore polycarbonate track-etch membrane, 8 μm pore size, 25 mm
diameter; Whatman) in DMEM/F12 medium (without HEPES) supple-
mented with 5% fetal bovine serum (FBS, heat inactivated; Atlanta Bi-
ologicals) and antibiotics (50 units/ml of penicillin and streptomycin).
E11.5 lungs were isolated from iDTRfl/fl females bred to Tagln-Cre males,
and then treated with 0.2 ng/μl DT (Sigma-Aldrich). Before adding it to
the culture medium, DT was unnicked by incubating with trypsin at a
ratio of 1:10,000 in PBS for 15 min at 37 �C. iDTRfl/þ littermates were
used as controls.
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2.4. Image and statistical analysis

All measurements were made in Fiji. Numbers of branches per lung
were counted, focusing on only the left lobe for E12.5 lungs and the
entire lung for explants. Smooth muscle coverage was estimated by
generating thresholded images of Ecad and αSMA immunofluorescence,
obtaining the area of each, and dividing the αSMAþ area by the Ecadþ

area. The numbers of cleaved Casp3þ cells and GFPþ cells in αSMAþ

smooth muscle, Ecadþ epithelium, and αSMA–, Ecad–, Hoechstþ mesen-
chyme were counted in multi-channel confocal z-stacks with a field of
view of ~185 � 185 μm. Epithelial cross-sectional areas and αSMA in-
tensity around branches at E15.5 were measured manually by tracing the
circumference of the epithelium and recording intensity values in a 10-
pixel-thick line. Intensity values were normalized to background in-
tensity. Statistical analyses were carried out in GraphPad Prism. Com-
parisons between two samples were performed using unpaired t-test.
Comparisons of more than two samples were performed using one-way
ANOVA with pairwise p values obtained using Tukey's multiple com-
parisons test.

2.5. scRNA-seq analysis

ScRNA-seq datasets were downloaded from GEO [E11.5 mouse lung:
GSE153069 (Goodwin et al., 2022a), E14.5 mouse intestine: GSE154007
(Fazilaty et al., 2021)] and processed using the standard Seurat pipeline
(Stuart et al., 2019). Cell types were identified based on known markers,
and uniform manifold approximation and projection (UMAP) plots were
generated and color-coded based on the expression of Acta2,Myh11, and
Tagln.

2.6. KEY RESOURCES TABLE

KEY RESOURCES TABLE.
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse monoclonal αSMA antibody
 Sigma
 a5228

Rabbit monoclonal E-cadherin antibody
 Cell Signaling
 3195

Rat monoclonal E-cadherin antibody
 Invitrogen
 13–1900

Rabbit polyclonal cleaved Caspase3 antibody
 Cell Signaling
 9661

Rabbit polyclonal GFP antibody
 Invitrogen
 A-11122

Goat anti-Mouse IgG1 Cross-Adsorbed Secondary
Antibody, Alexa Fluor 647
Invitrogen
 A-21240
Goat anti-Rat IgG (H þ L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 488
Invitrogen
 A-11006
Goat anti-Rat IgG (H þ L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 594
Invitrogen
 A-11007
Goat anti-Rabbit IgG (H þ L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 594
Invitrogen
 A-11012
Goat anti-Rabbit IgG (H þ L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 647
Invitrogen
 A-21244
Chemicals, Peptides, and Recombinant Proteins
Diphtheria toxin
 Sigma-Aldrich
 D0564
Deposited Data
scRNA-seq data of E11.5 mouse lungs
 Goodwin et al.
(2022a)
GEO:
GSE153069
scRNA-seq data of E14.5 mouse intestine
 Fazilaty et al.
(2021)
GEO:
GSE154007
Experimental Models: Organisms/Strains
Mouse: B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-

tdTomato,-EGFP)Luo/J

The Jackson
Laboratory
JAX: 007676
Mouse: C57BL/6-Gt(ROSA)26Sortm1(HBEGF)Awai/J
 The Jackson
Laboratory
JAX: 007900
Mouse: B6.129P2-Gt(ROSA)26Sortm1(DTA)Lky/J
 The Jackson
Laboratory
JAX: 009669
Mouse: B6.FVB-Tg(Acta2-cre)1Rkl/J
 The Jackson
Laboratory
JAX: 029925
Mouse: B6.Cg-Tg(Myh11-cre,-EGFP)2Mik/J
 JAX: 007742
(continued on next page)
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(continued )
REAGENT or RESOURCE
 SOURCE
 IDENTIFIER
The Jackson
Laboratory
Mouse: B6.Cg-Tg(Tagln-cre)1Her/J
 The Jackson
Laboratory
JAX: 017491
Oligonucleotides
Primer: Cre, Forward:
GCATTACCGGTCGATGCAACGAGTGATGAG
Devenport Lab
 N/A
Primer: Cre, Reverse:
GAGTGAACGAACCTGGTCGAAATCAGTGCG
Devenport Lab
 N/A
Software and Algorithms
ImageJ
 Schneider
et al. (2012)
https://i
magej.nih
.gov/ij/
R
 R Foundation
for Statistical
Computing
N/A
Seurat
 Butler et al.
(2018)
https://satija
lab.org/seura
t/
3. Results and discussion

3.1. DT-based strategies using smooth muscle-specific Cre lines to
genetically ablate embryonic airway smooth muscle in vivo are ineffective

To ablate smooth muscle cells in vivo, we crossed Acta2-Cre orMyh11-
Cremales to DTAfl/fl females. In the embryonic lung, this approach should
result in the expression of DT specifically in smooth muscle cells, leading
to cell death and eliminating smooth muscle wrapping around the em-
bryonic airway epithelium. We isolated embryos at E12.5, during the
early (pseudoglandular) stage of branching morphogenesis, and carried
out immunofluorescence analysis for E-cadherin (Ecad) and α-smooth
muscle actin (αSMA). We found that smooth muscle wrapping and
branching morphogenesis were identical in Acta2-Cre;DTAfl/þ mutants as
compared to DTAfl/þ controls (Fig. 1A). The numbers of branch tips
(Fig. 1B) and the proportion of the epithelium covered by smooth muscle
were statistically indistinguishable between mutants and controls
(Fig. 1C-D). To determine whether smooth muscle cells were undergoing
apoptosis in response to DT expression, we examined the localization of
cleaved caspase 3 (c-Casp3). We found that apoptotic cells were
randomly distributed throughout the lung, with no clear enrichment in
the smooth muscle layer (Fig. 1E–F).

We found similar results with Myh11-Cre: smooth muscle wrapping
and airway epithelial branching were indistinguishable from controls at
E12.5 (Fig. 1G–J). In this case, however, we observed increased levels of
c-Casp3 in the smooth muscle layer of Myh11-Cre;DTAfl/þ mutants as
compared to DTAfl/þ controls (Fig. 1K-L). Nonetheless, this level of
apoptosis was insufficient to cause appreciable changes in smooth muscle
wrapping. We also observed slightly increased levels of apoptosis in the
epithelium and αSMA� mesenchyme in Myh11-Cre;DTAfl/þ mutants as
compared to DTAfl/þ controls, but these differences were not significant
(Fig. 1K-L). These data show that DT expression driven by Acta2-Cre or
Myh11-Cre is insufficient to ablate embryonic airway smooth muscle or
influence branching morphogenesis of the airway epithelium.

To confirm these conclusions, we isolated lungs from embryos at
E15.5, at the end of the pseudoglandular stage when the epithelium is in
the final stages of branching morphogenesis. In Acta2-Cre;DTAfl/þ lungs,
there are no appreciable changes in smooth muscle wrapping or airway
epithelial branching at E15.5 (Fig. 2A). Quantification of the cross-
sectional area of epithelial branches and the intensity of αSMA staining
around them revealed no differences between mutants and controls
(Fig. 2B–D). Furthermore, the levels of c-Casp3 immunostaining in the
smooth muscle layer and throughout the lung were similar in Acta2-
Cre;DTAfl/þ lungs as in DTAfl/þ controls (Fig. 2E–F). We found a similar
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lack of phenotype at E15.5 in Myh11-Cre;DTAfl/þ mutants: epithelial
branching was normal and the smooth muscle layer appeared intact
(Fig. 2G–J). Similar to E12.5 lungs, E15.5 Myh11-Cre;DTAfl/þ lungs
showed an increase in c-Casp3 immunostaining in the smooth muscle
layer compared to DTAfl/þ controls, but also exhibited slightly higher
levels of apoptosis in the epithelium and mesenchyme (Fig. 2K-L).
Overall, we found that expressing DT using Acta2-Cre or Myh11-Cre is
insufficient to ablate embryonic airway smooth muscle and, conse-
quently, has no effect on branching morphogenesis of the airway
epithelium.

3.2. A DT-based strategy using Tagln-Cre to genetically ablate airway
smooth muscle ex vivo is ineffective

Since we were unable to ablate airway smooth muscle using either
Acta2-Cre or Myh11-Cre, we turned to Tagln-Cre (Solway et al., 1995),
which was previously reported to be expressed in nascent airway smooth
muscle cells at E11.5 (Goss et al., 2011). When we crossed Tagln-Cre
males to DTAfl/fl females, we found no Creþ embryos at E10.5, E11.5, or
E12.5, suggesting that this genotype is embryonic lethal prior to the onset
of organogenesis. We therefore used an alternative approach to ablate
Cre-expressing cells. We crossed Tagln-Cre males to iDTRfl/fl females to
generate embryos that produce DTR in cells that express Tagln. We iso-
lated embryos at E11.5 and cultured lung explants for 24 h ex vivo in the
presence of DT to selectively kill cells expressing DTR. This approach did
not appreciably affect either smooth muscle wrapping or epithelial
morphogenesis (Fig. 3A–B). The number, lengths, and widths of branches
were similar in mutants and controls (Fig. 3C–E), as was smooth muscle
coverage of the epithelium (Fig. 3F–G). The levels of apoptosis in the
smooth muscle, epithelium, and mesenchyme were also indistinguish-
able between mutants and controls (Fig. 3H–I). Relatively high numbers
of c-Casp3þ cells were detected in all tissues in both sets of samples,
presumably because they were cultured ex vivo. Overall, driving DTR
using Tagln-Cre and treating explanted lungs with DT does not selectively
ablate airway smooth muscle.

3.3. Smooth muscle-specific Cre lines show either sparse or non-specific
recombination of the mTmG reporter

To determine why we were unable to ablate embryonic airway
smooth muscle using any of these smooth muscle-specific Cre lines to
drive the expression of DT or DTR, we crossed each Cre line to mice
harboring the mTmG reporter. We used the resulting embryos to examine
the patterns of Cre expression in the lung and intestine, which is also
wrapped by a layer of smooth muscle during embryonic development
(Huycke et al., 2019; Shyer et al., 2013). We isolated lungs and intestines
from embryos at E12.5 and used immunofluorescence analysis to localize
GFPþ and αSMAþ cells. We found that E12.5 Acta2-Cre;mTmG lungs had
very few GFPþ cells within the airway smooth muscle layer (Fig. 4A–B).
This low level of Cre activity was not unique to the embryonic lung, as we
found a similar low incidence of GFPþ cells in the embryonic intestine
(Fig. 4C). Quantification of the number of GFPþ cells in the smooth
muscle, epithelium, and mesenchyme revealed no statistically significant
differences in either the lung or the intestine (Fig. 4D).

Lungs and intestines isolated from E12.5 Myh11-Cre;mTmG embryos
both had a greater number of GFPþ cells than those isolated from Acta2-
Cre;mTmG embryos, but the number of GFPþ cells remained far lower
than the number of αSMAþ cells (Fig. 4E–H). Additionally, GFPþ cells
were present in the airway epithelium and throughout the lung mesen-
chyme in locations that lacked αSMA immunofluorescence (Fig. 4H).
GFPþ cells were not detected in the epithelium or the mesenchyme of the
intestine, suggesting that Myh11-Cre may be suitable for studies of in-
testinal development. Finally, we examined lungs and intestines isolated
from E12.5 Tagln-Cre;mTmG embryos and found surprising patterns of
GFPþ cells. In both the lung and the intestine, GFPþ cells were located
throughout the mesenchyme, sparsely within the smooth muscle, and

https://imagej.nih.gov/ij/
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Fig. 3. DT-mediated ablation of airway smooth muscle cells ex vivo with Tagln-Cre is ineffective. (A-B) Confocal z-projections of control and Tagln-Cre;iDTRfl/þ

lungs isolated at E11.5 and cultured ex vivo for 24 h in the presence of 0.2 ng/ml DT and then immunostained for Ecad and αSMA. Scale bars indicate 50 μm. (C)
Number of branch tips in explants after 24 h. Lungs from the same replicate have matching symbol shapes. (D-E) Length and width of branches as indicated in (B). (F)
Thresholded z-projections of images of lungs immunostained for Ecad and αSMA. Scale bars indicate 50 μm. (G) Smooth muscle coverage, defined as the projected area
of αSMA staining divided by that of Ecad staining. (H) Single confocal slices of control and Tagln-Cre;iDTRfl/þ lungs cultured in the presence of DT and then
immunostained for αSMA and cleaved Casp3 (c-Casp3). Dashed line indicates the outline of the epithelium. Scale bars indicate 50 μm. (I) Number of c-Casp3þ cells per
field of view in the smooth muscle, epithelium, and mesenchyme. p values were obtained using unpaired t-tests unless otherwise indicated. Error bars show s.d.
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Fig. 4. Expression patterns of three smooth muscle-specific Cre lines in the embryonic lung and intestine at E12.5. (A-B) E12.5 Acta2-Cre;mTmG lungs
immunostained for GFP, Ecad, and αSMA. (C) E12.5 Acta2-Cre;mTmG intestine immunostained for GFP, Ecad, and αSMA. (D) Number of GFPþ cells per field of view in
the smooth muscle, epithelium, and mesenchyme of the lungs and intestine. (E-F) E12.5 Myh11-Cre;mTmG lungs immunostained for GFP, Ecad, and αSMA. (G) E12.5
Myh11-Cre;mTmG intestine immunostained for GFP, Ecad, and αSMA. (H) Number of GFPþ cells per field of view in the smooth muscle, epithelium, and mesenchyme
of the lungs and intestine. (I-J) E12.5 Tagln-Cre;mTmG lungs immunostained for GFP, Ecad, and αSMA. (K) E12.5 Tagln-Cre;mTmG intestine immunostained for GFP,
Ecad, and αSMA. (L) Number of GFPþ cells per field of view in the smooth muscle, epithelium, and mesenchyme of the lungs and intestine. (M-R) UMAPs of scRNA-seq
data collected from E11.5 lungs and E14.5 intestines color-coded to show the expression of Acta2, Myh11, and Tagln. Clusters are labelled by cell type. p values
obtained using ANOVA. Error bars show s.d. Scale bars indicate 50 μm.
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Fig. 5. Expression patterns of three smooth muscle-specific Cre lines in the embryonic lung and intestine at E15.5. (A) E15.5 Acta2-Cre;mTmG lungs
immunostained for GFP, Ecad, and αSMA. Scale bars indicate 500 μm. (B-C) E15.5 Acta2-Cre;mTmG lung and intestine immunostained for GFP, Ecad, and αSMA. Scale
bars indicate 50 μm. (D) Number of GFPþ cells per field of view in the smooth muscle, epithelium, and mesenchyme of the lungs and intestine. (E) E15.5 Myh11-
Cre;mTmG lungs immunostained for GFP, Ecad, and αSMA. Scale bars indicate 500 μm. (F-G) E15.5 Myh11-Cre;mTmG lungs and intestine immunostained for GFP,
Ecad, and αSMA. Scale bars indicate 50 μm. (H) Number of GFPþ cells per field of view in the smooth muscle, epithelium, and mesenchyme of the lungs and intestine.
(I) E15.5 Tagln-Cre;mTmG lungs immunostained for GFP, Ecad, and αSMA. Scale bars indicate 500 μm. (J-K) E15.5 Tagln-Cre;mTmG lungs and intestine immunostained
for GFP, Ecad, and αSMA. Scale bars indicate 50 μm. (L) Number of GFPþ cells per field of view in the smooth muscle, epithelium, and mesenchyme of the lungs and
intestine. p values obtained using ANOVA. Error bars show s.d.
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within the epithelium (Fig. 4I-L). To confirm that Acta2, Myh11, and
Tagln are not expressed in cell types other than smooth muscle in the
embryonic lung and intestine, we examined published single-cell RNA-
sequencing (scRNA-seq) datasets (Fazilaty et al., 2021; Goodwin et al.,
2022a). We found that Acta2, Myh11, and Tagln are only expressed by
smooth muscle cells of the lung at E11.5 and by smooth muscle cells of
the intestine E14.5 (Fig. 4M–R). The patterns of GFP expression therefore
indicate leakiness of these Cre lines, particularly in cell types of the
embryonic lung.

We also examined later stages of development to determine whether
the patterns of Cre expression are refined over developmental time. In
E15.5 Acta2-Cre;mTmG lungs and intestines, we again found very few
GFPþ cells, indicating low Cre activity in these organs, despite the robust
expression of αSMA (Acta2) (Fig. 5A–D). In E15.5Myh11-Cre;mTmG lungs,
we observed a surprising pattern of GFPþ cells. While some smoothmuscle
cells were labelled, as intended, a large subset of epithelial cells were also
GFPþ (Fig. 5E–F, H). We observed this pattern in different lobes of the
same lung and in lungs from different embryos, suggesting a high degree of
leakiness of theMyh11-Cre driver. In contrast, we found that E15.5Myh11-
Cre;mTmG intestines have robust GFP expression in the smooth muscle
layer and, unlike the lung, do not have any GFPþ epithelial cells
(Fig. 5G–H). Finally, we examined GFP expression in E15.5 Tagln-
Cre;mTmG lungs and intestines. Similar to E12.5, we found sporadic GFPþ

cells in the mesenchyme, smooth muscle, and epithelium (Fig. 5I-L).
Overall, these data show that none of the smooth muscle-specific Cre lines
we investigated are active specifically or robustly in embryonic smooth
muscle cells: Acta2-Cre activity is low,Myh11-Cre is higher but absent from
early smooth muscle and often active in the airway epithelium, and Tagln-
Cre is active in an apparently random set of cell types.
3.4. Smooth muscle-specific Cre lines show different levels of activity in
vascular smooth muscle of the embryonic lung

The three Cre lines we explored here are also expected to target
vascular smooth muscle. We therefore determined whether Cre was
active in pulmonary vascular smooth muscle using the mTmG reporter.
At E12.5, vascular smooth muscle is restricted to the proximal part of the
lung and wraps the blood vessels running alongside the primary bronchi.
Acta2-Cre;mTmG lungs lacked any GFPþ cells in the vascular smooth
muscle layer (Supplementary Fig. 1A), and Myh11-Cre;mTmG lungs
showed sparse expression of GFP in vascular smooth muscle cells (Sup-
plementary Fig. 1B). Consistent with the low levels of Cre activity in
vascular smooth muscle at E12.5, Acta2-Cre;DTAfl/þ and Myh11-Cre;D-
TAfl/þ lungs have normal levels of vascular smooth muscle (arrowheads
in Fig. 1A, G). Furthermore, Acta2-Cre;DTAfl/þ and Myh11-Cre;DTAfl/þ

lungs appear completely normal at E15.5, suggesting that vascular
smooth muscle was either not ablated or is not required for the pseu-
doglandular stages of lung development. Tagln-Cre;mTmG lungs showed
the most GFPþ cells within the vascular smooth muscle layer (Supple-
mentary Fig. 1C), but the phenotype at E15.5 could not be confirmed
because of embryonic lethality before E10.5. These three Cre lines
therefore also appear to be unsuitable for studying the role of vascular
smooth muscle in embryonic lung development.

4. Conclusions

Efforts to genetically ablate airway smooth muscle in the embryonic
lung using DT-based mouse models were hampered by poor activity of
smooth muscle-specific Cre drivers in the embryonic lung. The Acta2-Cre
line was originally generated using the Acta2 promoter and showed
minimal activity in the adult kidney under healthy conditions and some
activity in fibrosis (LeBleu et al., 2013). The Myh11-Cre line was gener-
ated using the Myh11 promoter and included an EGFP reporter to visu-
alize cells with Cre expression (Xin et al., 2002). EGFP is robustly
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expressed in the smooth muscle cells of many organs, but expression in
epithelial cells has not previously been reported. The stark differences in
Myh11-Cre activity in the embryonic lung and intestine are surprising and
suggest that this line may be suitable for studies of intestinal but not
airway smooth muscle. Finally, the Tagln-Cre line was generated using
the Tagln promoter (Holtwick et al., 2002). The highest levels of Cre
activity were detected in the aorta, intestine, and uterus, and Cre activity
in non-smooth muscle cells has not been previously reported. The leak-
iness of this Cre line in both the embryonic lung and intestine suggest that
it may not be suitable for studies of smooth muscle in these organs. There
is an alternative Tagln-Cre line that was also generated using the Tagln
promoter; a LacZ reporter shows that Cre is active in bronchial smooth
muscle in the adult, but activity in the embryonic lung has not been
examined (Lepore et al., 2005). To our knowledge, this line is not
commercially available. The genomic locations of these transgenic in-
sertions are unknown, raising the possibility that they are located in re-
gions with minimal chromatin accessibility in the embryo, leading to
very low expression of Cre recombinase despite high levels of expression
of Acta2, Myh11, and Tagln. Similar issues with a lack of specificity and
leakiness have been reported with the Myh11-CreERT2 line, which also
causes transcriptomic changes in the murine aorta (Warthi et al., 2022).

To better target airway smooth muscle, Cre lines could be designed
keeping in mind the temporal sequence in which genes are expressed
during the smooth muscle differentiation trajectory (Goodwin et al.,
2022a). Alternatively, introducing the sequence encoding Cre recombi-
nase into the endogenous loci of genes of interest might lead to better
matched patterns of Cre expression. Furthermore, the Cre lines we tested
here are also expected to target vascular smooth muscle, making it
difficult to isolate specific effects of airway smooth muscle. Overall, ge-
netic strategies for targeting airway smooth muscle in the embryonic
lung are sorely lacking, which complicates efforts to dissect the molec-
ular and physical mechanisms by which this tissue influences the airway
epithelium in vivo.
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