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Summary

The esophagus and trachea arise from the dorsal and ventral aspects of the anterior foregut,
respectively. Abnormal trachea-esophageal separation leads to the common birth defect
esophageal atresia with/without tracheoesophageal fistula (EA/TEF). Yet the underlying cellular
mechanisms remain unknown. Here, we combine Xernopus and mouse genetic models to identify
that the transcription factor Isl1 orchestrates tracheaesophageal separation through modulating a
specific epithelial progenitor cell population (midline epithelial cells-MECs, Isl1+ Nkx2.1+
Sox2+) located at the dorsalventral boundary of the foregut. Lineage tracing experiments show
that MECs contribute to both tracheal and esophageal epithelium, and Isl1 is required for Nkx2.1
transcription in MECs. Deletion of the chromosomal region spanning the /SL 1 gene has been
found in patients with abnormal trachea-esophageal separation. Our studies thus provide definitive
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evidence that /SL1is a critical player in the process of foregut morphogenesis, acting in a small
progenitor population of boundary cells.
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The disease mechanism of the birth defect esophageal atresia with/without tracheoesophageal
fistula remains largely unknown. Kim et al. used Xenopus and mouse genetic models to show that
an Isl1-Nkx2.1 axis regulates a midline epithelial progenitor cell population that orchestrates
tracheo-esophageal separation.
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Introduction

Generation of the trachea and esophagus from the early foregut tube requires the coordinated
function of multiple signaling pathways and transcription factors that are expressed in
specific domains along the dorsal-ventral axis (Goss et al., 2009; Harris-Johnson et al.,
2009; Minoo et al., 1999; Morrisey and Hogan, 2010; Que, 2015; Que et al., 2006; Que et
al., 2007). For example, Wnt2/2b, Bmp4 and Nkx2.1 are enriched in the ventral foregut that
will give rise to the trachea and lungs (Domyan et al., 2011; Goss et al., 2009; Minoo et al.,
1999; Que et al., 2006). By contrast, the BMP signaling inhibitor Noggin and the
transcription factor Sox2 are preferentially expressed in the dorsal foregut that gives rise to
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the esophagus (Que et al., 2006; Que et al., 2007). Mouse genetic studies have shown that
disruption of this expression pattern leads to abnormal trachea-esophageal separation
(Domyan et al., 2011; Goss et al., 2009; Harris-Johnson et al., 2009; Malmstrom et al., 2008;
Minoo et al., 1999; Morrisey and Hogan, 2010; Que, 2015; Que et al., 2006; Que et al.,
2007). The resulting phenotypes recapitulate the common birth defect Esophageal Atresia
with/without Trachea-Esophageal Fistula (EA/TEF) which affects approximately 1 in 3000
newborns (Fragoso and Tovar, 2014; Malmstrom et al., 2008). However, the cellular
mechanisms regulating trachea-esophageal separation remain largely unknown.

Recent studies have shown that the dorsal-ventral patterning of some signaling pathways and
transcription factors is conserved in the Xenopus foregut during trachea esophageal
separation. For example, Sox2 and Nkx2.1 are respectively enriched in the epithelium of
dorsal and ventral foregut of Xenopus embryos and their loss leads to abnormal separation
of the trachea from the esophagus (Rankin et al., 2016; Rankin et al., 2015). These findings
suggest a conserved genetic mechanism controlling foregut development in both mouse and
frog embryos. Here, we took advantage of this conserved developmental mechanism to
identify the transcription factor Isl1 as a critical player regulating trachea-esophageal
separation. Significantly, we find an epithelial progenitor population that co-expresses Sox2,
Nkx2.1 and Isl1 in the dorsal-ventral boundary of the anterior foregut. Our lineage tracing
studies demonstrate that this unique population contributes to both tracheal and esophageal
epithelium. Deletion of /s/Z in this population results in the formation of EA/TEF. Our
further analysis suggests that Isl1 regulates expression of Nkx2.1 in these epithelial
progenitor cells.

A screen of dorsal-ventral differentially expressed transcription factors identifies Isl1 as a
regulator of trachea-esophageal separation

In mouse, the trachea and esophagus are separated approximately at embryonic (E) 9.5-
E11.5. Some genes including Sox2and NkxZ2.1 continue to be differentially expressed in the
nascent trachea and esophagus right after separation (at E11.5) (Figure 1A). We reasoned
that comparison of genes differentially expressed in the E11.5 esophagus and trachea can
provide us leading information about dorsal-ventral differential genes in the E9.5 foregut. To
identify genes potentially playing a role in foregut morphogenesis we performed microarray
analysis using tracheas and esophagi isolated from the mouse embryo soon after separation
at E11.5 (n=3 for each group). 187 genes were differentially expressed in the two tissues
(=1.5 fold, Table S1). Annotation using PANTHER (Protein Analysis Through Evolutionary
Relationships) identified a significant number of genes encoding components of biological
processes such as developmental regulation, cell adhesion, matrix composition and
remodeling, proliferation and cell growth, some of which have already been implicated in
foregut morphogenesis (Figures 1B and S1A) (Fausett et al., 2014; Li et al., 2007; Que et al.,
2006). As expected, genes such as Sox9, Wnt7b, and the BMP signaling downstream targets
1d1, 1d3are preferentially expressed in the respiratory organs (Table S1)(Hines et al., 2013;
Jen et al., 1996; Rajagopal et al., 2008; Shu et al., 2002). Conversely, the transcript levels of
genes including Pitx1, Sox21, Sox2and p63are enriched in the E11.5 esophagus (Table S1)
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(Que et al., 2009; Zhang et al., 2016). Results from the microarray analysis were confirmed
by gPCR and immunostaining (Figures 1A, C-D and S1B).

Among the differentially expressed genes we identified 32 that encode transcription factors
(Table 1). Survey of the literature definitively excluded EA/TEF as a null mutant phenotype
of most of these genes (Table 1). However, no information is available for Isl1 and Sall1.
Isl1 was of particular interest because we found that it is expressed in the epithelium and
mesenchyme of the mouse trachea but not the esophagus at E11.5 (Figure 1E). In addition,
at E9.5 Isl1 expression is limited to the epithelium and mesenchyme of the ventral foregut
where the trachea arises (Figure 1F and S1C). We also noted that epithelial cells located at
the dorsal-ventral boundary in the E9.5 foregut co-express Isl1 and Sox2 (Figure 1F and
S1C).

We therefore tested the function of Isl1 (as well as Sall1) using morpholino knockdown in
the Xenopus laevis embryo. We included two controls, Ovol2 (Ovo Like Zinc Finger 2), a
transcription factor not differentially expressed and Mrpl24 (mitochondrial ribosomal
protein L24), a protein ubiquitously expressed. Embryos were injected with antisense
morpholinos at the 16-cell stage and analyzed after hatching at developmental stage 41. This
stage was chosen because prior studies had shown that Sox2 and Nkx2.1 are differentially
expressed at 50 hpf (stage 36) before separation (Rankin et al., 2016), and that this pattern is
maintained after the completion of tracheaesophageal separation at state 41 (Figures 1G and
S1D). As expected, we found that morpholino-mediated knockdown of Nkx2.1 led to
abnormal separation (Rankin et al., 2016). Knockdown of Sall1, Ovol2 and Mrpl24 did not
cause abnormal tracheaesophageal separation (at least 12 for each, data not shown). By
contrast, knockdown of /s/1 disrupted X. /aevis trachea-esophageal separation (n=8/14,
Figure 1H).

Is|1 deletion leads to EA/TEF and lung lobe fusion in Shh-Cre;Is|1!/0%P/10XP mouse mutants

Given this finding with X, /aevis embryos we proceeded to investigate the role of isl1 in
mouse foregut development. Isl1 is a LIM homeodomain transcription factor critical for the
development of multiple organs including the pancreas and heart (Ahlgren et al., 1997; Bu et
al., 2009; Cai et al., 2003; Cho et al., 2014; Moretti et al., 2006; Pan et al., 2008). /s/Z null
mutants die at approximately E10.5 due to severe heart problems (Ahlgren et al., 1997).
Thus far the role for /s/1 in foregut development remains undetermined. At E9.5 Isl1
expression is limited to the epithelium and mesenchyme of the ventral foregut (Figure 1F).
Following the completion of trachea-esophageal separation, Isl1 is expressed in the trachea
but not the esophagus (Figure 1E). While Isl1 remains to be highly expressed in the ventral
epithelium and mesenchyme of the trachea at E13.5 (Figure S2C), low levels of Isl1 are
detected in the epithelium of the budding lung tips (Figure S2D). At E14.5 Isl1 expression in
the lung epithelium falls below detectable levels although Isl1 remains to be expressed in the
mesothelium (Figure S2A). We generated Shh-Cre;1s/1/0X710X0 mutants where /s/1 is deleted
in the foregut endoderm prior to trachea-esophageal separation. At E9.5-E10.5 Shh-Creis
specifically active in the ventral foregut epithelium as evident by the lacZ reporter activities
in Shh-Cre;R26/%°Z embryos (Figure S2B). In line with this finding Isl1 expression is lost in
the epithelium of the ventral foregut in E9.5 Shh-Cre,/s/1/0XP/10xP mutants (n=9, Figure 2A),
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and the expression is also lost in the epithelium of the trachea and lung at E13.5 (Figure
S2C,D). Mutants die at birth likely due to issues in other organs such as heart and brain
where Shh-Creis also active. Significantly, approximately 50% (18/36) of all mutants
examined at various embryonic stages demonstrate abnormal separation of the trachea and
esophagus, leading to the formation of proximal EA with distal TEF (Figure 2B). Although
Isl1 has been shown to regulate the proliferation of pharyngeal endodermal cells (Cai et al.,
2003), the proliferation of epithelial progenitor cells for trachea and esophagus seems
unaffected in Shh-Cre;1s/1/0%/10X0 mutants at E9.5 and E10.5 (at least 3 pairs of mutants and
controls for each timepoint, p>0.05, Figure S3A). We also examined apoptotic cells with
cleaved caspase 3 and did not observe significant changes between mutants and controls at
E9.5 and E10.5 (Figure S3B and data not shown). In addition, we deleted /s/Z in the
mesenchyme with Dermol-Cre and did not observe abnormal separation of the trachea and
esophagus, although the right lung lobes appear dysmorphic (n=7, Figure S3C).

Deletion of /s/1 with Shh-Cre caused the fusion of all four right lung lobes in all mutants
(36/36) (Figure 2C). Branching morphogenesis seems delayed in all mutants when examined
at E13.5 (Figure S3D). Notably, EA/TEF is often associated with lung lobe fusions (e.g.
horseshoe lung) and long-term respiratory problems in patients (Legrand et al., 2012;
Sistonen et al., 2010; Wales et al., 2002). We therefore determined whether loss of Isl1
affected the differentiation of lung epithelium. In the intrapulmonary airways the numbers of
club and ciliated cells are not significantly different between mutants and controls (Figure
2C). In addition, loss of Isl1 did not affect the development of alveolar cells (type I cells-
T1a, type Il cells-SpC)(Figure 2C). Together these results suggest that Isl1 is required for
trachea-esophageal separation. Our data also demonstrate that Isl1 regulates lung lobation
but not epithelial differentiation.

Isl1 in a midline epithelial population (Nkx2.1+ Isl1+ Sox2+) located at the dorsalventral
boundary foregut is critical for trachea-esophageal separation and lung lobation

We previously showed that the midline epithelium moves towards the center of the lumen to
form a septum that divides the anterior foregut into the trachea and esophagus (Figures 3A—
B and S4A-B)(Que, 2015; Que et al., 2006). Formation of the septum involves cell
intercalation and some Nkx2.1+ cells incorporate into the ventral epithelium of the nascent
esophagus (1~2 Nkx2.1+ cells per cross-section, Figures 3A-C and S4A-C). Notably, Isl1+
cells are also present in the nascent esophagus (Figure 3D), and Sox2+ cells are present in
the dorsal epithelium of the nascent trachea (Figures 3C-D). To confirm the contribution of
Nkx2.1+ cells to the esophageal epithelium we performed lineage tracing using a knockin
Nkx2.1-CreER mouse line. When a single dose of Tamoxifen was given at E8.5 (prior to
foregut separation), a cluster of Xgal+ epithelial cells were observed in the ventral
epithelium of the esophagus (Figures 3E-F). By contrast, when two doses of Tamoxifen
were injected at E8.5 and E9.5, clusters of Xgal+ epithelium are present in two separate
spots (n=3, Figures 3G and S4D), suggesting that each injection induces genetic
recombination in a short-time window and that Nkx2.1 expression is transient in these
esophageal cells (Figures 3G and S4D). The findings confirmed that a small number of
Nkx2.1+ airway epithelial cells incorporate into the esophagus during trachea-esophageal
separation. In addition, in the same littermates Xgal+ spots are located in the stomach of
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some embryos (Figure S4D), suggesting that lung-stomach separation occurs prior to
trachea-esophageal separation. By contrast, when Tmx is administrated at E10.5, no Xgal+
cells were observed in the esophagus (Figure S4E), further confirming that Nkx2.1
expression is transient.

Since Isll is also expressed in the septum formed by the midline epithelial cells (MECs,
Nkx2.1+ Isl1+ Sox2+ (Figure 3D), we asked whether Isl1 expression there is critical for the
separation process. We addressed this issue by using a Sox2-CreER knockin mouse line
which only targets the dorsal and MECs when a single low dose of Tamoxifen was injected
at early E8.5 (Figure 4A). Lineage labeled epithelial cells intercalate to form the septum at
E10.5 and contribute to the dorsal epithelium of the trachea (Figure 4A). Significantly, EA/
TEFs develop in 100% Sox2-CreER;[s/1/0%0/10X0 mutants (n=9, Figures 4B and S4F),
confirming that Isl1 expression in the MECs is critical for trachea-esophageal separation. In
addition, all of the Sox2-CreER;/s/1/0XP/10xP mutants present fusion of right lung lobes
(Figure S4G).

Isl1 regulates expression of Nkx2.1 in MECs during trachea-esophageal separation

We next examined expression of Nkx2.1 and Sox2 in the boundary epithelial population
following /s/1 deletion. We found that the levels of Sox2 are moderately reduced (Figures
4C-D). By contrast, the levels of Nkx2.1 were dramatically reduced in the MECs of Shh-
Cre;Is/17ox0/Ioxp muytants at E9.5 (Figure 4C). Notably, the levels of Nkx2.1 in some ventral
epithelial cells are also reduced which may contribute to the lung lobation defect (Figures
4C). Consistent with the potential regulation of Nkx2.1 by Isl1, the levels of Nkx2.1 are also
decreased in the MECs of Sox2-CreER;[s/1/0%/10X0 mutants following Tamoxifen induction
(Figure 4D).

To further test whether Isl1 regulates the transcription of Nkx2.1 we examined the regulatory
region of the NVkx2.1 gene. One Isl1 consensus binding motif ( 7AAT) was identified within
the 400bp Nkx2.1 promoter element (Figure 4E). To assess whether this region is critical for
the transcription regulation of Nkx2.1, we performed luciferase assays in two cell lines, the
immortalized mouse lung epithelial cell line MLE-15 which expresses the AMkxZ2.1 gene and
the hamster islet cell line HIT-T15. Transfection of Isl1 expressing plasmids leads to a
significant increase in the luciferase activities in both cell lines (Figure 4E). Conversely,
mutation of the potential binding site (TAAT — GCCG) abolishes the transcription
regulation (Figure 4F). We further confirmed that Isl1 binds to the regulatory region of the
Nkx2.1 gene using Chromatin Immunoprecipitation (ChlP) assay. Significant enrichment of
Isl1 was observed (approximately three folds) as detected by ChIP-PCR (Figure 4G).
Together these findings support that Isl1 regulates the transcription of Nkx2.1 during
trachea-esophageal separation.

Discussion

Generation of the esophagus and trachea from the early anterior foregut involves cell
movement, coordinated cell proliferation and differentiation. Here, we used a combined frog
and mouse genetic models to identify the transcription factor Isl1 as a regulator of trachea-
esophageal separation. We also defined a dorsal-ventral boundary epithelial progenitor
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population (MECs, Isl1+ Sox2+ Nkx2.1+) which contributes to both tracheal and esophageal
epithelium. Deletion of /s/Z in this population leads to the formation of EA/TEF and lung
lobation defects. Our further analysis revealed that Isl1 is required for Nkx2.1 expression in
these midline cells.

Conserved molecular mechanisms regulating trachea-esophageal separation in Xenopus
and mouse embryos

Frog and mouse foregut share similar expression of multiple signaling molecules and
transcription factors (Rankin et al., 2016; Rankin et al., 2015). In the accompanying
manuscript Dr. Zorn group further confirms the conserved function of Shh/Gli signaling in
foregut morphogenesis (Nasr et al.). Here, we found that blocking Isl1 function results in
abnormal separation in both frog and mouse embryos. Our studies emphasize that the
combined use of frog and mouse genetic models is powerful for identifying players in the
regulation of foregut morphogenesis. Along this line our microarray data include genes
regulating cell-cell adhesion, matrix production which have been linked to trachea-
esophageal separation (Fausett et al., 2014; Li et al., 2007; Que et al., 2006). Interestingly,
some of these genes (e.g. troponin | type 1 (71n4)) contain Isl1 binding sites (Table S2), and
in the future it will be interesting to test the function of these genes during foregut
morphogenesis using genetic manipulations in combined animal models.

Lineage tracing indicates that respiratory cells contribute to the esophageal epithelium

Our immunobhistological study suggests a mixing of epithelial progenitor cells during the
formation of the septum (barrier) to divide the anterior foregut into the trachea and
esophagus. In this process, the MECs (Isl1+ Nkx2.1+ Sox2+) in the dorsal-ventral boundary
region moves towards the center from the lateral sides, involving epithelial intercalation and
incorporation. Our lineage tracing results demonstrate that some Nkx2.1+ lineage-derived
epithelial cells incorporate into the epithelium of the esophagus and lesser curvature of the
stomach. Our data further suggest that expression of Nkx2.1 in the esophageal epithelium is
transient. Otherwise a stream of lineage labeled cells should be observed. Presence of the
MECs-derived cells in the esophagus is intriguing in that these cells may offer an etiology
explanation of inlet patch, which is a congenital anomaly characterized by the presence of
columnar cells in the esophagus, especially in the upper part of the tube (Di Nardo et al.,
2016). Inlet patch can produce acid like the gastric tissue and is found in up to 10% of the
population undergoing endoscopy inspection. Consistent with our lineage tracing data, inlet
patches are mostly solitary and extend longitudinally, affecting only part of the
circumference (Behrens and Yen, 2011). It is possible that the boundary population-derived
cells fail to switch off the respiratory genes like NkxZ2.1 and partially maintain the columnar
cell identity, giving rise to the columnar cells in the inlet patches. Conversely, a recent study
has shown that downregulation of Nkx2.1 leads to the expression of gut genes in the lung
alveolar epithelium (Tata et al., 2018). In this study it is possible that the epithelium
amenable to fate switch is originated from the gastric tissue during lung-stomach/esophageal
separation.
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Isl1 function in foregut morphogenesis

Isl1 is critical for the development of multiple tissues including pancreas and brain (Ahlgren
etal., 1997; Bu et al., 2009; Cai et al., 2003; Cho et al., 2014; Moretti et al., 2006; Pan et al.,
2008). We found that deletion of /s/Z leads to the formation of EA/TEF accompanied by
lung lobe fusion. Co-existence of EA/TEF and lung lobation defects is common in both
human patients and mouse genetic models. For example, deletion of genes including
Nkx2.1, Shhand its downstream targets G//s results in abnormal separation and lobation
defects (Litingtung et al., 1998; Minoo et al., 1999; Motoyama et al., 1998). Our analysis
further revealed that Isl1 regulates the transcription of Nkx2.1, and that /s/Z deletion leads to
the reduced expression of NMkxZ2.1 in the foregut including the lung progenitor cells. Nkx2.1
is known to regulate the differentiation of multiple lung lineages including alveolar
epithelium (SpC+), in addition to trachea-esophageal separation (Bohinski et al., 1994;
Minoo et al., 2007). Our data suggest that Isl1 regulation of Nkx2.1 is critical for lung
lobation, but not for lung epithelial differentiation. This is consistent with the transient
expression of Isl1 which persists until late E13.5, prior to the initiation of epithelial
differentiation in the developing lung (Morrisey and Hogan, 2010). Therefore, it is possible
that Nkx2.1 is regulated by other transcription factors or signaling molecules during alveolar
differentiation.

In summary, our findings provide direct genetic evidence that /s/Z gene mutation underlies
the formation of EA/TEF. We further determined the underlying cellular mechanisms and
identified an epithelial progenitor population (MEC) that plays a critical role in mediating
trachea-esophageal separation. We demonstrated that Isl1 regulates the transcription of
Nkx2.1 in this unique population. It is noteworthy that chromosomal deletions at 5q11.2
encompassing the /SL1 gene (and other genes) are found in patients with abnormal trachea-
esophageal separation (de Jong et al., 2010). Now our studies provide definitive evidence
that /SL 1 is the key gene in this chromosomal region regulating foregut morphogenesis.
These findings offer opportunities for early diagnosis and intervention of EA/TEF and
associated lung abnormalities.

Lead Contact and Materials Availability

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Jianwen Que (jg2240@cumc.columbia.edu). This study did
not generate any new unique reagents.

Experimental Model and Subject Details

Mice

All animal experiments were conducted in accordance with procedures approved by the
Institutional Animal Care and Use Committee at Columbia University and the University of
Rochester. The Shh-Cre, Sox2-CreER, Nkx2.1-CreER, Dermol-Cre, Is/1loxp and R26-lacZ
(GI(ROSA)2650r'™m1501) mouse lines were previously described (Arnold et al., 2011; Harfe
et al., 2004; Pan et al., 2008; Soriano, 1999; Taniguchi et al., 2011; Yu et al., 2003).
C57BL/6 wildtype mice were purchased from Jackson Laboratory. To lineage trace Sox2*

Dev Cell. Author manuscript; available in PMC 2020 December 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kim et al.

Page 9

and Nkx2.1* cells, female mice carrying Sox2-CreER;R26-LacZ and Nkx2.1-CreER;R26-
LacZ embryos were injected with Tamoxifen (0.1mg/g body weight) intraperitoneally at
E8.5 and E9.5. To delete /s/1 in the midline epithelium of the foregut, female mice carrying
Sox2-CreER;[s/1/%7/10xp embryos were injected with Tamoxifen (0.1mg/g body weight)
intraperitoneally at E8.5.

Xenopus—X. /aevis embryos were obtained and raised at the X. /aev/s research resource
for immunology at the University of Rochester (https://www.urmc.rochester.edu/
microbiology-immunology/xenopus-laevis.aspx) using standard procedures and staged
according to Nieuwkoop and Faber (1967). The antisense morpholino oligonucleotides
(MOs) for X. laevis were obtained from Gene Tools, LLC. Morpholinos (10 ng) were
injected into 16 cells stage X. /aevis embryos and analyzed at stage 41. Morpholinos are
listed in the Key Resources Table. All experiments were repeated at least three independent
times with similar results.

METHOD DETAILS

Tissue preparation, Histology and Immunostaining

Tissues (mouse and X. /aevis) processing and immunostaining were performed as previously
described (Hou et al., 2019; Jiang et al., 2017; Rankin et al., 2016; Zhang et al., 2018).
Briefly, samples were harvested in PBS and fixed in 4% paraformaldehyde at 4°C overnight.
After fixation, samples were dehydrated with ethanol and embedded in paraffin for
sectioning. 7 um sections were cut from paraffin-embedded blocks. The primary antibodies
used for immunostaining include: mouse anti-Isl1 (1:50, Developmental Studies Hybridoma
Bank, 40.2D6); goat anti-1sl1 (1:200, R&D Systems, AF1837); mouse anti-p63 (1:500,
Biocare Medical, CM163B), rabbit anti-Nkx2.1 (1:500, Abcam, ab76013); rat anti-Sox2
(1:250, Thermo Fisher Scientific, 14-9811-82); goat anti-Sox9 (1:200, R&D Systems,
AF3075); rabbit anti-pHH3 (1:250, Sigma-Aldrich, H9908); mouse anti-CC10 (1:200, Santa
Cruz Biotechnology, sc-365992); mouse anti-Acetylated Tubulin (1:100, Sigma-Aldrich,
T7451); hamster anti-T1a (1:200, Developmental Studies Hybridoma Bank, 8.1.1); rabbit
anti-SPC (1:200, Abcam, ab90716). Fluorescent secondary antibodies used for detection and
visualization include: donkey anti-mouse IgG Alexa Fluor 488 (A-21202); donkey anti-rat
1gG Alexa Fluor 488 (A-21208); donkey anti-rabbit IgG Alexa Fluor 488 (A-21206); donkey
anti-rabbit IgG Alexa Fluor 555 (A-31572); donkey anti-mouse 1gG Alexa Fluor 555
(A-31570); goat anti-hamster 1gG Alexa Fluor 546 (A-21111); donkey anti-rabbit 1gG Alexa
Fluor 647 (A-31573); all from Thermo Fisher Scientific. For Hematoxylin and Eosin
staining, paraffin sections were deparaffinized and rehydrated. Sections were treated with
Mayer’s Hematoxylin for 1 minute, followed by treated with Alcoholic-Eosin for 1 minute.
Images were obtained using a Nikon SMZ1500 Inverted microscope (Nikon). Confocal
images were obtained with a Zeiss LSM 710 confocal laser-scanning microscope (Carl
Zeiss).

Whole-mount Staining

Whole-mount stating was performed as previously described (Que et al., 2006). Tissue
samples were fixed in 4% paraformaldehyde at 4°C for 30 minutes. Tissues were blocked for
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1 hour with blocking solution and incubated with rat anti-E-cadherin primary antibody
(1:1000, Sigma-Aldrich, U3254), followed by incubation with biotinylated or fluorescent
secondary antibody at room temperature. Tissues that were incubated with biotinylated
secondary antibody were incubated with avidin-biotin-peroxidase complex (Vector
Laboratories, PK-4000) and incubated in DAB solution (Vector Laboratories, SK-4100).

X-gal Staining

The trachea, esophagus, and embryos were fixed in 4% paraformaldehyde at 4° for 30
minutes, followed by X-gal staining overnight at 37°C. X-gal-stained samples were
postfixed in 4% PFA at 4°C overnight, and dehydrated with ethanol and embedded in
paraffin for sectioning.

Cell Culture and Luciferase Assay

The mouse lung epithelial cell line MLE-15 was provided by Dr. Jining Lu in the
Department of Medicine, Columbia University. The pancreatic beta cell line HIT-T15 was
purchased from ATCC. Cells were cultured in RPMI 1640 medium (Thermo Fisher
Scientific) supplemented with 10% FBS. The pCMV-IsI1 plasmid was purchased from
OriGene. To test whether the Nkx2.1 promoter is regulated by /s/Z, a 0.4 kb promoter region
of the Nkx2.1 gene was cloned into the pGL3 luciferase report vector, and then co-
transfected into cells with pPCMV-YFP or pCMV-Isl1 plasmids. The following primers were
used: forward, 5’-CGTGAAGGTACCCTCTCTTTGAGACCTAAA-3’; reverse, 5’-
GCAAGTCTCGAGACATGATTCGGCGTCGGC-3’. Point mutation of the potential
binding sites was generated by site-directed mutagenesis using GeneArt Site-Directed
Mutagenesis Kit (Thermo Fisher Scientific) with the following primers: forward, 5’-
GTCATCAGCATGTAAGCTAATTATCTCGGGCAAGATGT-3’; reverse, 5’-
ACATCTTGCCCGAGATACGGCGCTTACATGCTGATGAC-3’. Luciferase activity was
determined 48 hours after transfection using the Dual-Luciferase Reporter Assay Kit
(Promega) and the GloMax-Multi Detection System (Promega).

Microarray Analysis

Total RNA was extracted from pooled tracheas or esophagi of E11.5 C57BL/6 wildtype
embryos with RNeasy Micro Kit (Qiagen), and RNA quality was checked with a 2100
Bioanalyzer (Agilent Technologies). Three paired RNA samples for trachea and esophagus
was amplified and labeled using the Ovation RNA Amplification Kit V2 and FL-Ovation
Biotin V2 (NUGEN) by the Duke Microarray Facility. Standard Affymetrix protocols and
mouse genomic 430 2.0 chips were used. The array datasets were imported into
Bioconductor in the R software environment and preprocessed using robust multichip
averaging. Calculation of fold change and t tests was performed for each probe set between
the trachea and esophagus groups, and fold change >1.5 were annotated.

Quantitative Real-Time Polymerase Chain Reaction

The tracheas and esophagi were isolated from E11.5 wild type embryos. RNA was isolated
using the PicoPure RNA Isolation Kit (Thermo Fisher Scientific), and RNA reverse
transcription was performed using the SuperScript IV First-Strand Synthesis Kit (Invitrogen)
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according to the manufacturer’s instructions. cDNA was subjected to quantitative real-time
polymerase chain reaction (QPCR) using the StepOnePlus Real-Time PCR Detection System
(Applied Biosystems) and iTaq Universal SYBR Green Supermix (Bio-Rad). The primers
used for gPCR are listed in the Key Resources Table. The transcript levels of genes were
normalized to beta-actin expression. All gPCR experiments were performed in triplicate.

Chromatin Immunoprecipitation Assay

For chromatin immunoprecipitation assay, the small cell lung cancer cell line H1882 was
purchased from ATCC. ChIP assay was performed as previously described using Pierce
Agarose ChIP Kit (Thermo Fisher Scientific) with minor modifications (Huang et al., 2015).
Briefly, the cells were cross-linked with 1% formaldehyde for 10 min at room temperature,
followed by adding 1X Glycine Solution to quench the cross-linking reaction. After two
washes with ice-cold PBS, the cells were detached by scraping and collected and stored for
later use or directly lysed with Lysis Buffer 1. Cell lysate was centrifuged at 9000x g for 3
min to pellet the nuclei, which were then resuspended in MNase Digestion Buffer.
Micrococcal Nuclease (New England Biolabs) was added to digest the DNA to an average
size of ~500 bp at 37°C. MNase Stop Solution was then added and incubated on ice for 5
min. The nuclei were spun down again and resuspended in Lysis Buffer 2. After incubation
for 15 min on ice, the samples were centrifuged at 9000x g for 5 min to remove the cellular
debris. The supernatant was split into halves and incubated with 5ug of Isl1 antibody (R&D
Systems, AF1837) or control goat IgG antibody (R&D Systems, AB-108-C) overnight at
4°C on a rocking platform. 20 ul of protein A/G beads were added to each sample for
incubation for 1hr at 4°C with rocking. Beads were collected and washed once with IP Wash
Buffer 1, twice with IP Wash Buffer 2 and once with IP Wash Buffer 3. Protease inhibitors
were added for the above steps as indicated in the manufacturer’s instruction.
Immunoprecipitated protein-DNA complexes were eluted with IP Elution Buffer at 65°C for
30-40min. Then protein was digested by adding 2ul of 20 ug/ml Proteinase K (Thermo
Fisher Scientific) to each sample in the presence of 0.2M NaCl at 65°C for 1.5hrs. DNA was
recovered using the DNA clean-up columns in the Kit and used for qPCR analysis with a
primer set for amplifying the regulatory region of NkxZ2.1 (forward, 5’-
GCCTCCACTCAAGCCAATTA-3’; reverse, 5’-TCGTGTGCTTTGGACTCATC-3’). The
GAPDH primers from the Kit were used as a negative control.

Quantification and Statistical Analysis

Quantification of Proliferation—After immunostaining for pHH3, images were taken
with a DMI8 inverted microscopes (Leica Microsystems). The total number of epithelial
cells (DAPI positive) and the number of pHH3 positive nuclei in the foregut epithelium were
counted on transverse sections of four controls and six Shh-Cre;/s/1/0%P/10Xp mutants at E9.5
and three controls and three mutants at E10.5 using ImageJ software. The percentage was
obtained by dividing the number of pHH3 positive cells by the total number of epithelial
cells and multiplying by 100.

Statistics—Quantitative data are presented as the mean = SEM. Statistical significance
was determined by Student’s t-tests, and p-values of < 0.05 were considered statistically
significant. For all graphs, asterisks represent statistical significance at the following levels:
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*p < 0.05, **p < 0.01, ***p < 0.001, whereas NS denotes not significant. All data were
analyzed using GraphPad Prism statistical software.

Data and Software Availability

Further information and requests for the datasets generated during this study should be
directed to the Lead Contact Dr. Jianwen Que.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

1. /s/1 disruption leads to abnormal tracheo-esophageal separation in frog and
mouse

2. Nkx2.1 lineage-derived respiratory cells contribute to the esophageal
epithelium.

3. A midline cell population is critical for tracheo-esophageal separation.

4, Isl1 regulates the transcription of Nkx2.1 in the midline epithelial progenitor
cells.
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Figure 1. 191 is differentially expressed in the dorsal-ventral region of the early mouse foregut
and required for trachea-esophageal separation in Xenopus laevis.

(A) Sox2 and Nkx2.1 maintain differential expression pattern in the early mouse foregut
(E9.5-E11.5). (B) Genes differentially expressed in E11.5 mouse trachea and esophagus are
involved in multiple cellular functions as revealed by PANTHER (Protein Analysis Through
Evolutionary Relationships). (C) p63 and Sox9 are enriched in the E11.5 esophagus and
trachea, respectively. (D) gPCR confirms differentially expressed genes in the E11.5 trachea
and esophagus. (E) Isl1 expression is enriched in the epithelium (arrows) and mesenchyme
of the trachea but not esophagus at E11.5. Note the levels of Isl1 are low in the epithelium
compared to the mesenchyme. (F) Isl1 is enriched in the ventral epithelium and
mesenchyme of the mouse foregut at E9.5. Note the co-localization of Sox2 and Isl1 in the
dorsal-ventral boundary cells (arrowheads). (G) Sox2 and Nkx2.1 (arrowheads) are enriched
in the esophagus and trachea of X. /faevisat stage 41. (H) Morpholino-mediated knockdown
of Isl1 in X. /aevis embryos leads to abnormal trachea-esophageal separation (arrow)
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(n=8/14). Abbreviation: es, esophagus; tr, trachea; epi, epithelium; mes, mesenchyme. Scale
bar: 50um. See also Figure S1.
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Figure 2. Deletion of 191 leads to EA/TEF and fusion of right lung lobes.
(A) Isl1 expression is lost in the foregut epithelium but not mesenchyme of Shn-Cre;

Is[1/0xp/1oxp muytants. (B) /s/1 deletion causes EA/TEF formation in approximately 50%
mutants (n=18/36). (C) /s/1 deletion results in fusion of all four right lung lobes in all SAA-
Cre, [s/1/0xP/1oxp mutants (n=36/36). Note expression of airway/alveolar epithelium markers
seems unperturbed in the mutant lung (n=5). Abbreviation: Cr, cranial lobe; Ac, accessory
lobe; Mi, middle lobe; Ca, caudal lobe. Scale bar: 50um. See also Figure S2 and S3.
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Figure 3. Nkx2.1+ lineage derived cells contribute to the esophagus.
(A) The epithelium at the dorsal-ventral boundary (arrows) co-expresses Sox2 and Nkx2.1.

(B) Sox2+ Nkx2.1+ epithelial cells (arrow) are present in the septum and forming
esophagus. (C) Presence of a few Sox2+ Nkx2.1+ epithelial cells (arrow) in the ventral
epithelium of the nascent esophagus. (D) Sox2+ Isl1+ epithelial cells (arrow) are present in
the septum and forming esophagus. (E-G) Nkx2.1-CreER lineage labeled cells contribute to
the ventral epithelium (arrows) of the esophagus. While a single dose of Tamoxifen induces
Xgal+ cells in one location, two doses of Tamoxifen induce Xgal+ cells in two separate
locations (G). Abbreviation: v, ventral; d, dorsal; Tmx, tamoxifen. Scale bar: 50um. See also
Figure S4.
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Figure 4. Isl1 regulation of Nkx2.1 in the boundary population is critical for trachea-esophageal
separation.

(A) Upon a single low dose of Tmx injection at E8.5, Sox2-CreER lineage labeled cells are
present in the dorsal and midline of the foregut at E9.5. At E10.5 lineage labeled cells are
present in the esophagus and forming dorsal trachea. (B) Deletion of /s/Z with Sox2-CreER
leads to EA/TEF in all mutants (n=9). Samples were immunostained with an anti E-cadherin
antibody. (C-D) /s/Z deletion results in decreased levels of Nkx2.1 in Shh-Cre;Is/1/0x0/loxp
and Sox2-CreER);[s/1/0%0/10x0 mutants. Note the decreased levels of Nkx2.1 in the midline
cells (arrows and stars) and some ventral epithelial cells also exhibit reduced levels of
Nkx2.1. (E-F) The Isl1 binding site (TAAT) is critical for the regulation of Nkx2.1
transcription as shown by luciferase assays. Mutation of the site abolishes the regulation.
Note that cell lines were co transfected with Isl1 plasmids. (G) Enrichment of Isl1 binding to
the Nkx2.1 locus as shown by ChIP-qPCR. Scale bar: 50um. See also Figure S4.
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Table 1.

The transcript levels of the transcription factors that are up- or downregulated by >1.5-fold in the E11.5
esophagus Vs trachea

Upregulated in esophagus Downregulated in esophagus
Gene Log, fold change Gene Log, fold change
Sox21 7.58 Sox9 -2.02
Myocd 6.14 a3 -2.41

Pitxl 5.92 Foxc2 -2.49
Trp63 5.69 ld1 -2.72
Foxd1 4.72 Tbx5 -2.75
Nkx6-1 4.05 Lhx6 -2.76
Meox2 3.96 Hoxa5 -3.38
Pitx2 3.95 THx3 -3.94

Irf6 3.79 Tbx2 —4.45

Sox2 3.03 Sall1 -5.02

Kif4 2.46 Irx2 -6.71
Foxf2 2.27 Esrrb -7.25
Foxpl 22 Isl1 -7.7

Kif5 2.06 Myog -43.43

Hicl 1.87

Snai2 1.82

Atbfl 1.72

Foxa2 171
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-p63

Biocare Medical

Cat# CM163B; RRID: AB_10583039

Rat monoclonal anti-E-cadherin

Sigma-Aldrich

Cat#U3254; RRID: AB 477600

Rabbit monoclonal anti-Nkx2.1

Abcam

Cat#ab76013; RRID: AB_1310784

Rat monoclonal anti-Sox2

Thermo Fisher Scientific

Cat#14-9811-82; RRID:
AB_11219471

Goat polyclonal anti-Sox9

R&D Systems

Cat#AF3075; RRID: AB_2194160

Goat polyclonal anti-Isl1

R&D Systems

Cat#AF1837; RRID: AB_2126324

Mouse monoclonal anti-1sl1

Developmental Studies
Hybridoma Bank

Cat#40.2D6; RRID: AB_528315

Rabbit polyclonal anti-pHH3

Sigma-Aldrich

Cat#H9908; RRID: AB_260096

Mouse monoclonal anti-CC10 (E-11)

Santa Cruz Biotechnology

Cat#sc-365992; RRID:
AB_10915481

Mouse monoclonal anti-Acetylated tubulin

Sigma-Aldrich

Cat#T7451; RRID:AB_609894

Hamster monoclonal anti-T1la

Developmental Studies
Hybridoma Bank

Cat#8.1.1; RRID: AB_531893

Rabbit polyclonal anti-SPC

Abcam

Cat#ab90716; RRID: AB_10674024

Goat polyclonal anti-1gG

R&D Systems

Cat#AB-108-C; RRID: AB_354267

Donkey anti-mouse 1gG Alexa Fluor 488

Thermo Fisher Scientific

Cat#A-21202; RRID: AB_141607

Donkey anti-rat IgG Alexa Fluor 488

Thermo Fisher Scientific

Cat#A-21208; RRID: AB_141709

Donkey anti-rabbit IgG Alexa Fluor 488

Thermo Fisher Scientific

Cat#A-21206; RRID: AB_2535792

Donkey anti-mouse 1gG Alexa Fluor 555

Thermo Fisher Scientific

Cat#A-31570; RRID: AB_2536180

Donkey anti-goat IgG Alexa Fluor 555

Thermo Fisher Scientific

Cat#A-21432; RRID: AB_2535853

Goat anti-hamster 1gG Alexa Fluor 546

Thermo Fisher Scientific

Cat#A-21111; RRID: AB_2535760

Donkey anti-rabbit IgG Alexa Fluor 647

Thermo Fisher Scientific

Cat#A-31573; RRID: AB_2536183

Chemicals, Peptides, and Recombinant Proteins

RPMI 1640 Thermo Fisher Scientific Cat#11875119
DAPI Sigma-Aldrich Cat#D9542
Micrococcal Nuclease New England Biolabs Cat#M0247S
Proteinase K Thermo Fisher Scientific Cat#26160
Tamoxifen Sigma-Aldrich Cat#T5648
Critical Commercial Assays

SuperScript IV First-Strand Synthesis System Invitrogen Cat#18091050
Dual-Luciferase Reporter Assay System Promega Cat#E1910
GeneArt Site-Directed Mutagenesis System Thermo Fisher Scientific Cat#A13282

PicoPure RNA Isolation Kit

Thermo Fisher Scientific

Cat#KIT0204

RNeasy Micro Kit

Qiagen

Cat#74004

Pierce Agarose ChIP Kit

Thermo Fisher Scientific

Cat#26156
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REAGENT or RESOURCE SOURCE IDENTIFIER
Microarray data of E11.5 mouse trachea and esophagus This paper Supplemental Table 1

Experimental Models: Cell Lines

Mouse: MLE-15 Laboratory of Jining Lu N/A
Hamster: HIT-T15 ATCC CRL-1777
Human: H1882 ATCC CRL-5903
Experimental Models: Organisms/Strains

Mouse: /s/1/oxn/Toxp (Pan et al., 2008) N/A
Mouse: Shh-Cre (Harfe et al., 2004) N/A
Mouse: Sox2-CreER (Arnold et al., 2011) N/A
Mouse: Nkx2.1-CreER (Taniguchi et al., 2011) N/A
Mouse: Dermol-Cre (Yuetal.,, 2003) N/A
Mouse: R26-lacZ (Soriano, 1999) N/A
Mouse: C57BL/6 Jackson Laboratory JAX:000664
Xenopus laevis wild type University of Rochester N/A
Oligonucleotides

Morpholino: MO-Isl1: ACTATATCAGGTACAGCAATGGGCA Gene Tools N/A
Morpholino: MO-Mrpl24: Gene Tools N/A
TCTCAGGTGCAGAAATGCGTCTGAC

Morpholino: MO-Ovol2: TCTTGCCCTTTTAGTTCACAACTGG Gene Tools N/A
Morpholino: MO-Salll: GCATGTCTCGGAGGAAGCAGCGAAA | Gene Tools N/A
Primer: Id1 Forward: GCTGAACTCGGAGTCTGAAG This paper N/A
Primer: 1d1 Reverse: GCCTCAGCGACACAAGATG This paper N/A
Primer: 1d3 Forward: AGCTTAGCCAGGTGGAAATC This paper N/A
Primer: 1d3 Reverse: TT GGAGATCACAAGTTCCGG This paper N/A
Primer: Isl1 Forward: CAGCAACCCAACGACAAAAC This paper N/A
Primer: Isl1 Reverse: GTCACTCAGTACTTTCCAGGG This paper N/A
Primer: Pitx1 Forward: GGACCAACCTCACTGAACC This paper N/A
Primer: Pitx1 Reverse: TGAACTGCGGCACATAGC This paper N/A
Primer: Sall1 Forward: GCCTCAACATTTCCAATCCG This paper N/A
Primer: Salll Reverse: ATTCAAAGAATTCAGCGCAGC This paper N/A
Primer: Sox21 Forward: ATGCACAACTCGGAGATCAG This paper N/A
Primer: Sox21 Reverse: GTACTTGTAGTCGGGATGCTC This paper N/A
Recombinant DNA

Plasmid: pPCMV-Isl1 OriGene Cat#MR227038
Plasmid: pPCMV-YFP Laboratory of Jianwen Que N/A
Plasmid: pGL3-Basic Promega Cat#E1751
Plasmid: Nkx2.1 Luc wt (pGL3) This paper N/A
Plasmid: Nkx2.1 Luc mt (pGL3) This paper N/A

Software and Algorithms

ImageJ

National Institutes of Health

https://imagej.nih.gov/ij/
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REAGENT or RESOURCE SOURCE IDENTIFIER

Prism 6 GraphPad Software https://www.graphpad.com/scientific-
software/prism/

R Bioconductor https://www.bioconductor.org/
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