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Abstract

Lung endoderm development occurs through a series of finely coordinated transcriptional 

processes that are regulated by epigenetic mechanisms. However, the role of DNA methylation in 

regulating lung endoderm development remains poorly understood. We demonstrate that DNA 

methyltransferase 1 (Dnmt1) is required for early branching morphogenesis of the lungs and for 

restraining epithelial fate specification. Loss of Dnmt1 leads to an early branching defect, a loss of 

epithelial polarity and proximal endodermal cell differentiation, and an expansion of the distal 

endoderm compartment. Dnmt1 deficiency also disrupts epithelial-mesenchymal crosstalk and 

leads to precocious distal endodermal cell differentiation with premature expression of alveolar 

type 2 cell restricted genes. These data reveal an important requirement for Dnmt1 mediated DNA 

methylation in early lung development to promote proper branching morphogenesis, maintain 

proximal endodermal cell fate, and suppress premature activation of the distal epithelial fate.
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Introduction

The lung endoderm is initially specified from a small number of NK2 homeobox 1 (Nkx2.1) 

expressing cells within the ventral anterior foregut endoderm. These Nkx2.1+ endoderm 

cells give rise to the entirety of lung epithelium and are patterned in a proximal-distal 

fashion in part through a process called branching morphogenesis. Throughout this 

temporally regulated process, early endodermal precursors undergo fate decisions along the 

highly patterned proximal-distal axis (Hines and Sun, 2014; Swarr and Morrisey. 2015; 

Whitsett et al., 2019). This patterning serves to spatially restrict proximal from distal 

epithelial progenitors. Proximal epithelial precursors, marked by expression of SRY-box 2 

(Sox2), will give rise to airway lineages, such as ciliated and secretory cells. The distal 

epithelial precursors, marked by SRY-box 9 (Sox9), will ultimately give rise to alveolar 

lineages, alveolar type 1 (AT1) and type 2 (AT2) cells, which form the surface for gas 

exchange and produce pulmonary surfactant respectively. Branching morphogenesis and cell 

fate specification are critical for the proper formation of the mature lung, and perturbations 

in either of these processes can result in rapid perinatal distress or lethality.

Epigenetic mechanisms of gene regulation have been previously shown to play critical roles 

in lung development. Previously, we have demonstrated that chromatin modifying enzymes 

histone deacetylases 1 and 2 (HDAC1/2) are required in the lung epithelium to maintain 

expression of Sox2 and, subsequently, for proximal airway development (Wang et al., 2013). 

Additionally, histone deacetylase 3 (HDAC3) regulates AT1 cell spreading, which is 

required for distal alveolar maturation (Wang et al., 2016a; Wang et al., 2016b). Further, the 

Ezh2 component of the Polycomb repressive complex 2 (PRC2) plays an essential role in the 

development of both epithelial and mesenchymal lineages, where it represses the basal cell 

lineage fate in the epithelium and constrains the smooth muscle cell fate in the mesoderm 

(Snitow et al., 2016; Snitow et al., 2015).

DNA methylation has been shown to be a critical regulator of cell differentiation in multiple 

organs, including the prostate, intestine, kidney, and brain. Loss of Dnmt1 in these organs 

has been shown to induce both precocious differentiation and a loss of proper 

morphogenesis (Elliott et al., 2015; Fan et al., 2005; Joseph et al., 2019; Li et al., 2019; 

Sheaffer et al., 2014; Takizawa et al., 2001). DNA methyltransferase 1 (Dnmt1) acts both as 

a de novo and maintenance methyltransferase, and it is required for embryonic development 

as Dnmt1 null mice exhibit developmental arrest by E9.5, resulting in lethality before E11.0 

(Li et al., 1992). Despite its clear importance in organ development, the specific role of 

Dnmt1 in regulating lung development is unknown.

In this study, we demonstrate that epithelial Dnmt1 is required for lung morphogenesis and 

for epithelial fate specification. Epithelial branching defects appear in Dnmt1 deficient lungs 

as early as E11.5. As morphogenesis progresses, Dnmt1 deficient lungs fail to branch 

properly, leading to the formation of cystic sacs and lung hypoplasia. We show that Dnmt1 is 

required to maintain proximal-distal patterning and that loss of Dnmt1 expression in the 

epithelium results in the expansion of the distal compartment with a concomitant loss of 

proximal endoderm cell fate and the disruption of epithelial polarity and epithelial-

mesenchymal crosstalk. Dnmt1 also acts to restrain distal epithelial cell differentiation with 
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loss of Dnmt1 leading to precocious AT2 cell fate gene expression in the early lung 

endoderm. These data show that Dnmt1 plays a critical role in defining the proximal-distal 

patterning of the lung endoderm and is essential in restricting the AT2 cell fate early in lung 

development.

Results

Loss of Dnmt1 from lung endoderm leads to lung hypoplasia

To begin defining the role of DNA methylation during lung endoderm development, we 

examined the expression of Dnmt1, a major de novo and maintenance DNA methylation 

factor. Analysis of mouse lung epithelial RNA-seq data shows that Dnmt1 is highly 

expressed in the embryonic day (E12.5) lung endoderm compared to the adult lung 

epithelium (Fig. 1A) (Herriges et al., 2014). Immunostaining for Dnmt1 protein 

demonstrates that it is present throughout the mesoderm and endoderm (Fig. 1B). To test the 

importance of Dnmt1 in lung development, we inactivated Dnmt1 in the lung endoderm by 

generating ShhCre:Dnmt1Flox/Flox (Dnmt1EKO) mice (Fig. 1C). At E14.5, Dnmt1EKO lungs 

are hypoplastic, and by E18.5 the airways become dilated and cystic in appearance (Figs. 1D 

and 1E). These data demonstrate that Dnmt1 is expressed at high levels in both the 

developing lung endoderm and mesoderm, and its expression in the endoderm is essential 

for normal lung development.

Endodermal loss of Dnmt1 disrupts proximal-distal patterning

To examine the effect of loss of Dnmt1 on the developing lung, cell death and proliferation 

were assessed. Loss of Dnmt1 protein was confirmed at E14.5, and this loss was 

accompanied by both an increase in apoptotic endodermal cells and a significant decrease in 

proliferating cells (Figs. 2A, 2B, and 2C). Epithelial identity is at least partially preserved in 

Dnmt1EKO mutants as they continue to express Nkx2.1 (Fig. 2D). However, epithelial shape 

and possibly polarity appeared dysregulated in Dnmt1EKO mutants as evidenced by aberrant 

Cadherin 1 (Cdh1) staining at E14.5 (Fig. 2C). We next assessed whether smooth muscle 

and endothelial cells were present and properly localized in Dnmt1EKO mutants. Transgelin 

(Tagln), also known as SM22a, immunostaining revealed that while there was less smooth 

muscle present in Dnmt1EKO lungs, it continued to encircle large vessels and proximal 

airways as in control lungs (Fig 2D). Additionally, platelet and endothelial cell adhesion 

molecule 1 (Pecam1) immunostaining indicated vascularization of Dnmt1EKO lungs (Fig 

2D). To determine whether proximal-distal patterning was affected in Dnmt1EKO lungs, 

expression of the critical transcriptional regulators Sox2 and Sox9 was assessed. These 

analyses indicate that proximal-distal patterning of the lung endoderm is disrupted with 

reduced Sox2 expression and expanded Sox9 expression (Fig. 2E). However, Sox9 

expression in cartilage precursors appeared to be normal (Fig. 2E). Similar results were 

obtained with forkhead box protein P2 (Foxp2), a marker of distal endoderm, and stage-

specific embryonic antigen-1 (SSEA1), a marker of proximal endoderm (Fig. 2D) (Shu et 

al., 2001). These observations indicate that loss of Dnmt1 results in increased cell death, 

decreased proliferation, and impaired patterning of the proximal-distal endoderm axis in the 

developing lung.
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Dnmt1 is essential to maintain epithelial-mesenchymal crosstalk and epithelial polarity

After observing defects in both proximal distal patterning and epithelial shape, we next 

investigated how loss of Dnmt1 impacts epithelial-mesenchymal crosstalk and polarity (Fig. 

3A). To determine whether epithelial-mesenchymal crosstalk is impacted in Dnmt1EKO 

lungs, we performed RNA fluorescence in situ hybridization for genes known to be essential 

for guiding branching morphogenesis. Fibroblast growth factor (Fgf) signaling is known to 

play a key role in branching morphogenesis by driving growth of the budding endodermal 

tips of the developing lung (Abler et al., 2009; Kadzik et al., 2014; Lebeche et al., 1999; 

Weaver et al., 2000). We found that Fgfr2 expression was decreased in Dnmt1EKO lungs 

compared to control, suggesting that the Dnmt1 mutant endoderm was less receptive to 

branching signals from the mesoderm (Fig. 3B). Additionally, Fgf10 expression appeared 

increased and expanded (Fig. 3B). Sonic hedgehog (Shh) and bone morphogenetic protein 4 

(Bmp4) are also critical signaling factors that regulate branching morphogenesis. While Shh 
is expressed throughout the developing endoderm, it is enriched at budding tips where it is 

thought to suppress Fgf signaling to promote bifurcation of developing lung buds along with 

Bmp4, which is typically restricted to the distal compartment (Kadzik et al., 2014; Lebeche 

et al., 1999; Litingtung et al., 1998; Miller et al., 2001; Pepicelli et al., 1998; Weaver et al., 

2000). Analysis of Bmp4 and Shh expression in Dnmt1EKO lungs revealed they were 

enriched throughout the endoderm, consistent with our previous observation of the 

expansion of the distal compartment (Fig. 3B). These data suggest that loss of endodermal 

Dnmt1 disrupts the epithelial-mesenchymal signaling required for proper branching 

morphogenesis.

To assess whether epithelial polarity was disrupted in Dnmt1EKO lungs, we examined the 

localization of cell surface and polarity associated proteins. β-catenin immunostaining 

revealed abnormal epithelial cell shape in Dnmt1 mutant lungs compared to controls (Fig. 

3C). Immunostaining for zonula occludens-1 (ZO-1), which is typically restricted to the 

apical membrane, revealed aberrant localization in the Dnmt1 mutant epithelial cells to both 

the lateral and basal membranes in addition to the apical membrane (Fig. 3D). Dnmt1EKO 

lungs also exhibit ectopic localization of Cdh1 to the apical surface of mutant epithelial cells 

and a loss of the columnar shape characteristic of normal distal epithelium (Fig. 3E). Discs 

large homolog 1 (Dlg1) expression is primarily restricted to the basal membrane of normal 

developing lung endodermal cells, but in Dnmt1EKO lungs expression was observed at the 

basal membrane, within the cytoplasm, and on the lateral cell membrane (Wan et al., 2013) 

(Fig. 3F). Similarly, while laminin was found properly deposited in the basement membrane 

of Dnmt1EKO lungs, it also appeared aberrantly localized throughout the endoderm of 

Dnmt1 mutants (Figs. 3D and 3F). The presence of detached clusters of cellular debris in the 

luminal space of Dnmt1 mutant endodermal buds is also readily apparent, indicating a 

sloughing off of cells, consistent with a loss of polarity and increased apoptosis (Figs. 2C–E, 

3D, and 3F). These data suggest that loss of endodermal Dnmt1 perturbs both epithelial-

mesenchymal crosstalk and epithelial polarity leading to improper branching and to the 

formation of deformed, cystic lung buds.
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Dnmt1 activity is required for proximal endoderm differentiation in the lung

We next sought to determine whether endodermal loss of Dnmt1 results in a failure of lung 

epithelial fate determination. Dnmt1EKO mutant lung tissue at E18.5 is highly dysplastic 

with a cystic appearance (Fig. 4A). Immunostaining for Nkx2.1 indicated that Dnmt1EKO 

mutants continue to express Nkx2.1 in the endodermal lining of the dysplastic airways (Figs. 

4A and 4C). Expression of Tagln and Pecam1 immunostaining was observed in Dnmt1EKO 

mutants with the large cystic structures surrounded by smooth muscle (Fig. 4B). There was 

almost a complete loss of proximal epithelial cells as noted by a dramatic loss of by 

forkhead box J1 (Foxj1) and secretoglobin family 1A member 1 (Scgb1a1) expressing cells 

(Fig. 4C). Intriguingly, the distal lung AT1 and AT2 epithelial cell fates appeared to be 

present in Dnmt1EKO animals, as cells expressing either Hopx or Sftpc were observed (Fig. 

4C). These data suggest that Dnmt1 regulates the differentiation of proximal epithelial cells 

from the Nkx2.1 expressing early endodermal lung progenitors.

Dnmt1 is required for branching morphogenesis

Our data suggest an expansion of distal Sox9+ epithelial cell fates and a commensurate loss 

of Sox2+ proximal cells in Dnmt1EKO mutant lungs. Previous work has shown that 

perturbations in the proximal-distal axis due to loss or gain of Sox9 expression in the lung 

endoderm result in cystic appearing distal tips (Rockich et al., 2013). To assess the changes 

in branching morphogenesis, we examined Dnmt1EKO mutant lungs at E12.5. Dnmt1 protein 

loss is clear at E12.5, and there is a subtle defect in Dnmt1EKO lungs by H&E staining (Figs. 

5A and 5B). Sox2 and Sox9 expression are not significantly altered in E12. 5 Dnmt1EKO 

lungs (Fig. 5C).

Consistent with the lack of proximal-distal perturbations at E12.5, we did not observe a 

significant defect in proliferation of the epithelium in the Dnmt1EKO lungs (Fig. 5D). 

However, whole mount imaging revealed that at E12.5 there was defective lateral domain 

branching in Dnmt1EKO lungs (Fig. 5E). Due to the subtle branching defect observed at 

E12.5, we next tested whether loss of Dnmt1 leads to progressive impairment in branching 

morphogenesis, thus impacting proximal-distal patterning. We utilized time-lapse imaging 

using control and Dnmt1EKO mutant lungs harvested at E11.5 and cultured as explants as 

previously described (Carraro et al., 2010; Del Moral and Warburton, 2010; Kadzik et al., 

2014; Schnatwinkel and Niswander, 2013). Imaging these lung explants for 72 hours reveals 

a severe impairment of branching in the Dnmt1EKO lungs compared to the littermate 

controls (Fig. 5F and Movie S1 and S2). By the end of the time-lapse experiment, the 

Dnmt1EKO lungs were dysmorphic in appearance and lacked the highly iterative branching 

observed in the controls. This explant experiment serves to uncouple the interaction of the 

lung with other organs that may also be affected by loss of Dnmt1 due to expression of 

ShhCre, which could in turn impact lung development, showing that the observed phenotype 

is lung intrinsic. To investigate the potential effect of loss of Dmnt1 in other organs 

expressing ShhCre, we examined the developing gut at E12.5 and 14.5. 

Immunohistochemical staining for Dnmt1 confirmed loss of Dnmt1 protein at these 

timepoints (Supp. Fig. 1). However, H&E as well as immunohistochemistry for Cdh1 

demonstrated no obvious morphological defects consistent with a previous report (Supp. 

Fig. 1)(Elliott et al., 2015). Together, these data indicate that loss of Dnmt1 leads to 
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progressive failure of lung development due to defects in both branching morphogenesis as 

well as proximal-distal patterning of the lung endoderm.

Endodermal Dnmt1 activity represses the distal alveolar type 2 cell fate

To determine the transcriptional targets of Dnmt1 mediated repression, we isolated lungs at 

E12.5 from Dnmt1EKO and littermate controls and performed RNA sequencing (RNA-seq). 

E12.5 was chosen to reduce secondary and tertiary gene expression changes due to the major 

phenotypic defects observed in Dnmt1EKO mutant lungs at later time points. Principal 

component analysis revealed distinct gene expression changes due to loss of Dnmt1 
expression (Fig. 6A). Intriguingly, differential gene expression analysis revealed de-

repression of distal lung epithelial expressed genes including inhibitor of DNA binding 2 

(Id2) and surfactant proteins A1, B, and C (Sftpa1, Sftpb, and Sftpc) (Figs. 6B–6D and 

Supp. Table 1). Gene ontology of the top differentially expressed genes included de-

repression of genes associated with Hedgehog signaling and alveolar lamellar body 

formation (Fig. 6D). Further examination indicated that a number of known AT2 cell 

specific transcripts were upregulated in the Dnmt1EKO tissue based on the RNA-seq data 

(Fig. 6D). We confirmed that Dnmt1 expression was reduced and Sftpc was highly up-

regulated in the Dnmt1EKO mutants by quantitative real-time PCR (Q-PCR) (Fig. 6E). 

Moreover, immunostaining revealed rare epithelial cells expressing Sftpc and Sftpb protein 

in Dnmt1EKO at E12.5, which became more abundant by E14.5. Sftpc and Sftpb protein 

were not detected in Dnmtcontrol lungs at E12.5. Sftpb protein was observed in control 

littermate lungs at E14.5, but expression was restricted to the distal endoderm (Fig. 6F). In 

contrast, Sftpb expression in Dnmt1EKO lungs was localized throughout the endoderm, 

consistent with the precocious expansion of the distal endoderm phenotype in these mutants 

(Fig. 6F). Taken together, these data suggest that loss of Dnmt1 results in precocious 

differentiation of early Sox9-positive epithelial precursors towards a more terminal distal 

fate, specifically the AT2 cell.

Discussion

The role of epigenetic factors in regulating lung branching morphogenesis and epithelial cell 

fate specification remain poorly understood. Our data revealing the importance of Dnmt1 in 

regulating both proximal-distal endoderm patterning as well as suppressing genes specific 

for the AT2 cell fate, indicates the necessity of DNA methylation for these basic cellular 

processes during lung development. The precocious activation of genes restricted to AT2 

cells upon deletion of Dnmt1 suggests an important role for DNA methylation in the correct 

temporal activation of specific transcriptional programs during lung development.

Previous reports of the relationship between branching morphogenesis and proximal-distal 

patterning of the airways suggest a connection between these two processes (Alanis et al., 

2014; Chang et al., 2013). Our data support this concept as precocious differentiation in 

Dnmt1 deficient endoderm correlates with defective branching. However, the exact 

mechanistic interaction between these two processes is unclear. Interestingly, previous 

studies examining other epigenetic regulatory pathways during lung development have also 

revealed a loss of early proximal-distal patterning of the endoderm. Combined loss of 
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histone deacetylates (HDAC) 1 and 2 in the developing lung endoderm also led to a decrease 

in Sox2 expressing proximal endoderm progenitors (Wang et al., 2013). Additionally, this 

study showed an increase in certain distal lung endoderm paracrine signaling factors, such as 

Bmp4, consistent with our data. A different study revealed that loss of Sin3a, a component 

of the NuRD chromatin remodeling complex, also led to decreased proximal lung endoderm 

development (Yao et al., 2017). The similarity between these two studies and those 

presented in the current report suggest a particular sensitivity of proximal lung endoderm 

development to epigenetic perturbation. Whether these three pathways converge on a 

common epigenetic regulatory node to cause such a phenotype will require further 

investigation.

The interaction between Fgf, Bmp, and Shh signaling is essential for early lung 

development. While few genes are down-regulated at E12.5 in DnmtEKO lungs, patched 1 

(Ptch1) is of particular interest because it a direct target of Shh signaling and has been 

suggested to pattern Fgf10 expression during branching morphogenesis (Fig. 6C)(Abler et 

al., 2009; Ho and Wainwright, 2017). Ptch1 expression is thought to be a direct readout of 

Shh signaling (Abler et al., 2009). Moreover, it has been suggested that early ablation of 

mesodermal Ptch1 leads to spatial restriction of Fgf10 expression (Ho and Wainwright, 

2017). However, our data show that both Shh and Fgf10 expression are expanded in E14.5 

DnmtEKO lungs despite down-regulation of Ptch1 at E12.5 (Fig. 3B and 6C). This data 

suggests that Ptch1 down-regulation at E12.5 indicates a defect in Dnmt1 mutant 

mesodermal receptivity to Shh, limiting Shh signaling from the endoderm to the mesoderm. 

Loss of Ptch1 could also be reinforced by down-regulation of endodermal Fgfr2, which is 

known to negatively impact Ptch1 expression and branching morphogenesis (Fig. 3B)(Abler 

et al., 2009). Previous examination of Shh null mice revealed that loss of Shh leads to an 

expansion of Fgf10 expression in the lung mesoderm and increased Bmp4 expression in the 

endoderm, consistent with our results (Pepicelli et al., 1998). Moreover, because Fgf10 is 

known to induce Bmp4 expression, as Fgf10 expression expands unrestricted to surround the 

developing endoderm, it could further upregulate Bmp4, inhibiting proximal endoderm 

specification consistent with the expansion of the distal endoderm at the cost of the proximal 

that we observe in Dnmt1EKO lungs (Lebeche et al., 1999; Weaver et al., 2000). 

Additionally, expansion of Bmp4 and Shh and loss of Fgfr2 in the endoderm would in turn 

perturb receptivity of the endoderm to the increased Fgf10 signal from the mesoderm 

leading to the improper expansion and branching seen in Dnmt1 mutant lungs. Further 

studies aimed at uncovering how epigenetic mechanisms regulating endoderm development 

impact epithelial-mesenchymal crosstalk will be invaluable to our understanding of how 

early patterning is maintained throughout development.

DNA methylation is required to restrain differentiation in early embryos (Hargan-Calvopina 

et al., 2016; Sen et al., 2010). Moreover, loss of the de novo and maintenance methylation 

factor Dnmt1 in the early embryo and in organs, such as the intestine, brain, and skin, leads 

to precocious differentiation, which is consistent with our findings in the lung (Elliott et al., 

2015; Fan et al., 2005; Hargan-Calvopina et al., 2016; Sen et al., 2010; Takizawa et al., 

2001). Remarkably, loss of Dnmt1 consistently correlates with reactivation of primordial 

germ cell restricted genes such as Dazl, Sohlh2, Tex19.1, Pet2, genes of the reproductive 

homeobox (Rhox) cluster Gm9, Rhox2a, Rhox2f, Rhox2d, and genes expressed in the germ 
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line of the early embryo 4930550L24Rik, Mov10l1, Tex13, Rpl39l, Rpl10l, Tuba3a, Tuba3b 

(Arand et al., 2012; Auclair et al., 2014; Bergsagel et al., 1992; Borgel et al., 2010; Branco 

et al., 2016; Chen et al., 2014; Crichton et al., 2017; Hackett et al., 2012; Hargan-Calvopina 

et al., 2016; Li et al., 2019; Maatouk et al., 2006; Shin et al., 2017; Tsui et al., 2000). Our 

RNA-seq analysis shows that these genes are among the most differentially expressed in 

Dnmt1EKO lungs compared to control lungs. Together, these data suggest that Dnmt1 is 

required in multiple organs to suppress aberrant gene expression to allow proper cell 

differentiation and morphogenesis to proceed. Further study is necessary to understand 

whether and how reactivation of these genes associated with early embryonic development 

may direct precocious differentiation toward a particular cell fate.

Lung morphogenesis and differentiation in the early embryo are maintained by a precise 

temporal and spatially restricted developmental program. Our understanding of how 

proximal-distal patterning is achieved and maintained in the developing lung, despite scores 

of elegant studies, remains limited. Our results show that loss of Dnmt1 in the epithelium 

leads to loss of proximal endoderm development, defects in branching morphogenesis, 

epithelial polarity, and epithelial-mesenchymal crosstalk, and premature activation of the 

AT2 cell transcriptional program. Together with other work examining epigenetic regulation 

of lung development, our study suggests that endodermal differentiation during lung 

development requires specific epigenetic cues that promote the development of the proper 

ratio of proximal and distal progenitor cells from the multipotent early lung endoderm.

Materials and Methods

Animals

The information related to the generation and genotyping of the Dnmt1flox,Shhcre, 
R26RCFL-TdTom mouse lines have been previously described (Harfe et al., 2004; Jackson-

Grusby et al., 2001; Madisen et al., 2015). The mice used for this study were purchased from 

Jackson Laboratories and were maintained on a mixed background. Animal procedures were 

completed under the guidance of the University of Pennsylvania Institutional Animal Care 

and Use Committee. ShhCre:Dnmt1Flox/+ littermates (Dnmtcontrol) were used as controls for 

all experiments unless specifically noted in figures as control, indicating littermate wildtype 

controls were used. At least three biological replicates were used for all experiments.

Histology, Immunohistochemistry, and RNA FISH

Whole embryos were fixed in 2% paraformaldehyde overnight, dehydrated with a series of 

ethanol washes (30%, 50%, 70%, 95%, and 100%), embedded in paraffin wax, and 

sectioned at a thickness of 6–8μm. Standard procedures were employed for Hematoxylin and 

eosin (H&E) staining.

Immunohistochemistry was performed with the following antibodies: Dnmt1 (rabbit, Novus, 

nb100–264, 1:500), Ttf1 (Nxk2.1) (rabbit, Santa Cruz, sc-13040, 1:50) Foxj1 (mouse, 

eBioscience, 14-9965-80, 1:250), Scgb1a1 (rabbit, Santa Cruz, sc-9772, 1:20), Hopx 

(mouse, Santa Cruz, sc-398703, 1:200), Sftpc (rabbit, Millipore, ab3786, 1:100), Sftpb 

(rabbit, Abcam, ab40876, 1:500), Phosphohistone H3 (mouse, Cell Signaling, 9706L, 
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1:200), Cdh1 (E-cadherin) (rabbit, Cell Signaling, 3195S, 1:100), Sox2 (goat, Santa Cruz, 

sc-17320, 1:10), Sox9 (rabbit, Santa Cruz, sc-20095, 1:50), Foxp2 (rabbit antisera, 1:50), 

Ssea1 (mouse, Millipore, mab4301, 1:100), Tagln (Sm22a) (goat, Abcam, ab10135, 1:50), 

Pecam1 (rat, HistoBioTec, dia-310, 1:200), β-catenin (mouse, BD Biosciences, 610154, 

1:25), Zo-1 (mouse, Thermo Fisher, 33–9100, 1:100), SAP-97 (Dlg1) (mouse, Santa Cruz, 

sc-9961, 1:50), Laminin (rabbit, Sigma Aldrich, L9393, 1:200).

RNA FISH was performed using RNAscope probes as indicated by the manufacturer 

(Advanced Cell Diagnostics). The following RNAscope probes were used: Mm-Fgfr2-no-

XHs (Advanced Cell Diagnostics, catalog# 443501), Mm-Fgf10-C2 (Advanced Cell 

Diagnostics, catalog# 446371-C2), Mm-Bmp4-C1 (Advanced Cell Diagnostics, catalog# 

401301), and Mm-Shh-C2 (Advanced Cell Diagnostics, catalog# 314361-C2).

Representative images from stained slides were acquired using either a Nikon Eclipse Ni 

widefield microscope, including processing with NIS-Elements Advanced Research 

deconvolution software, or a Zeiss LSM 710 confocal microscope. Lungs used for the whole 

mount images were dissected in phosphate buffered saline (Corning), fixed in 2% 

paraformaldehyde (Thermo Fisher) overnight, and imaged on a Leica TCS SP8 confocal 

microscope.

Quantitative analysis

The proportion of proliferating epithelial cells was determined by immunostaining for Cdh1 

and Phosphohistone H3. Images were captured using a Zeiss LSM 710 confocal microscope. 

At least 500 cells from equivalent structures were counted per mouse using ImageJ software. 

Researchers were blinded to the identity of samples during counting. Branch point analysis 

was performed using Imaris software.

RNA Sequencing and Analysis

RNA was extracted with Trizol (Life Technologies) from snap-frozen embryonic day 12.5 

mutant and littermate lungs. Library prep with PolyA selection and ultra-low input RNA-seq 

library preparation was performed by GeneWiz, LLC. Fastq files were evaluated for quality 

with the FastQC program and subsequently aligned against the mouse reference genome 

(mm9) using the STAR aligner (Dobin et al., 2013). Duplicate reads, flagged with the 

MarkDuplicates program from Picard tools, were excluded from analysis. Read counts per 

gene for Ensembl (v67) gene annotations were computed using the Rsubread R package. 

Gene counts represented as counts per million (CPM) were nominalized using TMM method 

in the edgeR R package, and genes with 25% of samples with a CPM < 1 were deemed low 

expressed and removed. The data were transformed with the VOOM function from the 

limma R package to generate a linear model to perform differential gene expression analysis 

(Law et al., 2014). Given the small sample size of the experiment, we employed the 

empirical Bayes procedure as implemented in limma to adjust the linear fit and to calculate 

P values. P values were adjusted for multiple comparisons using the Benjamini-Hochberg 

procedure. Plots as shown in Figure 5 were generated in R, and GO enrichment analysis was 

performed using the GAGE R package. The Gene Expression Omnibus number for the 

RNA-seq data is GSE129177.
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Live imaging

Explants were cultured as previously described with slight modification (Carraro et al., 

2010; Del Moral and Warburton, 2010). Briefly, lungs were dissected from E11.5 embryos 

in cold PBS and placed on 0.4μm pore transwell inserts in DMEM/F12 (Gibco) 

supplemented with Antibiotic-Antimycotic (Gibco). Lungs were imaged using the EVOS FL 

Auto 2 Imaging System, cultured on an incubated stage at 37°C and 5% CO2, and imaged 

every hour for 3 days.

Statistical analysis

Statistical tests were performed in Prism 7. A student’s t-test was performed to compare 

experimental groups. A difference between groups was considered statistically significant if 

P < 0.05.

qPCR

RNA was extracted from whole lungs at E12.5 by Trizol (Life Technologies) isolation. 

Synthesis of cDNA was performed using a QuantiTect Whole Transcriptome Kit (Qiagen). 

Three biological replicates were used for all experiments and were from the same samples 

used for RNA-seq analysis. Data were normalized to GAPDH. Data are represented by mean 

± SEM. Quantitative real-time PCR was performed using SYBR Green (Applied 

Biosystems) on a QuantStudio 7 Flex using the following primer sets:

qPCR Primers

Target Gene Forward Primer (5’-3’) Reverse Primer (5’-3’)

Gapdh AGGTTGTCTCCTGCGACTTCA CCAGGAAATGAGCTTGACAAAGTT

Nkx2.1 ATGGTACGGCGCCAACCCAGA CATGCCACTCATATTCATGCCGCT

Sox2 TGCACATGGCCCAGACTA TTCTCCAGTTCGCAGTCCAG

Sox9 CGGCTCCAGCAAGAACAAG GCGCCCACACCATGAAG

Dnmt1 ATCCTGTGAAAGAGAACCCTGT CCGATGCGATAGGGCTCTG

Sftpc AGCAAAGAGGTCCTGATGGAGAGT CACAACCACGATGAGAAGGCGTTT

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• Loss of Dnmt1 leads to precocious distalization and loss of proximal 

endoderm

• Dnmt1 is required for branching morphogenesis and epithelial-mesenchymal 

crosstalk

• Epithelial shape and polarity are disrupted in Dnmt1 deficient lungs

• Dnmt1 mutants exhibit premature activation of the AT2 cell transcriptional 

program
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Figure 1: Endodermal Dnmt1 is required for lung development.
(A) RNA-seq analysis reveals that Dnmt1 expression is enriched in E12.5 compared to adult 

lungs (units reflected in fragments per kilobase of transcript per million mapped reads) (B) 

Immunohistochemical staining for Dnmt1 at E11.5 and E17.5 demonstrates its presence in 

both the endodermal and mesenchymal compartments prenatally (dashed lines demarcate 

endoderm)(scale bar: 50μm). (C) Experimental schematic of developmental time points 

assessed in endodermal Dnmt1 knockout model. (D) Comparison of Dnmt1EKO and 

Dnmt1control lungs at E14.5 (white arrows indicate cystic buds). (E) Hematoxylin and eosin 

(H&E) staining of histological sections of Dnmt1EKO lungs demonstrate defective 

developmental progression by E14.5 and failure by E18.5 (black arrows point to cystic buds)

(scale bar: 500μm).
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Figure 2: Endodermal loss of Dnmt1 disrupts proximal-distal patterning.
(A) Immunohistochemical staining for Dnmt1 indicates it is lost in the lung endoderm at 

E14.5 in Dnmt1EKO lungs (dashed lines demarcate endoderm)(scale bar: 50μm). (B) 

Immunohistochemical staining for cleaved caspase-3 indicates that cell death is increased in 

Dnmt1EKO lungs at E14.5 (dashed lines demarcate endoderm)(scale bar: 50μm). (C) 

Quantification of epithelial proliferation by assessment of Cdh1 and Phosphohistone H3 

double positive cells shows a significant decrease in endodermal proliferation in Dnmt1EKO 

lungs. Cdh1 stain reveals perturbed epithelial cell shape and aberrant twisting of epithelial 

buds in Dnmt1EKO lungs (scale bar: 50μm, student’s twotailed t-test, P<0.001). (D) 

Immunohistochemical staining for Nkx2.1 shows lung epithelial cell specification in both 

Dnmt1EKO and Dnmt1control lungs. Staining for smooth muscle marker Tagln (smooth 
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muscle surrounding vessels is marked by white arrows, smooth muscle surrounding airways 

is marked by yellow arrows) and endothelial cell marker Pecam1 demonstrates proper 

differentiation and localization of mesoderm-derived structures in Dnmt1EKO lungs. Staining 

for proximal endoderm marker SSEA1 as well as distal endoderm marker Foxp2 reveals 

perturbed proximal/distal patterning in Dnmt1EKO lungs (proximal endoderm is marked by a 

yellow arrow, distal endoderm is marked by a white arrow) (scale bar: 100μm). (E) 

Immunohistochemical staining for Sox2 and Sox9 in a series of sections from proximal to 

distal shows expansion of the distal endoderm compartment (proximal endoderm is marked 

by yellow arrows, distal endoderm is marked by white arrows, cartilage progenitors are 

marked by black arrows)(scale bar: 100μm).
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Figure 3: Dnmt1 is essential to maintain epithelial-mesenchymal crosstalk and epithelial polarity.
(A) A model of Dnmt1control (top) vs. Dnmt1EKO (bottom) lungs demonstrates the expansion 

of the distal compartment, perturbed epithelial cell shape, and abnormal twisting of 

epithelial buds in Dnmt1EKO lungs. (B) RNA fluorescence in situ hybridization reveals a 

decrease in Fgfr2 expression in Dnmt1 mutant endoderm and an expansion of Fgf10 
expression in the mesoderm. Bmp4 and Shh expression are expanded in Dnmt1EKO lungs 

consistent with expansion of the distal endodermal compartment (white dashed line 

demarcates endoderm, white arrows indicate distal buds of the endoderm) (scale bar: 50μm). 

(C) Immunohistochemistry for β-catenin reveals loss of characteristic columnar shape of 

Dnmt1 mutant epithelial cells (scale bars: 25μm). (D) Immunohistochemistry for ZO-1 

(white arrows) and laminin (yellow arrows) shows the proper localization of ZO-1 to the 
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apical membrane of Dnmt1control endodermal cells and deposition of laminin in the 

basement membrane compared to ectopic localization of ZO-1 to the lateral and basal 

membranes of Dnmt1EKO endodermal cells and abnormal localization of laminin despite 

also being present in the basement membrane (scale bars from left to right: 50μm, 50 μm, 5 

μm). (E) Immunohistochemical staining for Cdh1 demonstrates perturbed epithelial cell 

shape and aberrant localization of Cdh1 protein to the apical membrane of Dnmt1EKO 

endodermal cells (scale bars: 25μm). (F) Immunohistochemistry for Dlg1 (white arrows) and 

laminin (yellow arrows) shows the proper localization of Dlg1 to the basal membrane of 

Dnmt1control endodermal cells and deposition of laminin in the basement membrane 

compared to strong cytosolic and abnormal lateral membrane staining of Dlg1 in Dnmt1EKO 

endodermal cells. Laminin is again present in the basement membrane and is abnormally 

localized in Dnmt1EKO endodermal cells (scale bars from left to right: 50μm, 50 μm, 5 μm).
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Figure 4: Loss of Dnmt1 impacts endodermal differentiation.
(A) H&E and immunohistochemical staining for Nkx2.1 and DAPI reveal cystic sacs in 

place of a normal branched network with a paucity of Nkx2.1 cells in Dnmt1EKO lungs 

(scale bars: 500μm). (B) Immunohistochemical staining for Tagln and Pecam1 demonstrate 

E18.5 lungs are vascularized and that large vessels are surrounded with smooth muscle 

(vessels are marked by white arrows). Smooth muscle also lines the large cysts in Dnmt1EKO 

lungs (yellow arrow (top image) marks smooth muscle surrounding an airway yellow arrow 

(bottom image) marks smooth muscle lining cystic lung buds)(scale bars: 25μm). (C) A 

magnified image of immunohistochemistry for Nkx2.1 shows epithelial cells are present at 

E18.5 (first image marked by white arrows). Airway epithelial cell types marked by Scgb1a1 

and Foxj1 (second image, white and yellow arrows respectively) are rare in Dnmt1EKO 

lungs, while alveolar type 1 cells marked by Hopx (third image, white arrows) and alveolar 

type 2 cells marked by Sftpc (fourth image, white arrows) are more common (scale bar: 

25μm).
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Figure 5: Dnmt1 is required for proper branching morphogenesis.
(A) Dnmt1 protein is lost in the lung endoderm in Dnmt1EKO lungs at E12.5 (dashed lines 

demarcate endoderm)(scale bar: 50μm). (B) Dnmt1EKO lungs display a subtle branching 

defect by H&E staining (black lines demarcate endoderm) (scale bar: 100μm). (C) 

Immunohistochemistry for Sox2 and Sox9 reveal no major disturbance of the proximal-

distal axis at E12.5 (scale bar: 100μm). (D) Quantification of epithelial proliferation by 

assessment of Cdh1 and Phosphohistone H3 double positive cells shows no significant 

difference between Dnmt1EKO and Dnmt1control lungs (scale bar: 50μm, student’s two-tailed 

t-test, P>0.05). (E) Branch point analysis of E12.5 lungs demonstrates a statistically 

significant decrease in branching in Dnmt1EKO lungs (scale bars: 150μm, student’s one-

tailed t-test, P<0.05). (F) Still images from ex vivo live imaging of E11.5 lungs at 0, 24, and 
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72 hours of culture reveal that the disturbed branching patterns and formation of cystic sacs 

in Dnmt1EKO lungs are lung intrinsic defects. White arrow indicates loss of a domain branch 

in Dnmt1EKO lungs (scale bar: 500μm).
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Figure 6: Dnmt1 knockout lungs exhibit precocious AT2 differentiation signature.
(A) PCA demonstrates E12.5 Dnmt1EKO and control lungs cluster separately. (B/C) 

Visualization of differentially expressed transcripts in Dnmt1EKO versus control lungs by 

volcano plot and heat map show distal endoderm markers and surfactant genes enriched in 

Dnmt1EKO lungs. (D/E) GO category analysis reveals alveolar lamellar body related genes 

to be among the most up-regulated in Dnmt1EKO lungs. (F) qPCR verification of Nkx2.1, 

Sox2, and Sox9 expression confirms no significant difference in expression between 

Dnmt1EKO and control lungs, while expression of Dnmt1 is significantly decreased and 

Sftpc is significantly enriched in Dnmt1EKO lungs. (G) Endodermal cells stain positive for 

Sftpb and Sftpc protein in Dnmt1EKO lungs at E12.5. At E14.5 Sftpb staining is expanded 
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throughout the endoderm of Dnmt1EKO lungs and Sftpc staining is more abundant in 

Dnmt1EKO compared to Dnmt1control lungs (scale bar: 50μm).
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