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Abstract

The commitment and differentiation of the alveolar type I (AT1) cell lineage is a critical step for 

the formation of distal lung saccules, which are the primitive alveolar units required for postnatal 

respiration. How AT1 cells arise from the distal lung epithelial progenitor cells prior to birth and 

whether this process depends on a developmental niche instructed by mesenchymal cells is poorly 

understood. We show that mice lacking histone deacetylase 3 specifically in the developing lung 

mesenchyme display lung hypoplasia including decreased mesenchymal proliferation and a severe 

impairment of AT1 cell differentiation. This is correlated with a decrease in Wnt/β-catenin 

signaling in the lung epithelium. We demonstrate that inhibition of Wnt signaling causes defective 

AT1 cell lineage differentiation ex vivo. Importantly, systemic activation of Wnt signaling at 

specific stages of lung development can partially rescue the AT1 cell differentiation defect in vivo. 

These studies show that histone deacetylase 3 expression generates an important developmental 

niche in the lung mesenchyme through regulation of Wnt signaling, which is required for proper 

AT1 cell differentiation and lung sacculation.
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INTRODUCTION

Mammalian lung development is a complex process that is governed by interactions between 

embryonic lung endoderm and mesenchyme. In early mouse embryos, the two primary lung 

endodermal buds, derived from the ventral side of the anterior foregut, invade the 

surrounding mesoderm and undergo branching morphogenesis to generate a tree-like 

network composed of thousands of terminal tubules. After E16.5 in mice, lung development 

switches to the saccular stage, during which the distal airway tubules expand to generate 

alveolar saccules and the surrounding mesenchyme thins to form primary septa. The 

differentiation of alveolar epithelial cell lineages occurs during this stage, producing two 

major epithelial cell types, the alveolar type I (AT1) cells and alveolar type II (AT2) cells 

(Morrisey and Hogan, 2010). Previous studies have shown that these lineages are derived 

from a common Id2+ distal epithelial progenitor population (Rawlins et al., 2009). 

Differentiation of AT1 and AT2 cells is a critical event in lung sacculation and is required to 

generate both pulmonary surfactant and the thin diffusible gas exchange interface important 

for postnatal respiration. AT1 cells, in particular, have a unique morphology, characterized 

by their flattened shape and their close apposition to the alveolar capillary plexus. Although 

recent studies have demonstrated the importance of mesenchymal cues in inducing early 

lung epithelial branching morphogenesis (Herriges and Morrisey, 2014; Morrisey and 

Hogan, 2010), the signals generated by mesenchymal cells in the terminal stages of lung 

development important for the differentiation of alveolar epithelial lineages, have not well 

characterized.

Histone deacetylases (HDACs) are a group of epigenetic factors that modulate chromatin 

structure and gene expression by deacetylating histones and non-histone proteins. Our recent 

studies have identified the specific roles for different members of class I HDACs in 

regulating lung epithelial development (Wang et al., 2013). Epithelial HDAC1/2 are required 

for the development and regeneration of Sox2+ proximal lung endoderm progenitor cells as 

well as postnatal regeneration of airway secretory cells (Wang et al., 2013). HDAC3 is 

required for AT1 cell spreading during sacculation through regulation of a microRNA-Tgfβ 

signaling axis. These studies also revealed that HDAC3 is also highly expressed in the 

developing lung mesenchyme, suggesting a potential mesenchymal-specific role of HDAC3 

in promoting lung development.

In this study, we show that mesenchymal HDAC3 plays a key role in lung mesenchymal 

proliferation and alveolar epithelial cell differentiation. Mice lacking HDAC3 in the 

developing lung mesenchyme showed a significant decrease in mesenchymal cell 

proliferation. Importantly, loss of HDAC3 in the lung mesenchyme resulted in a defect in 

AT1 cell differentiation, which correlated with decreased Wnt/β-catenin signaling in the lung 

epithelium. This phenotype could be partially rescued through pharmacological inhibition of 
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Gsk-3β, indicating that mesenchymal HDAC3 act through β-catenin-dependent Wnt pathway 

to regulate AT1 cells differentiation.

RESULTS

Loss of HDAC3 in the developing lung mesenchyme results in lung hypoplasia To determine 

the expression pattern of HDAC3 during lung development, we performed 

immunohistochemistry for HDAC3 expression at various stages of lung development. 

HDAC3 expression is detected as early as E10.5 in both endoderm and mesoderm of the 

developing lung (Fig. 1A). From E12.5-E18.5, HDAC3 continues to be broadly expressed in 

both epithelial and mesenchymal cells of the developing lung (Fig. 1B-1D).

To further investigate the functional roles of HDAC3 in the mesenchyme of developing 

lungs, we generated a tissue-specific deletion of HDAC3 using the Hdac3flox allele and 

Dermo1cre line, which efficiently drives cre recombination in the mesoderm beginning at 

approximately E9.5 (White et al., 2006). Lineage tracing using Dermo1cre: RosamTmG 

embryos showed that this cre line is active in multiple lineages of lung mesenchyme 

including Pdgfrβ+ fibroblasts, smooth muscle cells, and at least a portion of lung 

endothelium (Fig. S1A-L). The Dermo1cre: HDAC3flox/flox mutants, which will now be 

referred to as HDAC3Dermo1creKO, exhibited efficient but less than complete loss of HDAC3 

protein in the lung mesenchyme, while expression was retained in the lung epithelium (Fig. 

1E and F).

All HDAC3Dermo1creKO mice died at birth due to respiratory distress (data not shown). To 

explore the reason for this lethal phenotype in HDAC3Dermo1creKO mutants, whole mount or 

histological analysis was performed on embryonic lungs from E13.5 to E18.5 (Fig. 1G–S). 

At E13.5, the overall lung morphology of HDAC3Dermo1creKO mutants was similar to control 

lungs (Fig. 1G–H). At E15.5-16.5, HDAC3Dermo1creKO mutant lungs were slightly smaller 

than controls (Fig. 1I–N). However, branching morphogenesis of the airways appeared 

relatively unaffected in the HDAC3Dermo1creKO mutant lungs at this stage (Fig. 1K–N). At 

E18.5, HDAC3Dermo1creKO mutants exhibited a severe lung sacculation defect as evidenced 

by reduced distal airspace and thickened septa (Fig. 1O–R). Quantification of distal airway 

saccular airspace revealed an approximate 80% decrease in HDAC3Dermo1creKO mutant 

lungs (Fig. 1S). Taken together, these results suggested that mesenchyme-specific deletion of 

HDAC3 resulted in lung hypoplasia and sacculation defects during mouse lung 

development.

Loss of HDAC3 in the developing lung mesenchyme causes a loss of AT1 cell 
differentiation

At around E17.5 in the mouse embryos, lung development switches from branching 

morphogenesis to sacculation, which involves expansion of distal airspace and 

differentiation of alveolar epithelial cells, including AT1 and AT2 cells. To determine 

whether mesenchymal deletion of HDAC3 affected alveolar epithelial cell differentiation, 

we examined the expression of cell type-specific markers for AT1 and AT2 cells. 

Differentiation of AT2 cells appeared normal as measured by the expression of AT2 cell 

markers Sftpc, Sftpb and Abca3 (Fig. 2E-I). However, immunohistochemistry and 
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quantitative PCR (Q-PCR) results showed that expression of the AT1 cell markers 

Podoplanin (Pdpn) and Aquaporin 5 (Aqp5) was reduced in HDAC3Dermo1creKO mutant 

lungs at E18.5 (Fig. 2A–D, 2I). The differentiation of secretory cells and multi-ciliated cells 

of the proximal airways appeared unimpeded in HDAC3Dermo1creKO mutants as noted by 

normal expression of Scgb1a1 (secretory cells) and beta-tubulin IV and Foxj1 (multi-ciliated 

cells) at E18.5 (Fig. 2J-N). These data suggest that mesenchymal HDAC3 is specifically 

required for AT1 cell differentiation, but is dispensable for AT2 cell, and epithelial lineages 

of the proximal airways.

Mesenchymal deficiency of HDAC3 reduces mesenchymal cell proliferation without 
affecting that of epithelial cells

Given the smaller size of the Hdac3Dermo1creKO lungs, we performed phospho-histone H3 

(PO4-H3) immunohistochemistry on E16.5 and E18.5 lung sections to assess changes in cell 

proliferation. The number of PO4-H3 positive cells was decreased in HDAC3Dermo1creKO 

lungs compared to control lungs (Fig. S1M-P), indicating reduced cell proliferation. To 

determine whether the decreased proliferation in Hdac3Dermo1creKO lungs occurred in the 

epithelial or mesenchymal compartments, we performed double staining for Nkx2-1, a 

marker for lung epithelial cells, and BrdU on E18.5 lungs. Reduced levels of BrdU 

incorporation was observed in Nkx2-1 negative lung mesecnymal cells while Nkx2-1 

expressing epithelial cells did not exhibit changes in BrdU incorporation (Fig. 3A–E). This 

indicated that cell proliferation was reduced in the lung mesenchyme but not in the epithelial 

lineages of HDAC3Dermo1creKO mutants. Of note, we did not observe any differences in the 

level of cell apoptosis as noted by TUNEL staining (Fig. S1V-Y). This suggests that loss of 

HDAC3 in the lung mesenchyme does not result in increased apoptosis.

Q-PCR data showed decreased expression of multiple markers of lung mesenchyme 

including Pdgfrα, Pdgfrβ and vimentin in HDAC3Dermo1creKO mutant lungs (Fig. 3H). 

Immunostaining for Pdgfrβ suggested that there was a reduction in the total number of 

Pdgfrβ+ interstitial fibroblasts rather than attenuated expression level of the protein per cell 

(Fig. 3F-G). However, some expression of Pdgfrb was still observed in HDAC3Dermo1creKO 

mutant lungs, possibly due to the incomplete cre activity in certain cell lineages such as the 

lung endothelium. In contrast, gene expression analysis for markers of other mesenchymal 

lineages including smooth muscle cells and endothelial cells were unchanged (Fig. S1Q-U). 

These data suggested that loss of HDAC3 reduces the proliferation rate of interstitial 

fibroblasts compared to other mesenchymal lineages. To further test whether loss of HDAC3 

inhibits proliferation of distal interstitial fibroblasts, we isolated primary mesenchymal cells 

from HDAC3Dermo1creKO mutant and control lungs at E18.5, and assessed proliferation after 

48 hours using Ki67 and Pdgfrβ immunostaining. Consistent with our in vivo results, the 

cultured Pdgfrβ+ fibroblasts from HDAC3Dermo1creKO mutants showed a significant decrease 

in proliferation as indicated by the decreased total number of Pdgfrβ+ cells and decreased 

percentage of Ki67+/Pdgfrβ+ cells (Fig. 3I–O).

Previous work has demonstrated that HDAC3 play a crucial role in regulating the expression 

of multiple cell cycle-related genes during development and tissue regeneration (Jiang and 

Hsieh, 2014; Wilson et al., 2006). We examined the expression of a panel of cell cycle-
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related genes and found expression of cyclinA2, cyclinB1, cylcinD1 and Cdk1 significantly 

reduced, with an increase in expression of the cyclin-dependent kinase inhibitor Cdkn1b 

(p27) in the HDAC3Dermo1creKO lungs (Fig. 3P). Thus, HDAC3 controls proliferation of 

Pdgfrβ+ mesenchymal cell in the lung by regulating multiple cell cycle related genes 

including cyclinA2, cyclinB1, cyclinD1, Cdk1, and Cdkn1b.

Wnt/β-catenin signaling activity is decreased in the HDAC3Dermo1creKO lungs

To identify molecular changes that could potentially lead to the failure of AT1 cell 

differentiation, we examined the expression of a number of key signaling pathways that have 

been previously demonstrated to regulate lung epithelium differentiation. While we observed 

no significant changes in Fgf ligand expression including Fgf10 and Fgf9, the expression of 

several Wnt ligands including Wnt2 and Wnt5a was reduced (Fig. 4A). Wnt signaling has 

been implicated in regulation of AT1 cell differentiation and lung sacculation in previous 

studies. Wnt5a has been shown to regulate both the canonical and non-canonical Wnt 

signaling cascades (Li et al., 2005; Li et al., 2002; Okamoto et al., 2014). Global loss of 

Wnt5a led to late airway epithelial maturation and sacculation defects (Li et al., 2002), 

similar to HDAC3Dermo1creKO mutants. To assess whether the loss of Wnt ligand expression 

was specific to the lung mesenchyme, we isolated lung mesechymal and epithelial cells and 

performed Q-PCR analysis. The HDAC3Dermo1creKO mutant mesenchymal cells showed a 

significant decrease in both Wnt5a and Wnt2 (Fig. 4B). In addition, we also observed 

reduced expression of Wnt5a and Wnt7a in HDAC3Dermo1creKO mutant epithelium (Fig. 

S1Z). To determine if Wnt/β-catenin signaling activity was impaired in the 

HDAC3Dermo1creKO lung epithelium due to decreased expression of mesenchymally 

expressed Wnt ligands, we determined the expression of several well-known canonical Wnt 

targets including Axin2, Lef-1 and Cyclin D1 and found that expression of all of these target 

genes was reduced in the HDAC3Dermo1creKO mutant epithelium (Fig. 4C). In addition, these 

Wnt target genes were also decreased in the mesenchyme of HDAC3Dermo1creKO mutant 

lungs (Fig. S1Z). These data indicate that loss of mesenchymal HDAC3 disrupted the 

expression of multiple Wnt ligands, resulting in a reduction of canonical Wnt activity in the 

lung epithelium.

Inhibition of Wnt/β-catenin signaling phenocopies the effect of loss of mesenchymal 
HDAC3 on AT1 cell differentiation and lung sacculation

To investigate whether inhibition of Wnt/β-catenin signaling during the saccular stage of 

lung development could mimic the differentiation defects in AT1 cells seen in the 

HDAC3Dermo1creKO lungs, we cultured E16.5 wild type lung explants in the absence or 

presence of XAV939, which is a pharmacological inhibitor of the canonical Wnt/β-catenin 

signaling pathway (Huang et al., 2009). Treatment of lung explants with XAV939 resulted in 

collapsed distal airways as assessed by H&E (Fig. 4D-E) and down-regulation of canonical 

Wnt targets including Lef-1 and Axin2 (Fig. 4J). Immunostaining and Q-PCR analysis 

revealed that expression of the AT1 cell markers Aqp5 and Pdpn were significantly 

attenuated whereas expression of the AT2 cell marker Sftpc was largely unaffected (Fig. 4F-

J). These data largely mimic those observed in HDAC3Dermo1creKO mutant lungs at E18.5 

and suggest that mesenchymal deletion of HDAC3 in the lungs suppresses Wnt/β-catenin 

Wang et al. Page 5

Dev Biol. Author manuscript; available in PMC 2017 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



signaling pathway, leading to disrupted AT1 cell differentiation and defective lung 

sacculation.

Systemic activation of Wnt/β-catenin signaling at specific stages of lung development can 
partially rescue AT1 cell differentiation defects

To assess whether activation of canonical Wnt/β-catenin signaling can rescue the sacculation 

phenotype caused by mesenchymal HDAC3 deletion, we utilized a pharmacological 

approach of temporal administration of LiCl, an inhibitor of Gsk-3β and activator of Wnt/β-

catenin signaling during mouse gestation (Tian et al., 2010). Pregnant females were injected 

intraperitoneally with either NaCl or LiCl once a day from E14.5 to E17.5. Histological 

analysis of E18.5 lungs from LiCl-treated HDAC3Dermo1creKO mutants revealed expanded 

distal airway area indicating increased lung sacculation (Fig. 5A-G). To determine whether 

the loss of AT1 cell differentiation could be rescued by LiCl activation of Wnt signaling, we 

performed immunostaining to examine the AT1 cell-specific marker Aqp5. Decreased 

expression of Aqp5 was partially rescued in LiCl-treated mutant lungs as compared with 

NaCl-treated controls at E18.5 (Fig. 5H-J). Q-PCR also confirmed that the mRNA 

expression of Aqp5 in HDAC3Dermo1creKO mutant lungs was partially restored by LiCl 

treatment (Fig. 5K). Q-PCR analysis also showed that LiCl treatment normalized Wnt/β-

catenin signaling activity in the HDAC3Dermo1creKO mutant lungs compared to NaCl treated 

controls (Fig. 5K). Notably, LiCl treatment did not increase the size of the 

HDAC3Dermo1creKO mutant lungs or elevate mesenchymal proliferation rate (data not 

shown), suggesting that the proliferation defect was not a result of decreased Wnt signaling 

during this time period. Together, these data demonstrated a significant reversal of alveolar 

sacculation and AT1 cell differentiation defects by LiCl treatment, which suggests that Wnt 

signaling mediates the effects of mesenchymal HDAC3 expression in controlling lung 

sacculation. These data reveal an important HDAC3 mediated Wnt signaling niche 

originating in the lung mesenchyme that controls AT1 cell differentiation and lung 

sacculaiton.

DISCUSSION

Lung sacculation and alveologenesis are terminal stages of lung development that involve 

the formation of the alveoli. Compared to the branching morphogenesis stage of lung 

development, little is known about how lung sacculation occurs. In particular, how AT1 cell 

fate is determined within the distal airways and whether this process is dependent on the 

crosstalk with the developing lung mesenchyme is poorly understood. Our study has 

identified an HDAC3-regulated mesenchymal niche that supports the differentiation of AT1 

cells during lung sacculation. Loss of mesenchymal HDAC3 led to a deficiency of AT1 cell 

differentiation and lung mesenchymal hypoplasia. This was accompanied by decreased Wnt/

β-catenin signaling.

Pharmacologic activation of Wnt signaling partially rescued the sacculation phenotype, 

suggesting that HDAC3 regulated Wnt signaling emanating form the mesenchyme is 

required for promoting the lineage specification and differentiation of AT1 cells during the 

saccular stage of lung development.
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The lung mesenchyme is an important source of signaling cues for epithelial development. 

The reduced proliferation and number of mesenchymal cells in HDAC3Dermo1creKO lungs 

could potentially lead to a general deficiency in mesenchymal cues that may contribute to 

the lack of AT1 cell differentiation. Histone deacetylases (HDACs) have been linked to cell 

cycle control in various model systems, involving regulation of the cyclin-dependent kinase 

inhibitors (Wilson et al., 2006; Yamaguchi et al., 2010). Our results showed that loss of 

HDAC3 in the lung mesenchyme leads to increased expression of CDK inhibitor p27. 

Despite decreased lung mesenchymal proliferation, we did not observe a change for Fgf9 or 

Fgf10, but did observe reduced expression of several Wnt ligands including Wnt2 and 

Wnt5a. This suggests a specific loss of Wnt ligand expression due to loss of HDAC3 

expression rather than a general loss of mesenchymal cues due to decrease proliferation. Our 

data also point to a less than complete loss of HDAc3 in the developing lung mesenchyme. 

This could be due to intrinsic inefficiencies in the Dermo1-cre line in general or due to cell 

type specific inefficiencies. Our data suggest that the Dermo1-cre line is less efficient in lung 

endothelial cells compared to other mesenchymal lineages.

The Wnt signaling pathway plays a key role in many aspects of lung development including 

lung progenitor specification, patterning and differentiation (Goss et al., 2009; Harris-

Johnson et al., 2009; Mucenski et al., 2003; Shu et al., 2005). Despite the recent implications 

of Wnt signaling in late lung development and alveolar maturation (Li et al., 2002; Shu et 

al., 2002), what exact cellular processes Wnt regulates and how Wnt signaling is controlled 

during the saccular stage remains to be determined. Our study reveals that Wnt signaling is 

crucial for the proper differentiation of AT1 cells and that mesenchymal HDAC3 can 

regulate this Wnt signaling niche during lung sacculation. Since we observed mesenchyme 

specific decreased expression of Wnt2 and Wnt5a and HDAC3 usually mediates gene 

repression, these Wnt ligands may be indirect targets of HDAC3. Recent studies have also 

shown that HDACs can directly deacetylate and modify the activities of transcription factors. 

Therefore it is also possible that HDAC3 may deacetylate certain transcription factors that 

can directly regulate the expression of Wnt ligands. Recent reports have also suggested that 

Wnt ligands such as Wnt3 in the intestinal niche do not diffuse large distance and stay 

closely associated with the cell they are expressed in (Farin et al., 2016). Whether the Wnts 

expressed in the lung and whose expression is altered upon loss of HDAC3 including Wnt2 

and Wnt5a also behave in this manner remains to be determined. However, given that 

significant cell mobility that occurs during lung development in both the mesenchymal and 

epithelial compartments, it is likely that there is sufficient interaction between the cells 

expressing Wnts and the receptive cells to cause disruption in development due to the 

decreased expression of Wnt2 and Wnt5a noted in these studies.

The proper development and maturation of lung alveolar saccules is of great importance as 

disruptions of this process usually lead to respiratory distress and death in neonates. We have 

shown that mesenchymal HDAC3 is required for late lung development and AT1 cells 

differentiation. Importantly, the AT1 cell differentiation defects caused by down-regulation 

of Wnt/β-catenin signaling expression in lung epithelium can be partially rescued in vivo by 

using the pharmacological activator LiCl. Thus, the temporal application of Wnt activation 

during late lung sacculation and alveologenesis may promote proper lung maturation in 

preparation for postnatal gas exchange.
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MATERIALS AND METHODS

Animals

Generation and genotyping of Hdac3flox/flox, Dermo1Cre/+, Rosa26mTmG lines have been 

described previously(Sun et al., 2011; Yin et al., 2008). Mice were maintained on a mixed 

C57BL/6:129SVJ background. For the LiCl rescue experiments, pregnant females were 

injected intraperitoneally with 200mg/kg once a day at indicated time points. All animal 

protocols have been approved by the University of Pennsylvania Institutional Animal Care 

and Use Committee (IACUC).

Histology

Embryos were dissected, fixed in 4% paraformaldehyde overnight at 4°C, dehydrated 

through increasing gradient of ethanol washes, and embedded in the paraffin wax for tissue 

sectioning. Hematoxylin and Eosin (H&E) staining was performed using standard 

procedures. Immunohistochemistry was performed using the following antibodies: anti-

HDAC3 (Santa Cruz, 1:10), anti-Aqp5 (abcam,1:100), T1-alpha(HybridomaBank,1:50), 

anti-Scgb1a1 (Santa Cruz, 1:20), anti-Sftpc (Millipore, 1:50), β-tublinIV (BioGenex1:20), 

SM22α (Abcam,1:100), anti-Sox2 (Seven Hills Bioreagents, 1:500), anti-phosphohistone 3 

(Cell Signaling Technology, 1:200), anti-Nkx2-1 (Santa Cruz,1:50), anti-BrdU (Abcam,

1:100), and anti-Ki67 (Abcam,1:50). Slides were mounted with Vectashield mounting 

medium containing DAPI (VectorLaboratories, Burlingame, CA, USA). For BrdU staining, 

pregnant mice were administrated intraperitoneally at 0.1mg/g body weight, 2 hours prior to 

harvest. Embryos were processed and sectioned as above.

Quantitative RT-PCR

Total RNA was isolated from lung tissues and cells at indicated time points, using the 

RNeasy Kit (Qiagen) or RNeasy Micro Kit (Qiagen) following the manufacturer's 

instructions. CDNA was synthesized using SuperScript First Stand Synthesis System 

(Invitrogen). Quantitative PCR was performed using SYBR green system (Applied 

Biosystems) with primers listed in Supplemental Materials Table S1. All reactions were 

normalized to GAPDH. Data shown are the mean ± SEM of three assays from at least three 

lungs of each genotype.

Quantification of Airway Lumen Area

For each sample, three pictures were taken under 40x objective lens. The areas for distal 

airways was measured by using the measurement function in ImageJ and calculated for 

mean value and standard deviation.

Lung epithelial /mesenchyme cell isolation and primary culture

Whole lungs were dissected at E18.5 and subject to Collagenase type I (Invitrogen) 

digestion to obtain single cells. Dynabeads Flow Comp Flexi Kit (Life Technologies) and 

EpCAM antibody (eBioscience) were used to isolate EpCAM+ lung epithelial cells and 

EpCAM− lung mesenchymal cells. The mesenchymal cells were cultured in DMEM (Life 
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Technologies) plus 10% FBS plus 1% penicillin/streptomycin for 48 hours before harvesting 

for Immunohistochemistry.

Lung Explant Culture

Lung explant culture was performed as previously described(Geng et al., 2011). E16.5 lungs 

tissues were dissected from the embryos and minced into 0.5-1mm thick pieces. The lung 

explants were cultured on the air-liquid interface in the absence or presence of the Wnt 

inhibitor XAV939 (Fisher Scientific) at 10μM for 48 h.

Supplementary Material

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

HDAC3 expression in mesenchyme is required for lung development

Mesenchymal HDAC3 is required for Wnt ligand expression

Mesenchymal HDAC3 is required for alveolar type 1 cell differentiation
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Figure 1. Loss of HDAC3 in the lung mesenchyme leads to hypoplasia and sacculation defects
(A-D) HDAC3 is broadly expressed in both lung epithelium and mesenchyme from E10.5 to 

E18.5. Dotted lines mark the boundary between lung epithelium and mesenchyme. (E-F) 

HDAC3 is efficiently deleted using the Dermo1cre lines as noted by loss of HDAC3 

expression in the developing lung mesenchymal cells using immunostaining. Dotted lines 

mark the boundary between lung epithelium and mesenchyme. (G-H) At E13.5, the 

Hdac3Dermo1creKO mutants show no obvious defects in lung morphology. (I-J) At E15.5, 

Hdac3Dermo1creKO lungs exhibit a reduced size shown by the whole-mount pictures. (K-N) 
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H&E staining show that the Hdac3Dermo1creKO lungs exhibit normal epithelial branching. 

(O-S) The Hdac3Dermo1creKO mutants display disrupted lung sacculation at E18.5 as 

exhibited by reduced distal airspace area.

Two tail student's t test: **p<0.01. n=3. Q-PCR data are represented as mean ± SD. Scale 

bars: D, F and R=50μm; P=1mm.
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Figure 2. Loss of HDAC3 in the developing lung mesenchyme results in a loss of AT1 cell 
differentiation
(A-D) Immunostaining for type I alveolar epithelial cell makers Pdpn and Aqp5 is 

significantly decreased in the Hdac3Dermo1creKO mutant lungs at E18.5 (arrows). (E-H) 

Expression of the alveolar type 2 cell (AT2) marker Sftpc and Sftpb are unchanged in the 

Hdac3Dermo1creKO mutants as revealed by immunostaining. (I) Q-PCR results confirm the 

loss of Pdpn and Aqp5 expression in mutant lungs at E18.5, and normal expression of AT2 

cell specific makers at E18.5. (J-M) Expression of the secretory epithelium lineage marker 

Scgb1a1 and markers of the ciliated epithelial lineage TubbIV and Foxj1 are unchanged in 
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the Hdac3Dermo1creKO mutants as revealed by immunostaining. (N) Q-PCR results also 

indicate normal expression of these cell specific makers at E18.5.

Ctrl=Control; KO= Hdac3Dermo1creKO lungs. Two tail student's t test: **p<0.01; NS=Not 

Significant. n=6. Q-PCR data are represented as mean ± SD.

Scale bars: D, H and M=50μm; K=100μm.
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Figure 3. Mesenchymal deficiency of HDAC3 leads to a decrease in mesenchymal cell 
proliferation
(A-E) Paraffin sections of E18.5 lungs from Hdac3Dermo1creKO and control lungs are stained 

for both BrdU and Nkx2-1. The percentage of BrdU+Nkx2-1− cells against is significantly 

decreased in mutant lungs. In contrast, the percentage of BrdU+Nkx2-1+ cells is similar 

between Hdac3Dermo1creKO and control lungs at E18.5.

(F-H) Immunostaining of fibroblast marker Pdgfr-β reveals a significant decrease in the 

Pdgfr-β+ fibroblast number in the Hdac3Dermo1creKO mutant lungs at E18.5 (F-G, arrow). Q-
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PCR analysis on several interstitial fibroblast markers including Pdgfr-α Pdgfr-β and 

vimentin shows a significant reduction in Hdac3Dermo1creKO lungs at E18.5.

(I-O) E18.5 primary lung mesenchymal cell culture shows that the Hdac3Dermo1creKO mutant 

cells have a significant reduction in proliferation as marked by double immunostaining for 

Ki67 and Pdgfr-β (I-N, arrows). The decreased mesenchymal cell proliferation is quantified 

by the percentage of Ki67+Pdgfr-β+ cells (O).

(P) Q-PCR analysis on several cell cycle related genes shows that mRNA expression levels 

of cyclinA2, cyclinB1, cylcinD1 and CDK1 were significantly reduced, and the expression 

of p27 is increased in the Hdac3Dermo1creKO lungs.

Ctrl=Control; KO= Hdac3Dermo1creKO. Two tail student's t test: *p<0.05; **p<0.01; NS=Not 

Significant. n=3 for E and O; n=6 for H. Q-PCR data are represented as mean ± SD. Scale 

Bars: D and G=50μm; N=100 μm.
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Figure 4. Inhibition of Wnt/β-catenin signaling phenocopies the effect of loss of mesenchymal 
HDAC3 on AT1 cell differentiation and lung sacculation
(A) HDAC3Dermo1creKO lungs exhibit decreased expression of several Wnt ligands as 

assessed by Q-PCR on whole lungs at E18.5. (B) Q-PCR analysis shows that Wnt ligands 

including Wnt2 and Wnt5a are significantly decreased in the mesenchymal cells of 

HDAC3Dermo1creKO lungs at E18.5. (C) Target genes of Wnt/β-catenin pathway are 

decreased in the epithelial cells of HDAC3Dermo1creKO lungs at E18.5. (D-E) Treatment of 

Wnt/β-catenin signaling inhibitor XAV939 on E16.5 lung explants for 48hrs results in lung 

sacculation defects as shown by H&E staining. (F-I) Wnt inhibition also leads to a defect in 
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AT1 cell differentiation as shown by the reduction of Aqp5 and Pdpn staining (arrows). 

Dotted lines outline the boundary between airway epithelium and mesenchyme. Of note, 

most of the green staining outside of the airways is due to background autofluorescence 

from red blood cells. (J) XAV939 treatment reduced expression of the canonical Wnt 

signaling target genes Axin2 and Lef1 and the AT1 cell markers Aqp5 and Pdpn.

Ctrl=Control; KO= Hdac3Dermo1creKO lungs. Two tail student's t test: *p<0.05; **p<0.01; 

NS=Not Significant. n=6. Q-PCR data are represented as mean ± SD. Scale Bars: 50 μm.
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Figure 5. Systemic activation of Wnt/β-catenin signaling alleviates the defects of lung sacculation 
and AT1 cell differentiation in the HDAC3Dermo1creKO lungs
(A-F) H&E staining shows that the sacculation defects at E18.5 are improved in LiCl-treated 

HDAC3Dermo1creKO lungs compared to NaCl treated HDAC3Dermo1creKO lungs. (G) 

Quantification of distal airway area indicates that the sacculation defect is partially restored 

in LiCl-treated HDAC3Dermo1creKO lungs at E18.5. (H-K) Aqp5 immunostaining and Q-

PCR show that the defect in AT1 cell differentiation is significantly rescued in LiCl-treated 

HDAC3Dermo1creKO lungs compared to NaCl-treated mutants at E18.5 (J, arrows). LiCl 

treatment also rescues expression of Axin2 and Lef-1 in HDAC3Dermo1creKO mutants.

Ctrl=Control; KO= HDAC3Dermo1creKO lungs. Two tail student's t test: **p<0.01. n=3. Q-

PCR data are represented as mean ± SD. Scale Bars: E=50μm; F and J=100 μm.

Wang et al. Page 20

Dev Biol. Author manuscript; available in PMC 2017 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	RESULTS
	Loss of HDAC3 in the developing lung mesenchyme causes a loss of AT1 cell differentiation
	Mesenchymal deficiency of HDAC3 reduces mesenchymal cell proliferation without affecting that of epithelial cells
	Wnt/β-catenin signaling activity is decreased in the HDAC3Dermo1creKO lungs
	Inhibition of Wnt/β-catenin signaling phenocopies the effect of loss of mesenchymal HDAC3 on AT1 cell differentiation and lung sacculation
	Systemic activation of Wnt/β-catenin signaling at specific stages of lung development can partially rescue AT1 cell differentiation defects

	DISCUSSION
	MATERIALS AND METHODS
	Animals
	Histology
	Quantitative RT-PCR
	Quantification of Airway Lumen Area
	Lung epithelial /mesenchyme cell isolation and primary culture
	Lung Explant Culture

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

