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One sentence summary: SIN3A is required for diaphragm and lung development in humans 

and mice by controlling the balance of histone acetylation. 
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Abstract: A major barrier to the impact of genomic diagnosis in patients with congenital 

malformations is the lack of clarity regarding how sequence variants contribute to disease 

pathogenesis and whether this information could be used to generate novel and patient-specific 

therapy. Congenital diaphragmatic hernia (CDH) is among the most common and severe of all 

structural malformations; however, its underlying mechanisms are unclear. We identified loss of 

function sequence variants in the epigenomic regulator gene SIN3A in two patients with complex

CDH. Tissue-specific deletion of Sin3a in mice resulted in defects in diaphragm development, 

lung hypoplasia, and pulmonary hypertension, the cardinal features of CDH and major causes of 

CDH-associated mortality. Loss of SIN3A in the lung mesenchyme resulted in reduced cellular 

differentiation, impaired cell proliferation, and increased DNA damage. Treatment of embryonic 

Sin3a mutant mice with anacardic acid, an inhibitor of histone acetyltransferase, increased 

differentiation and cell proliferation while reducing DNA damage. These findings demonstrate 

that restoring the balance of histone acetylation is an effective strategy to improve lung 

development in the Sin3a mouse model of CDH.
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Main text: 

INTRODUCTION

Congenital malformations remain the leading cause of infant mortality in the United 

States and are a significant source of newborn morbidity (1). One of the most common and 

severe anomalies is congenital diaphragmatic hernia (CDH) which occurs in 1 out of every 3000-

3500 live births with a mortality rate of 10-50% (2-8). Although abnormal diaphragm 

development is the hallmark of the disease, the high rate of morbidity and mortality in patients 

with CDH is due to defects in lung and pulmonary vascular development causing lung 

hypoplasia and pulmonary hypertension (9, 10). Despite the frequency and severity of CDH, the 

underlying developmental mechanisms are not well understood. Genetic studies in patients and 

families have identified a growing list of CDH candidate genes implicated in development of the 

diaphragm (11-15). Loss of function studies of these genes in animal models have demonstrated 

impaired diaphragm development as well as a direct role for genetic mutations in the 

mechanisms responsible for lung hypoplasia and pulmonary hypertension (16-21).

Epigenetic regulation of gene expression plays an important role throughout development

and in physiological adaptation to birth (22-26). Defects in epigenetic regulation of gene 

expression have been implicated in the mechanisms responsible for human disease including 

neurodevelopmental disorders and structural malformations such as congenital heart disease and 

neural tube defects (24, 27-36). Global disruption of DNA methylation or histone deacetylation, 

two of the most well studied epigenetic mechanisms of gene regulation, results in early 

embryonic lethality (37-40). In the lungs, regulation of histone acetylation has been shown to be 

important for development and in the mechanisms responsible for asthma, chronic obstructive 

pulmonary disease, pulmonary fibrosis, lung cancer, and pulmonary hypertension (41-52). The 
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balance of gene transcription and repression maintained by histone acetylation is controlled by 

the complementary activity of histone acetyltransferase (HAT) and histone deacetylation 

(HDAC) enzymes (52-54). The tightly coordinated activity of these enzymes is necessary for 

rapid changes in gene expression that occur during embryonic development and in disease (55-

58).

To direct the timing, cell, and genome region-specific action of histone deacetylases, 

HDAC1 and HDAC2 form multi-protein complexes (59-62). The SIN3-HDAC complex is one 

of several such complexes that regulate histone deacetylation (63-68). The SIN3/HDAC complex

is most well-known for its role in transcriptional repression by histone deacetylation and 

regulation of cell cycling during development (64-71). Because SIN3A can also activate 

transcription, it has become recognized as a transcriptional co-regulator whose function depends 

on interactions with a wide range of DNA-binding co-factors (70, 72-79). During development, 

SIN3A plays multiple roles in both organogenesis and cell lineage specification while loss of 

SIN3A has been reported to cause defects in energy metabolism and impaired cell cycling (80-

87). Relevant to CDH, SIN3A was demonstrated to play a role in skeletal muscle cell 

development, maintenance, and function (88). In the developing lungs, loss of SIN3A in foregut 

endoderm derived epithelium resulted in failure of branching morphogenesis and cell cycle arrest

(89). In adult mice, conditional deletion of Sin3a in type 2 alveolar epithelial cells resulted in 

p53-dependent senescence and pulmonary fibrosis (90). Haploinsufficiency or sequence variants 

in the SIN3A gene have been reported in human patients with Witteveen-Kolk syndrome (OMIM

613406) and characteristic neurocognitive impairment, growth and feeding difficulties, and 

distinctive facial features (91-96). Interestingly, despite the importance of SIN3A in regulating 
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development, to our knowledge, there are no prior reports of SIN3A sequence variants in patients

with congenital malformations. 

To understand the genetic and developmental mechanisms responsible for CDH, we 

conducted whole genome sequencing in patients and family members with the disease. Small 

deletions that resulted in heterozygous loss-of-function of SIN3A were identified in two patients 

with complex CDH. To determine the role that SIN3A plays in development of the diaphragm 

and lung mesenchyme, we conducted tissue specific deletion of Sin3a in mice. We found that 

SIN3A is required in the skeletal muscle and mesothelium for diaphragm formation. 

Furthermore, in the lung mesenchyme, SIN3A is required for cellular differentiation, cell 

cycling, and regulation of DNA damage. Although SIN3A controls gene expression through 

multiple mechanisms, we found that loss of SIN3A resulted in an imbalance of histone 

acetylation and deacetylation which was restored by embryonic inhibition of histone 

acetyltransferase.  
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RESULTS

SIN3A loss-of-function sequence variants were identified in patients with CDH

 To identify genetic mechanisms responsible for CDH, whole genome or exome 

sequencing was conducted on 827 patient and parent trios enrolled in the Diaphragmatic Hernia 

Research and Exploration; Advancing Molecular Science (DHREAMS) study (15, 97). Among 

the 1,153 protein-coding variants identified in this cohort were 418 gene damaging variants 

discovered in 318 of the CDH patients (38.4%) (15) including de novo, two and seven base pair 

frameshift deletions in the SIN3A gene in two patients with complex CDH (Figure 1A, B). One 

of these patients, who had a two base pair deletion and frameshift variant in exon 18, died during

the newborn period with a severe, multi-system, phenotype including right-CDH, respiratory 

failure, coarctation of the aorta, imperforate anus, and limb abnormalities (Figure 1B, 

Supplemental Table 1). The second patient, who had a seven base pair deletion and frame shift 

variant in exon 11, also had a multi-system phenotype with left-CDH, unilateral pelvic kidney, 

and a palate defect but less severe lung and pulmonary vascular disease and developed 

schizoaffective disorder (Figure 1B, Supplemental Table 1). Although growth and 

neurodevelopmental disorders have been described in patients with SIN3A gene variants and 

Witteveen-Kolk syndrome (93, 96), to our knowledge, this is first report of congenital 

diaphragmatic hernia identified in patients with damaging SIN3A sequence variants.  

To determine if disruption of SIN3A function might lead to CDH phenotypes including 

diaphragm malformation, pulmonary hypertension, or lung hypoplasia, expression of Sin3a was 

characterized in mice. Sin3a expression was identified in both the developing diaphragm and 

throughout the lungs at embryonic day 12 (E12, Figure 1C-E). In addition to its reported 

expression in the endoderm derived epithelium (Figure 1G) (89), Sin3a is expressed throughout 
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the developing lung mesenchyme during embryonic and early postnatal stages (Figure 1F-H, 

Supplemental Figure 1A-E) including in Pdgfra-expressing myofibroblast, Plin2-expressing 

lipofibroblast, Sm22a-expressing airway and vascular smooth muscle cells, and Erg-expressing 

lung endothelial cells (Supplemental Figure 1F-H). 

SIN3A is required in the skeletal muscle and mesothelium for diaphragm development

To determine if SIN3A is required for diaphragm formation, conditional deletion of 

Sin3a was conducted using cell-specific Cre-recombination in cell populations that compose the 

diaphragm. To investigate the role of SIN3A in the developing diaphragm fibroblasts, Prx1-Cre 

was used to induce recombination in lateral plate mesoderm-derived fibroblast cells that express 

Sin3a (Figure 2A, B). Compared to controls (Figure 2C, Supplemental Figure 2A-E), Prx1-Cre; 

Sin3a conditional deletion embryos (CKO) exhibited abnormal limb formation (Supplemental 

Figure 2F), but normal diaphragm development with Tcf4-expressing fibroblast cells, Myod1-

expressing skeletal muscle cells, and Wt1-expressing mesothelial cells (Figure 2D and 

Supplemental Figure 2G-J). 

To determine if SIN3A is required in the skeletal muscle during diaphragm development, 

Pax3-Cre was used to induce recombination in somatic mesoderm-derived skeletal muscle that 

expresses Sin3a (Figure 2E, F). Compared to controls (Figure 2G and Supplemental Figure 2A-

E), Pax3-Cre; Sin3a CKO embryos had a thin, membranous, and muscle-less diaphragm (Figure 

2H and Supplemental Figure 2L), in addition to other structural defects including anencephaly 

(Supplemental Figure 2K). The diaphragm of Pax3-Cre; Sin3a CKO embryos did not contain 

Tcf4-expressing fibroblast or Myod1-expressing skeletal muscle cells and was composed 

exclusively of Wt1-expressing mesothelial cells (Supplemental Figure 2M-O). 
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To determine if SIN3A is required in diaphragm mesothelial cells, Tbx4-rtTA; Tet-o-Cre 

was used to induce recombination in the developing mesothelium that expresses Sin3a beginning

at embryonic day 6 (Figure 2I, J). Compared to controls (Figure 2K and Supplemental Figure 

2A-E), deletion of Sin3a using this approach resulted in a left, posterior-lateral defect of the 

diaphragm with herniation of the stomach, intestine, and liver into the left-thorax (Figure 2L and 

Supplemental Figure 2P, Q). This left posterior-lateral diaphragm defect is seen in the majority 

of patients with CDH. The remaining diaphragm of Tbx4-rtTA; Tet-o-Cre; Sin3a CKO embryos 

contained Tcf4-expressing fibroblast, Myod1-expressing skeletal muscle, and Wt1-expressing 

mesothelial cells (Supplemental Figure 2R-T). At the site where the diaphragm failed to close 

there was decreased expression of Tcf4, normal expression of Myod1, and increased and 

disorganized expression of Wt1 within the pleuroperitoneal fold (PPF, Supplemental Figure 2U-

W).  Taken together, these data suggest that SIN3A is required in both the somatic mesoderm 

derived skeletal muscle and the mesothelium during diaphragm development.

SIN3A is required in the lung mesenchyme

To investigate the role of SIN3A during lung development, Tbx4-rtTA; Tet-o-Cre was 

used to induce deletion of Sin3a beginning at embryonic day 6 (Supplemental Figure 3A), 

resulting in recombination throughout the lung mesenchyme as well as in the diaphragm 

(Supplemental Figure 3B). Tbx4-rtTA; Tet-o-Cre; Sin3a CKO mice were born at the expected 

Mendelian ratio, but all died after birth (Supplemental Figure 3C).  Compared to controls 

(Supplemental Figure 3D), deletion of Sin3a using this approach resulted in left-CDH with liver 

herniation into the thorax (Supplemental Figure 3E). Gross inspection of the trachea and lungs 

demonstrated that Tbx4-rtTA; Tet-o-Cre; Sin3a CKO mice had lung hypoplasia (Supplemental 
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Figure 3F). Histological analysis of the embryonic thorax revealed that Tbx4-rtTA; Tet-o-Cre; 

Sin3a CKO mice had left-CDH, rightward deviation of the heart, liver herniation, and lung 

hypoplasia (Supplemental Figure 3H). To determine if lung hypoplasia in Tbx4-rtTA; Tet-o-Cre; 

Sin3a CKO mice occurred independent of mechanical compression by herniated abdominal 

organs, mutant lungs were compared to controls at E12, prior to organ herniation (Supplemental 

Figure 3I). Despite the loss of SIN3A, E12 Tbx4-rtTA; Tet-o-Cre; Sin3a CKO lungs were similar

to controls (Supplemental Figure 3I). 

To investigate the role of SIN3A during later stages of lung mesenchymal development 

without mechanical compression caused by herniated abdominal organs, doxycycline was used 

to induce recombination throughout the lung mesenchyme beginning at embryonic day 12 

(Figure 3A, B). Using this approach, compared to controls that had Sin3a expression throughout 

the lungs (Figure 3C), Tbx4-rtTA; Tet-o-Cre; Sin3a CKO mice (referred to hereafter as Sin3a 

CKO) lacked expression of Sin3a in the mesenchyme but retained its expression in the 

epithelium (Figure 3D). Despite appearing normal at birth and surviving into adulthood, Sin3a 

CKO mice did not gain weight as rapidly as controls (Figure 3E, F). Histological analysis at P28 

revealed that Sin3a CKO mice had emphysematous dilation of the distal airspaces (Figure 3H). 

Like newborn patients with CDH, Sin3a CKO mice had defects in pulmonary vascular 

development (Figure 3I-L) including decreased lung vessel number and increased vascular 

smooth muscle wall thickness (Figure 3K, L) as well as pulmonary hypertension with right 

ventricular hypertrophy, increased pulmonary vascular resistance, decreased right ventricular 

function, and increased right peak systolic pressure (Figure 3M-P). Despite having normal lung 

size at birth (Figure 3Q), the first histological evidence of abnormal lung structure was present in

Sin3a CKO mice at P0 with thickened interstitium and simplified air spaces (Figure 3R-T). 
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Pulmonary vascular defects were also present at P0 in Sin3a CKO mice with decreased lung 

vessel number but not vascular smooth muscle hypertrophy (Figure 3U-X). 

SIN3A is required in the lung mesenchyme for myofibroblast, extracellular matrix, 

endothelial, and alveolar epithelial cell development

To determine the impact of SIN3A loss of function during lung mesenchymal 

development, the number and type of lung mesenchymal cells were analyzed in control and 

Sin3a CKO lungs. Compared to controls (Figure 4A), Sin3a CKO lungs had fewer mesenchymal 

cells (Figure 4B, C). Loss of SIN3A resulted in decreased Pdgfra-GFP-labelled myofibroblast 

precursor cells, extracellular matrix, and Elastin gene expression compared to controls (Figure 

4D-I). In contrast, lipofibroblast cells were not clearly impacted by the loss of SIN3A (Figure 4J-

L). These data demonstrate that SIN3A plays a primary role in lung mesenchymal cell 

development in addition to its role in diaphragm formation.  

Supporting the idea that the mesenchyme plays a central role in directing embryonic lung 

development, mesenchyme-specific deletion of Sin3a resulted in decreased ERG-labelled 

alveolar endothelial cells, SPC-labelled type-2 alveolar epithelial cells, and HOPEX-labelled 

type-1 alveolar epithelial cells compared to controls (Figure 4 M-U).  

To investigate the role of SIN3A in vascular development during lung formation, Cdh5-

Cre was used to delete Sin3a in developing endothelial cells (Supplemental Figure 4A). Cdh5-

Cre Sin3a CKO embryos initiate lung development and appear healthy at E11 (Supplemental 

Figure 4B-E) but develop diffuse hemorrhage between E11-12 and fail to undergo branching 

morphogenesis (Supplemental Figure 4B, F-H). These data demonstrate the essential role that 

SIN3A plays in endothelial cells for embryonic vascular development. 
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SIN3A is required for regulation of cell cycling and DNA damage

SIN3A has been demonstrated to direct multiple mechanisms necessary for development 

including regulation of cell cycling and cellular differentiation. To determine if SIN3A plays a 

similar role in the developing lung mesenchyme, cell proliferation, cell death, and DNA damage 

were investigated in Sin3a CKO mice. Compared to controls (Figure 5A, D), Sin3a CKO lungs 

had a similar number of phosphohistone H3 (PPH3)-positive dividing cells (Figure 5B, C), but 

fewer EDU-positive cells undergoing G1 to S-phase transition (Figure 5E, F). Additionally, 

compared to controls (Figure 5G), Sin3a CKO mice had more cleaved caspase 3 (CC3)-positive 

cells undergoing apoptosis (Figure 5H, I). Finally, because loss of SIN3A has been shown to 

result in increased DNA damage (98), H2AX staining was used to quantify the number of cells 

with evidence of DNA damage. Compared to controls (Figure 5J), Sin3a CKO lungs had an 

increase in the number of H2AX stained cells (Figure 5K, L). These data suggest that loss of 

SIN3A function in the lung mesenchyme resulted in decreased G1 to S-phase transition, 

increased programmed cell death, and increased DNA damage. 

Loss of SIN3A transcriptional regulation resulted in impaired lung mesenchymal cell 

differentiation

To identify the genetic mechanisms responsible for abnormal lung development due to 

the loss of SIN3A, RNA was collected from the lungs of four control and four Sin3a CKO mice 

at 3 stages (Supplemental Figure 5A) including E16, when defects in cell cycling and DNA 

damage were first evident (Figure 5D-F and J-L) and when expression of Sin3a was highest 

(Supplemental Figure 1A), P0 when the histological phenotype was first evident (Figure 3L-N) 
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and when there were changes in the number of mesenchymal, endothelial, and alveolar epithelial 

cells (Figure 4A-F and M-U), and P3 when there was a reduction in the extracellular matrix 

(Figure 4G-I). Expression of more than 200 genes was altered in Sin3a CKO mice at each stage 

(Supplemental Tables 3-5) and 37 genes were mis-regulated by the loss of SIN3A at all stages 

(Supplemental Figure 5A). Consistent with the known role of SIN3A as a transcriptional 

repressor, deletion of Sin3a resulted in increased expression of most of these genes 

(Supplemental Figure 5B). Among these 37 genes were those expressed in proliferative lung 

mesenchymal progenitor cells and that encode regulators of cell cycle progression or G1 to S-

phase transition including Rnf26, Cyp46a1, Ccne1, Hectd3, Rrp12, Wdr55, and Tmem231 

(Supplemental Figure 5A, B). 

To investigate the changes in gene expression that occurred specifically in lung 

mesenchymal cells, flow cytometry was used to isolate mesenchymal cells that underwent 

recombination indicated by the presence of a CRE-responsive red-fluorescence reporter protein 

from four control and four Sin3a CKO mice at E16. Compared to controls, Sin3a CKO lung 

mesenchymal cells had differential expression of more than 4000 genes (Figure 6A). In contrast 

to the whole lung gene expression analysis (Supplemental Figure 5A, B), the number of genes 

with increased expression (2155) was similar to the number with decreased expression (2010) in 

recombined Sin3a CKO mesenchymal cells (Figure 6A). Among the 100 most significantly mis-

regulated genes were 9 identified in the shared whole-lung gene-expression experiment (Gba, 

Ift22, Qdpr, Rpp40, Cyp46a1, Evi5l, Rcl1, Wdr55, and Klf16) as well as genes expressed in 

myofibroblasts (Des), lipofibroblasts (Baz1a), and extracellular matrix (Gsto1, Adamts4, Crtac1, 

Col9a2, Scara3, and Col16a1, Figure 6A). Also among the 100 most significantly mis-regulated 

genes were those encoding members of the apoptosis pathway (Sod2, Ing2, Aen, and Mnt), 
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involved in DNA repair (Cep164, Cenpx, Sirt7, and Chaf1b), and SIN3 associated proteins 

(SAPs: Ing2, Ing1, and Sap30, Figure 6A). 

Because impaired mesenchymal cell development was a predominant phenotype 

observed in the Sin3a CKO lungs, we compared the differentially expressed genes to a recently 

published reference list of genes expressed in mesenchymal cell sub-populations and their 

precursors (99). Compared to controls, Sin3a CKO mesenchymal cells had decreased expression 

of myofibroblast, matrix fibroblast, and lipofibroblast genes (Figure 6B). In contrast, expression 

of proliferative progenitor genes was increased in Sin3a CKO mesenchymal cells (Figure 6B). 

These data were confirmed by qRT-PCR conducted using RNA from whole lungs of E16 Sin3a 

CKO and littermate control mice (Figure 6B) and suggest that loss of SIN3A resulted in 

impaired lung mesenchymal cell differentiation.

To investigate the impact of Sin3a deletion on mesenchymal cell differentiation, 

recombined lung mesenchymal cells collected from two control and two Sin3a CKO embryos 

were analyzed using single-cell RNA sequencing at E16 (Supplemental Figure 6). Using this 

approach, recombined mesenchymal cells were organized into 14 clusters and broadly 

categorized as proliferative mesenchymal progenitor cells (PMPs), undifferentiated transitional 

mesenchymal cells, or differentiating mesenchymal precursor cells (Figure 6C, Supplemental 

Figure 7). Comparison of the lung mesenchymal cells collected from the two control and the two

Sin3a CKO mice (Figure 6D) demonstrated an increase in the relative number of proliferative 

progenitor cells and a decrease in differentiating myofibroblast, matrix, and Ebf1-expressing lung

fibroblast precursor cells from Sin3a CKO mice (Figure 6E, Supplemental Figure 8, 

Supplemental Table 6). The reduction in differentiating mesenchymal precursor cells was most 

significant in the myofibroblast cells (Figure 6E, Supplemental Table 6). These results are similar
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to the histological data (Figure 4D-I) and sorted lung mesenchymal gene expression analysis 

(Figure 6B) and suggest that defects in lung development in Sin3a CKO mice were due to failure

of cell differentiation. 

SIN3A is required for lung myofibroblast and matrix fibroblast differentiation

Analysis of spliced and un-spliced transcripts using RNA velocity demonstrated the 

pattern of differentiation from proliferative mesenchymal cells to transitional undifferentiated 

mesenchymal cells and then to differentiating mesenchymal precursor cells in control and Sin3a 

CKO lung mesenchymal cells (Figure 6F). To determine how Sin3a deletion affected the 

potential for cell differentiation, we analyzed the RNA velocity lengths (100) which were 

reduced in mesenchymal cells collected from Sin3a CKO mice compared to controls (Figure 6G,

H). The decrease in RNA velocity lengths was observed in PMP, transitional undifferentiated 

mesenchymal cells, and in differentiating mesenchymal precursor cells (Figure 6H). These data 

suggest that loss of SIN3A resulted in decreased differentiation potential of mesenchymal cells at

all stages of differentiation. 

To determine the genetic mechanisms responsible for reduced mesenchymal cell 

differentiation, integrated pathway analysis (IPA) was used to identify pathways mis-regulated 

by the loss of SIN3A (Figure 7A). The most significantly mis-regulated canonical and process 

pathways were pathways relevant for lung development and the phenotype observed in Sin3a 

CKO lungs including idiopathic pulmonary fibrosis, lung formation, vascular development, entry

into S-phase, fibroblast cell death, and senescence where SIN3A has been shown to play a role in

lung epithelial cells (Figure 7A) (90). The mis-regulated upstream regulator pathways included 

several that play an important role in mesenchyme and lung myofibroblast development and 
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differentiation specifically (Figure 7A-C) including decreased expression of myofibroblast and 

matrix fibroblast genes (Acta2, Myh11, Tagln, Tgfbi, Des, Igfbp5, Eln, Igfbp4, Jund, and Mmp2, 

Figure 7B) and decreased expression of TGFB and WNT pathway genes (Fos, Jun, Col1a1, 

Col3a1, Col4a1, Col6a3, and Fzd2, Figure 7C). These findings were confirmed using the RNA-

sequencing analysis conducted on sorted lung mesenchymal cells (Figure 6A) and gene 

expression analysis conducted on whole lung RNA extracts at E16 which demonstrated a similar 

reduction in TGFB and WNT gene expression in Sin3a CKO lungs (Figure 7C). Together these 

data suggest that loss of SIN3A resulted in altered gene expression in pathways required for 

myofibroblast and matrix fibroblast differentiation. 

SIN3A deletion altered gene expression that impaired cell cycling, DNA damage, and 

senescence 

In addition to the changes in mesenchymal cell differentiation, pathway and differential 

gene expression analysis of Sin3a CKO mesenchymal cells demonstrated decreased entry into S-

phase (Figure 7A) with decreased expression of genes that promote cell cycle progression (H19, 

Id3, Ccnd2), increased expression of genes associated with cell cycle arrest, cell death, or 

senescence (Ccne1, Bax, Sod2, Ing1), and increased expression of Ing2, one of the SIN3 

associated proteins (SAPs, Figure 7D). These findings were confirmed using the sorted lung 

mesenchymal RNA-sequencing analysis (Figure 6A) and gene expression analysis conducted on 

RNA extracted from E16 control and Sin3a CKO lungs (Figure 7E-H). Loss of SIN3A resulted 

in reduced expression of genes that promote mesenchymal cell proliferation and increased 

expression of genes that promote cell cycle arrest (Figure 7E). Sin3a CKO mice also had 

increased expression of genes expressed in response to DNA damage and altered expression of 
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genes associated with DNA repair (Figure 7F). These data support the conclusion that SIN3A is 

required during lung development to promote mesenchymal cell differentiation and that loss of 

SIN3A resulted in impaired cell cycling and increased DNA damage. 

Pathway and single cell gene expression analysis demonstrated that loss of SIN3A 

resulted in increased expression of genes involved in senescence (Supplemental Figure 9A, G). 

SIN3A has been demonstrated to regulate genes implicated in senescence and loss of SIN3A in 

the lung epithelium was associated with senescence and pulmonary fibrosis (89, 90). Compared 

to controls, Sin3a CKO mesenchymal cells had differential expression of multiple genes 

associated with senescence (Supplemental Figure 9G). This expression analysis did not indicate 

an increase or decrease in senescence activation as genes that promote or repress senescence 

were both positively and negatively impacted by the loss of SIN3A (Supplemental Figure 9G). 

These data suggest that loss of SIN3A in the mesenchyme resulted in an accumulation of 

progenitor cells, decreased cell cycling, increased DNA damage, and senescence.  

SIN3A is required for controlling the balance of histone acetylation

SIN3A regulates gene expression through multiple mechanisms including histone and 

DNA methylation and demethylation (add ref). Gene expression analysis of sorted lung 

mesenchymal cells from Sin3a CKO and control lungs at E16 demonstrated increased expression

of genes that promote both histone methylation and demethylation whereas genes that promote 

DNA methylation or demethylation were decreased (Figure 7G). Gene expression conducted on 

whole lung RNA extracts from Sin3a CKO and control mice at E16 did not demonstrate a 

consistent trend in either histone or DNA methylation (Figure 7G). Because more of the genes 

that direct histone methylation or demethylation were mis-regulated in Sin3a CKO recombined 
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mesenchymal cells, immunofluorescence staining for transcriptional repressing methylation of 

histone 3 lysine 9 (H3K9Me2 and H3K9Me3) and lysine 27 (H3K27Me3) was conducted at E16 

(Supplemental Figure 10A-I). These data demonstrate that no significant change in histone 

methylation was detectable despite the loss of SIN3A during lung mesenchymal development 

(Supplemental Figure 10A-I).

SIN3A is known to act as a transcriptional repressor through its cooperative interaction 

with HDACs. The activity of the SIN3/HDAC complex is modulated by multiple co-factors (63, 

79, 101). In recombined Sin3a CKO lung mesenchymal cells at E16 (Figure 6A), expression of 

the SIN3-HDAC core complex and SIN3 associated protein (SAP) genes was up-regulated 

including Sap30, Sap18, Suds3, Arid4b, Rb1, Brms1, Sap130, Sap25, Ing1, Ing2, Sin3b, and 

Mxi1 (Figure 7H). These data were confirmed by gene expression analysis conducted on whole 

lung RNA extracts from Sin3a CKO and control embryos at E16 demonstrating mis-regulated 

expression of both core SIN3/HDAC and SAP co-factors (Figure 7H). In contrast, expression of 

histone acetyltransferase genes Crebbp and Ep300 was not changed in lung mesenchymal cells 

from Sin3a CKO embryos (Supplemental Figure 11 A, B). 

To determine if loss of SIN3A in the lung mesenchyme had a direct impact on the 

balance of histone acetylation, immunofluorescence staining for transcriptional activating 

acetylation of H3K9 and H3K27 was conducted on Sin3a CKO and control lungs (Figure 8A-F). 

These data demonstrate that loss of SIN3A resulted in increased histone acetylation in Sin3a 

CKO lungs (Figure 8C, F, G). The imbalance of histone acetylation and deacetylation observed 

in Sin3a CKO lungs might be responsible for the observed changes in gene expression as well as 

the decrease in mesenchymal cell differentiation, decrease in cell cycling, and increase in DNA 

damage. 
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To investigate this hypothesis and determine if embryonic inhibition of histone 

deacetylation recapitulates SIN3A loss of function, control and Sin3a CKO mice were treated 

with the HDAC-inhibitor trichostatin A (TSA) beginning when doxycycline induced 

recombination was initiated (Figure 8N) (102, 103). Using this approach there was no difference 

in the number of EDU-positive cells in untreated Sin3a CKO lungs (Figure 8I) compared to 

those treated with DMSO vehicle control (Supplemental Figure 12B, C) or those treated with 

TSA (Supplemental Figure 12H, I). In contrast, compared to untreated control lungs (Figure 8H) 

or those treated with DMSO (Supplemental Figure 12A) there was a reduction in the number of 

EDU-positive cells in control lungs treated with TSA (Supplemental Figure 12G, I). The number 

of EDU-positive cells in control lungs treated with TSA was similar to the number of EDU-

positive cells in untreated Sin3a CKO lungs (Figure 8I, Supplemental Figure 12G, I). These data 

suggest that embryonic HDAC-inhibition with TSA resulted in decreased G1 to S-phase 

transition that was similar to loss of SIN3A function. Interestingly, HDAC-inhibition with TSA 

did not alter the number of cells with evidence of DNA damage indicated by H2AX staining in 

either Sin3a CKO or control lungs (Figure 8K-M compared to Supplemental Figure 12D-F and J-

L) suggesting that DNA damage observed in Sin3a CKO mice might not be due to decreased 

HDAC function alone. 

SIN3A loss-of-function can be restored by inhibition of histone acetyltransferase

To determine if the balance of histone acetylation and deacetylation could be restored 

despite the absence of SIN3A, we treated embryos with A-485, a potent inhibitor of HAT p300/

CPB (104). Sin3a CKO lungs treated with A-485 demonstrated decreased DNA damage 

(Supplemental Figure 12Q, R) compared to untreated mutant lungs (Figure 8L). Interestingly, 
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although DNA damage was reduced in the mutant lungs with A-485, G1 to S-phase transition 

remained decreased in Sin3a CKO lungs (Supplemental Figure 12N, O compared to Figure 8I). 

G1 to S-phase transition was also decreased in control lungs treated with A-485 (Supplemental 

Figure 12M, O) compared to those that were untreated (Figure 8H). These data suggest that 

potent inhibition of p300/CBP HAT by A485 can make DNA resistant to damage but not 

accessible for replication during lung development. These findings support the idea that SIN3A 

plays an important role in regulating the balance of histone acetylation and deacetylation. 

To investigate this hypothesis further, anacardic acid (AA), a naturally occurring HAT 

inhibitor that is 1000 times less potent than A-485 (102, 104, 105), was used to treat Sin3a CKO 

and control mice following the regimen conducted with TSA and A-485 (Figure 8N). Our 

rationale for using a less potent HAT inhibitor was that partial inhibition of acetyltransferase 

might restore the balance of histone acetylation while maintaining sufficient histone acetylation 

necessary for DNA replication and cell proliferation. Using this approach, no difference was 

observed in histone acetylation in untreated control embryos (Figure 8A, D) or those treated with

AA (Figure 8O, Q, R, T) whereas histone acetylation was decreased in AA treated Sin3a CKO 

embryos (Figure 8P, Q, S, T) compared to untreated Sin3a CKO embryos (Figure 8B, E). Using 

the same embryonic treatment, no difference was observed in the number of EDU-positive cells 

or in the number of cells with evidence of DNA damage in control lungs treated with AA (Figure

8 U, W, X, Z) compared to those that were untreated (Figure 8H, K). In contrast, the number of 

EDU-positive cells was increased while the number of cells with evidence of DNA damage was 

decreased in Sin3a CKO lungs treated with AA (Figure 8 V, W, Y, Z) compared to those that 

were untreated (Figure 8I, L).
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To determine if the increased cell proliferation and decreased DNA damage observed in 

Sin3a CKO embryos following AA treatment were due to inhibition of p300-CBP specifically, 

we treated with diluted A485 to mimic the potency of AA HAT inhibition. A485 was developed 

to be a specific inhibitor of p300/CBP (PMID: 28953875). We found that both 1:100 and 1:1000 

dilutions of A485 were sufficient to increase cell proliferation and decrease DNA damage in 

Sin3a CKO embryos (Supplemental Figure 12S-D’ compared to Figure 8H-M). These data 

suggest that partial inhibition of histone acetyltransferase with either AA or A485 was sufficient 

to restore the balance of histone acetylation despite the loss of SIN3A. This conclusion was 

further supported by the finding that AA treatment resulted in an increased number of Pdgfra-

GFP positive myofibroblast precursor cells in Sin3a CKO lungs compared to untreated controls 

and Sin3a CKO lungs that were untreated (Figure 8A’-E’), reduced apoptosis to the level 

observed in controls (Supplemental Figure 13A-F), improved saccular development of the Sin3a 

CKO lungs (Figure 8F’-J’), and increased lung vessel number (Figure 8K’-O’). In addition to 

these observed improvements in development, pulmonary vascular physiological function was 

also improved in Sin3a CKO mice following treatment with AA. Compared to vehicle control 

treated mice, Sin3a CKO mice treated with AA had reduced right ventricular hypertrophy 

(Fulton’s index, Figure 8Q’) and reduced pulmonary vascular resistance (RVSP, Figure 8R’). 

These data support the idea that epigenetic regulation of gene expression is controlled by 

a balance of histone acetylation and deacetylation during embryonic development (Figure 9). 

Loss of this balance either by genetic deletion of a critical co-factor, like SIN3A, or by 

pharmacological inhibition of histone acetyltransferase or HDAC results in impaired cell cycling,

DNA damage, and impaired cellular differentiation. Partial inhibition of histone acetyltransferase

is sufficient to restore this balance in lung mesenchymal cells that lack SIN3A. 
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DISCUSSION

Regulation of histone acetylation is required to direct the rapid changes in gene 

expression and DNA replication necessary during development (106-112). The complementary 

activity of histone acetyltransferase (HAT) and histone deacetylase (HDAC) enzymes maintains 

the balance of histone acetylation and therefore controls transcriptional activation or repression 

as well as DNA replication (108, 112-114). The balance of HAT and HDAC activity itself is 

necessary for development (57, 115, 116); however, how failure to maintain this balance 

contributes to congenital malformations is not clear. Here we focused on an essential component 

of the HDAC co-regulatory complex, SIN3A, and showed that loss of SIN3A function in the 

developing diaphragm and lungs caused failure of diaphragm formation and lung defects similar 

to those observed in patients with CDH. In the developing lungs, SIN3A was required to 

maintain the balance of histone acetylation whereas loss of SIN3A resulted in defects in lung 

development and pulmonary hypertension, the two major contributors to mortality in patients 

with CDH. 

The SIN3/HDAC complex is one of many chromatin modifiers that regulate gene 

expression and DNA replication by controlling the open or compact state of chromatin and thus 

access of transcription or replication factors to DNA (63, 117, 118). During development, 

chromatin modifications themselves are affected by changes in the environment, including 

exposures to toxins and changes in the mother’s health, and translate these changes to the 

developing embryo (117). These interactions are especially important in human structural 

malformations where there is an overlapping impact of pathogenic gene variants and 

environmental mechanisms that contribute to the underlying defects in development (119-122). 
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Despite extensive research demonstrating that epigenetic regulation of gene expression is 

essential for mammalian development (22, 23, 25), how loss of epigenetic regulation in humans 

contributes to structural malformations remains unclear. Mutations in genes that encode 

chromatin modifiers have been reported in patients with neurodevelopmental diseases and in 

diseases that occur later in life (27-32, 123). Furthermore, defects in epigenetic gene regulation 

have been implicated in the mechanisms underlying congenital heart disease and neural tube 

defects (24, 33-36); however, mutations in genes that encode chromatin modifiers are not 

common among the genes identified in large whole exome or whole genome sequencing in 

patients with structural malformations (124, 125). This may be because epigenetic regulation is 

ubiquitously necessary during development and therefore any significant disruption of these 

mechanisms, including loss of a critical co-factor, does not permit embryonic development. 

Pathogenic sequence variants in SIN3A have been identified in patients with Witteveen-

Kolk syndrome (OMIM 613406) with characteristic intellectual disability, growth and feeding 

difficulties (92-94, 96). In this study, 2 patients with CDH were found to have sequence variants 

in the SIN3A gene (Figure 1A). The genetic or epigenetic mechanisms responsible for the 

difference in the phenotypes in these patients is unclear. The identification of LONP1 sequence 

variants in patients with CDH demonstrates that subtle differences in the variants themselves can 

have a profound impact on the patient phenotype with CDH in some patients and CODAS 

syndrome in others with cerebral, ocular, dental, auricular, and skeletal anomalies as described 

previously in patients with LONP1 gene variants (15, 126). The development of modeling 

approaches that incorporate sequence and chromosomal structural variation and the potential 

functional consequences of these variants will be essential to accurately predict disease 

phenotype and penetrance as well as more subtle changes that impact disease severity. 
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In the developing lung epithelium, SIN3A was shown to be required for cell cycling and 

branching morphogenesis (89). Abnormalities in lung branching have been reported in patients 

with CDH (127-129); however, the more common phenotypes associated with CDH include 

severe pulmonary hypertension and an overall reduction in lung development causing lung 

hypoplasia (128, 130-132). Abnormalities in alveolar development are also common among 

patients with CDH (128). In the epithelium, deletion of SIN3A led to cell cycle arrest, increased 

G1 to S-phase checkpoint activity, increased DNA damage, and increased senescence associated 

beta galactosidase staining (89). SIN3A has been associated with regulation of cell cycling and 

loss of SIN3A has been demonstrated to result in activation of p53 making senescence a likely 

subsequent loss-of-function phenotype (70, 133, 134). In adult type II alveolar epithelial cells, 

loss of SIN3A resulted in p53 dependent activation of senescence and fibrosis (90). In this study, 

we investigated gene expression changes associated with senescence and found that, although 

failure of cell cycling and DNA damage were evident in Sin3a CKO mice, other changes in gene 

expression associated with senescence were less clear with both increased and decreased 

expression of genes implicated in senescence. Although senescence is a likely downstream 

phenotype following the loss of SIN3A with accumulation of undifferentiated mesenchymal 

progenitor cells, cell cycle arrest, and DNA damage, our data suggest that the underlying 

mechanism responsible for this phenotype is loss of SIN3/HDAC regulation of gene expression. 

Identifying fetal interventions that improve the outcome of patients with structural 

malformations is a major objective, especially for CDH (135-140). Fetal surgical interventions 

focus on addressing mechanical compression that occurs in patients with CDH to increase space 

in the thorax for lung and pulmonary vascular development. Fetal endoscopic tracheal occlusion 

(FETO) was recently demonstrated to improve survival in patients with severe CDH; however, it
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is an invasive procedure associated with increased incidence of preterm delivery (141, 142). 

Preclinical studies have been used to investigate fetal pharmacological interventions that 

promote lung or pulmonary vascular development and reduce pulmonary hypertension (135, 

136). Fetal treatment with sildenafil is one of several examples that demonstrate this rationale 

with promising results (136, 143-148); however, concerns have been raised regarding an increase

in neonatal pulmonary hypertension in a clinical trial of sildenafil treatment for fetal growth 

restriction (149, 150).  Recently, amniotic fluid stem cell-derived extracellular vesicles were 

shown to improve lung and pulmonary vascular development in a nitrofen-induced rodent model 

of CDH (135). If this approach will be effective in patients where the underlying mechanisms 

responsible for lung hypoplasia and pulmonary hypertension are multifactorial and 

heterogeneous is not clear. To better guide fetal surgical, pharmacological, and stem cell-derived 

interventions for CDH, it is essential to determine which group of patients is likely to respond to 

each of these approaches. 

Genomic analysis, including fetal exome or genome sequencing, would be a useful 

method to identify patients likely to respond to fetal interventions. CDH has been demonstrated 

to be a genetically heterogeneous disease and this genetic heterogeneity may be responsible for 

the wide range of clinical severity in patients with CDH (11-15). CDH associated sequence and 

copy number variants continue to be identified and therefore, at this time, exome and whole 

genome sequencing are more likely yield a genetic diagnosis than a CDH-specific gene panel. 

Furthermore, while gene damaging variants have been reported more frequently in patients with 

complex CDH (12, 151), patients with isolated CDH have also a significant burden of likely 

pathogenic genomic variants (15, 152). Our hypothesis is that with an increasing number of CDH

patients undergoing genomic analysis we will establish a clear pattern of gene variants and 
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associated molecular pathway defects that are common in patients with both complex and 

isolated forms of the disease. 

Making a genetic diagnosis in patients with CDH and determining which genetic variants

only impact diaphragm development would help identify patients more likely to respond to fetal 

surgical interventions because the lung and pulmonary vascular defects in these patients are more

likely to be due to mechanical compression alone. In contrast, determining which genetic 

variants play a direct role in lung or pulmonary vascular development, as demonstrated in the 

case of SIN3A, would help identify patients who are less likely to respond to a treatment focused

on mechanical compression alone. These patients are more likely to have primary defects in lung

and pulmonary vascular development and are more likely to have lung hypoplasia and 

pulmonary hypertension that is not responsive to conventional treatment. 

In addition to its role in embryonic lung development, SIN3A was recently implicated in 

the molecular mechanisms responsible for pulmonary hypertension by epigenetic regulation of 

BMPR2 expression (153). Adult patients with pulmonary hypertension were found to have 

decreased expression of SIN3A which was associated with an increased methylation of the 

BMPR2 gene promoter and decreased BMPR2 expression in pulmonary vascular smooth muscle 

cells (153). In this case, intratracheal SIN3A protein administration was used to decrease 

pulmonary hypertension by decreasing pulmonary artery pressure and restoring normal Bmpr2 

expression in a rat model of pulmonary hypertension (153). This work demonstrates the role of 

SIN3A in adults with pulmonary hypertension and complements our findings that loss of SIN3A 

resulted in developmental defects in lung and pulmonary vascular development as well as 

pulmonary hypertension, the major cause of mortality in patients with CDH. These examples 

demonstrate that further investigation regarding the underlying mechanisms responsible for 
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abnormal lung and pulmonary vascular development will help identify treatment approaches that 

target disrupted molecular pathways resulting from the genetic variants present in patients. 

Genetic analysis in patients with complex structural malformations like CDH will not only help 

better sub-categorize patients and improve accuracy of prognosis, it will also improve outcomes 

by permitting individualized and more effective treatment.  
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MATERIALS AND METHODS

Human genomic analysis

Blood and saliva samples from 827 patient and family trios enrolled in the Diaphragmatic Hernia

Research & Exploration; Advancing Molecular Science (DHREAMS) study 

(http://www.cdhgenetics.com/) were analyzed by whole genome and exome sequencing as 

described previously (15, 97). Signed, informed consent was obtained from participants, and all 

studies were approved by the institutional review board at each participating institution and the 

Columbia University Irving Medical Center Institutional Review Board (IRB). Clinical data from

medical records were prospectively collected and entered in a central Research Electronic Data 

Capture (REDCap) database. 

Similar to the epidemiological data reported previously for patients with CDH (2-4), 59%

of this cohort were male and 33.5% had complex CDH with additional anomalies including 

congenital heart disease, neurodevelopmental disorders, skeletal anomalies, genitourinary 

anomalies, and gastrointestinal anomalies (15). A full description of the methods used for patient

and control sequencing analysis, sequence variant confirmation, and the impact of sequence 

variants on gene transcript or protein structure or function were published previously (15, 97). 

Animal handling and genetics

Mice were housed and handled according to an animal care committee approved protocol. All 

experimental procedures were performed in an American Association for Accreditation of 

Laboratory Animal Care–accredited laboratory animal facility. All mice were bred on a mixed 

genetic background, and age-matched littermates were used as controls for comparison. 
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Recombination of the Sin3a flox allele (70) was achieved by crossing with the previously 

described Pax3-cre (Jax: 005549 (156)), Prx1-cre (Jax: 005584 (157)), or Tbx4-rtTA; Tet-o-Cre 

alleles (158). Tbx4-rtTA was induced by feeding pregnant mice doxycycline (Teklad) starting at 

E6.5 or E12.5. Cre-positive, Sin3a-heterogenous littermates were used as controls. 

Histology

Embryonic and early postnatal lungs (<P3) were fixed in 4% paraformaldehyde (PFA). Postnatal 

lungs (≥P3) were fix inflated with 4% paraformaldehyde (PFA) by gravity inflation at 20 cm 

H2O pressure. Lungs were then processed for paraffin (8m) or cryo- (10m, 60m) sectioning. 

For each immunofluorescent staining experiment, four control and four Sin3a CKO lung sections

were analyzed the from middle of each lung. For mean linear intercept analysis, four control and 

four Sin3a CKO lung sections were imaged and analyzed from the apex, middle, and base of the 

lung.

Mean linear intercept analysis

The mean linear intercept (MLI) of control and Sin3a CKO lungs was determined using 20x 

H&E-stained images. Four mice from each group were analyzed, with four images taken at the 

apex, middle, and base of each lung. The MLI was calculated using a grid with 14 horizontal 

lines of a fixed length (450 m) as described in Branchfield et al, 2016 (159). The average MLI 

was calculated by taking the average for each mouse, then averaged within each group. The 

reported data are the average MLI for each group with statistical comparison made by unpaired t-

test.
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Immunofluorescence staining 

Sections of E16, P0, and P3 lungs were immunostained following standard protocols that consist 

of deparaffinization, antigen retrieval, and incubation with primary and secondary antibodies. 

Each experiment was performed a minimum of twice on four controls and four Sin3a CKO 

sectioned lungs. Primary and secondary antibodies used for immunofluorescence staining are 

listed in Supplemental Table 1.

Pulmonary hypertension assays

Transthoracic echocardiography was performed by the Cardiovascular Physiology Core at the 

University of Wisconsin-Madison. 

To evaluate right ventricular hypertrophy, right ventricular wall thickness (RVWT) was 

measured by end-diastolic RV diameter, as well as anterior and posterior wall thickness in four 

control and four Sin3a CKO mice at P28. These measurements were collected from M-mode 

images using the leading edge-to-leading edge convention and normalized to mouse body 

weight. The reported data are the average right ventricular wall thickness to body weight ratio 

(RVWT/BW) for each group with statistical comparison made by unpaired t-test. 

To assess right ventricular function, tricuspid annular plane systolic excursion (TAPSE) 

was measured in four control and four Sin3a CKO mice at P28. The reported data are the average

TAPSE for each group with statistical comparison made by unpaired t-test. 

Direct RV pressure measurements were made during systole by insertion of a 1.0-Fr 

high-fidelity pressure catheter (Millar Inc.) into the right ventricle of four control and three Sin3a

CKO mice at P28. Pressure tracings were recorded and analyzed using Notocord. The reported 
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data are the average right ventricular peak systolic pressure (RVSP) for each group with 

statistical comparison made by unpaired t-test. 

Lung mesenchymal cell, endothelial cell, and alveolar epithelial cell quantification 

Recombined mesenchymal cell percent: To quantify the percentage of recombined lung 

mesenchymal cells present in control and Sin3a CKO mice, a Cre-responsive red fluorescence 

reporter allele (ROSA tdTomato Jax: 007914) was crossed into the Sin3a conditional deletion 

genetic cross. Immunofluorescence staining for RFP was performed on paraffin-embedded lung 

sections (8m) from four control and four Sin3a CKO littermates at P0 and imaged using a 40x 

objective. The percentage of recombined lung mesenchymal cells was determined by counting 

the number of RFP positive cells and dividing by the number of DAPI-stained nuclei. The 

reported data are the average percent of recombined lung mesenchymal cells for each group with

statistical comparison made by unpaired t-test. 

Myofibroblast cell percent: To quantify the number of alveolar myofibroblast precursor cells, a 

previously described PDGFRa-GFP allele (Jax: 007669, (160) was bred into the Sin3a 

conditional deletion genetic cross. Immunofluorescence staining for GFP was performed on 

paraffin-embedded lung sections (8m) from four control and four Sin3a CKO littermates at P0 

and imaged using a 40x objective. The percentage of GFP-positive alveolar myofibroblast 

precursor cells was determined by counting the number of GFP positive cells and dividing by the

number of DAPI-stained nuclei. The reported data are the average percent of GFP-positive cells 

for each group with statistical comparison made by unpaired t-test. 

Extracellular matrix analysis: To analyze ECM, immunofluorescence staining for 

TROPOELASTIN was performed on OCT-embedded lung sections (60m) from four control 
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and four Sin3a CKO littermates at P3 and imaged on a Leica Sp8 confocal microscope using a 

40x objective. TROPOELASTIN staining analysis was conducted on maximal projection z-

stacks (40 stacks) from each sample using ImageJ.

Lipofibroblast quantification: To quantify the number of lipofibroblasts, immunofluorescence 

staining for ADFP was performed on paraffin-embedded lung sections (8m) from four control 

and four Sin3a CKO littermates at P0 and imaged using a 40x objective. ADFP-positive particles

were analyzed in ImageJ (particle size: 0.03-3.05 m2) using the threshold and analyze particle 

tools. The number of ADFP-positive particles was divided by the number of manually counted 

DAPI-stained nuclei. The reported data are the average ADFP particle ratio for each group with 

statistical comparison made by unpaired t-test. 

Endothelial and alveolar epithelial cell analysis: Immunofluorescence staining for ERG, SPC, 

and HOPEX was used to determine the number of endothelial cells and alveolar type I and II 

epithelial cells. Paraffin-embedded lung sections (8m) from four control and four Sin3a CKO 

littermates at P0 were stained and imaged using a 40x objective. The percentage of endothelial, 

alveolar type I and II epithelial cells was calculated by counting the number of ERG, SPC, and 

HOPEX-positive cells and dividing by the number of DAPI-stained nuclei. The reported data are

the average percent of ERG, SPC, and HOPEX-positive cells for each group with statistical 

comparisons made by unpaired t-test. 

Cell proliferation, apoptosis, and DNA damage assays

Cell division: To quantify the number of dividing cells, immunofluorescence for phosphohistone 

H3 (PHH3) was conducted on paraffin-embedded lung sections (8m) from four control and four

Sin3a CKO littermates at E16 and imaged using a 40x objective. The percentage of cells 
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undergoing cell division was determined by counting the number of PHH3-positive cells and 

dividing by the number of DAPI nuclei. The reported data are the average percent of PHH3-

positive cells for each group with statistical comparison made by unpaired t-test. 

G1 to S-phase transition: EDU was used to quantify cells undergoing G1 to S-phase transition 

according to the Click-iT EDU Alexa Fluor 488 Imaging Kit protocol (Invitrogen, Thermo 

Fisher Scientific). Pregnant mice were injected with EDU 60 minutes prior to euthanasia and 

tissue collection. Paraffin-embedded lung sections (8m) from four control and four Sin3a CKO 

littermates at E16 were stained and imaged using a 40x objective. The percentage of cells 

transitioning from G1 to S-phase was determined by counting the number of EDU-positive cells 

and dividing by the number of DAPI nuclei. The reported data are the average percent of EDU-

positive cells for each group with statistical comparison made by unpaired t-test. 

Apoptosis: To determine the number of cells undergoing apoptosis, immunofluorescence staining

for cleaved caspsase-3 (CC3) was performed on paraffin-embedded lung sections (8m) from 

four control and four Sin3a CKO littermates at E16 using a 40x objective. The percentage of 

cells undergoing apoptosis is calculated by counting the number of CC3-positive cells and 

dividing by the number of DAPI nuclei. The reported data are the average percent of CC3-

positive cells for each group with statistical comparison made by unpaired t-test. 

DNA damage: To identify DNA damage, immunofluorescence staining for H2AX was 

performed on paraffin-embedded lung sections (8m) from four control and four Sin3a CKO 

littermates at E16 and imaged using a 40x objective. The percentage of DNA damage was 

determined by counting the total number of H2AX-positive cells and dividing by the number of 

DAPI-stained nuclei. The reported data are the average percent of H2AX positive cells for each 

group with statistical comparison made by unpaired t-test. 
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qRT PCR analysis 

Lungs from E16 control and Sin3a CKO littermates were homogenized in TRIzol (Thermo 

Fisher Scientific), and RNA was isolated using the RNeasy Plus Mini Kit (QIAGEN). cDNA was

made using the Superscript III First-Strand Synthesis System (Invitrogen, Thermo Fisher 

Scientific). All qRT-PCR experiments were conducted using 3 biological and 3 technical 

replicates. qRT-PCR was quantified using the SYBR green (Applied Biosystems, Bio-Rad) and 

run on a LightCycler 480 (Roche) and a CFX Connect System (Bio-Rad). Gene expression was 

normalized to -actin. These reported data are the relative expression normalized to controls with

statistical comparison made by unpaired t-test. Primers used for qPCR analysis are listed in 

Supplemental Table 2. 

Fluorescent activated cell sorting 

Fluorescent activated cell sorting (FACS) was performed by the Flow Cytometry Laboratory at 

the University of Wisconsin-Madison. 

To analyze lung mesenchymal cells that underwent recombination directed by Tbx4-rtTA;

Tet-o-Cre, FACS was used to sort and collect RFP-labeled cells from E16 Sin3a CKO and 

control lungs. Lungs were digested in collagenase/dispase (Sigma, SKU: 10269638001) for 30 

minutes at 37C. After addition of DNase (New England Biolabs, Catalog# M0303S), each 

sample was filtered through a 40m filter, followed by three washes with 10% FBS/RPMI 

media. Pellets were resuspended in red blood cell (RBC) lysis buffer and washed in 10% 

FBS/RPMI. Immediately prior to sorting, cells were resuspended in FACS buffer with DAPI 

(1:5,000) and RNasin (1:40, Promega, Catalog# PRN2611). Forward and side scatter plots were 
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gated to include live, RFP-positive cells. RFP-positive lung mesenchymal cells from control and 

Sin3a CKO mice were sorted into tubes containing 200L fetal bovine serum using the 

BioBubble Aria Cell Sorter. 

Bulk lung RNA-sequencing, sorted lung mesenchymal cell RNA-sequencing, and sorted 

lung mesenchymal cell single cell RNA-sequencing

Library preparation and sequencing were performed by the University of Wisconsin-Madison 

Gene Expression Center and raw reads were processed by the Bioinformatics Center. 

Bulk lung RNA-seq: RNA was extracted from whole lungs of four control and four Sin3a CKO 

mice at E16, P0, and P3. Lungs were homogenized in TRIzol (Thermo Fisher Scientific), and 

RNA was purified using the RNeasy Plus Mini Kit (QIAGEN) and analyzed using the Agilent 

Bioanalyzer RNA kit. cDNA libraries were made for samples at each stage using Illumina 

TrueSeq RNA Library Prep Kit (Illumina) and sequenced on the NovaSeq6000 (Illumina). 

Alignment of 2x150 bp strand-specific Illumina reads to the Mus musculus genome was achieved

with the STAR v2.5.3a software (161). Expression estimation was performed with RSEM v1.3.0

(162) and differential gene expression among individual group contrasts was inputted into edgeR

(163). Statistical significance was adjusted with a Benjamin-Hochberg FDR correction at the 5% 

level. 

Recombined lung mesenchymal cell RNA-seq: Tomato/RFP-positive lung mesenchymal cells 

sorted by FACS from four control and four Sin3a CKO littermates at E16 were homogenized in 

TRIzol (Thermo Fisher Scientific), and RNA was isolated using the TRIzol RNA extraction 

protocol. To meet quality standards for sequencing, RNA was cleaned with ethanol and sodium 

acetate for 30 minutes at -80C. 
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RNA analysis, cDNA library preparation, sequencing, and analysis: RNA quality was analyzed 

using the Agilent Bioanalyzer kit. cDNA libraries were made for each sample using the Takara 

SMARTer RNA v4 with NexteraXT Library Prep Kit (TakaraBio) and sequenced on the 

NovaSeq6000 (Illumina). Strand-specific Illumina reads were aligned to the Mus musculus 

genome with the STAR v2.5.3a software (161). Expression estimation was performed with 

RSEM v1.3.0 (162) and differential gene expression among individual group contrasts was 

inputted into edgeR (163).  Statistical significance was adjusted with a Benjamin-Hochberg FDR 

correction at the 5% level. Heatmaps were generated using normalized gene expression percent 

in Prism. 

Recombined lung mesenchymal cell single cell RNA-seq: FACS sorted Tomato/RFP-positive 

lung mesenchymal cells from two control and two Sin3a CKO littermates at E16 were submitted 

for 10x Genomics single cell RNA sequencing. mRNA from single lung mesenchymal cells was 

reverse transcribed to complementary DNA (cDNA) and amplified for each sample and libraries 

were prepared for sequencing using the 10x Genomics Single Cell 3’ v3.1 Regents Kit (10x 

Genomics, Pleasanton, CA, USA). Cellular suspensions were loaded on a Chromium Controller 

instrument (10x Genomics) to generate single-cell Gel Bead-In-Emulsions (GEMs). GEM-

reverse transcription (RT) was performed in an Eppendorf Mastercycler Pro thermal cycler 

(Eppendorf, Enfield, CT, USA). GEMs were collected and the cDNA was amplified and purified 

with SPRIselect Reagent kit (Beckman Coulter, Brea, CA, USA). cDNA was analyzed on an 

Agilent Bioanalyzer High Sensitivity chip (Agilent Technologies, Santa Clara, CA, USA). Dual 

indexed sequencing libraries were constructed using Chromium Single-Cell 3’ Library 

Construction Kit for enzymatic fragmentation, end-repair, A-tailing, adapter ligation, ligation 

cleanup, sample index PCR, and PCR cleanup. The barcoded sequencing libraries were 
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quantified using Qubit high sensitivity DNA reagents (Invitrogen Qubit, Thermo Fisher 

Scientific, Waltham, MA, USA) and analyzed on an Agilent Bioanalyzer DNA 1000 chip. 

Sequencing libraries were loaded on a NextSeq 6000 with an S1 flow cell (Next seq info) and 

sequenced to a depth of 35,000 reads per cell. 

10x scRNA-seq alignment and gene quantification: Cell Ranger Toolkit v6.1.1 was used to align 

reads and generate gene-cell UMI matrices for the two control and two Sin3a CKO biological 

replicates using mouse genome GRCm38 and Ensembl gene annotations v102. The outputs of 

Cell Ranger count for all samples were aggregated using Cell Ranger aggr. Spliced and 

unspliced count matrices for scvelo analyses were generated using velocyto v0.17.17.

10x scRNA-seq quality control, integration, clustering, cluster annotation: R v4.0.2 and Seurat 

v4.0.5 were used for the integration and analysis of scRNA-seq samples (164). Aggregate gene-

cell expression matrix was filtered to keep genes expressed in at least 3 cells and cells with a 

minimum of 200 detected genes for downstream analysis. Low quality cells and potential 

doublets were removed by filtering cells with <200 or >600 detected genes and mitochondrial 

content of >10%. The four biological replicates (two controls and two Sin3a CKOs) were 

integrated using the SCTranform method according to Seurat vignette 

(https://satijalab.org/seurat/articles/integration_introduction.html#performing-integration-on-

datasets-normalized-with-sctransform-1) and selecting for 3000 variable genes. After integration,

the default assay was set to ‘RNA’ and the UMI matrix was normalized using ‘NormalizeData’ 

for cluster marker identification, differential analysis (DE), and gene expression visualizations. 

Cluster markers were identified using only the control sample replicates by applying 

‘FindAllMarkers’ function. Cluster assignment was conducted by identifying strongly and 

uniquely expressed marker genes (expressed by greater than 90% of cells within the cluster and 
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less than 30% of cells outside the cluster) in previously reported embryonic mouse lung 

mesenchymal cells (99, 165). The number of cells identified within each cluster was reported for 

each mouse. Analysis of the distribution of recombined lung mesenchymal cells was performed 

by comparing the percentage of cells within each cluster in Sin3a CKO mice to the percentage of

cells within each cluster in control mice with statistical comparison made by c2 test. 

10x scRNA-seq pathway, differential gene expression, and RNA velocity analyses: Differentially 

expressed (DE) genes between Sin3a CKO and control lung mesenchymal cells for each cluster 

were identified using ‘FindMarkers’ functions and ‘MAST’ statistical framework. Pathway 

analysis of the DE gene lists were performed using Ingenuity Pathway Analysis (Qiagen, 

Redwood City, USA). RNA velocity analyses were performed using scvelo v0.2.4 according to 

instructions from the official scvelo documentation 

(https://scvelo.readthedocs.io/VelocityBasics/) (100). Analysis of the RNA velocity length was 

conducted by comparing the RNA velocity lengths observed in each cluster in Sin3a CKO mice 

to those observed in each cluster in control mice with statistical comparison made by Z-test. 

Embryonic histone acetyltransferase and histone deacetylase inhibition assays

Anacardic acid (AA) (Calbiochem-Sigma Aldrich, CAS 16611-84-0), A-485 (Tocris, Catalog# 

6387), and Trichostatin A (TSA) (Sigma Aldrich, CAS Number: 58880-19-6) were used to treat 

control and Sin3a CKO littermate embryos via intraperitoneal injection of pregnant dams. These 

experiments were compared to vehicle (DMSO) control treated control and Sin3a CKO embryos.

G1 to S-phase transition and DNA damage analysis: Pregnant mice were treated daily with 

anacardic acid (5mg/kg), A-485 (5mg/kg), or TSA (16mg/kg) from E12-16. At E16, lungs were 

harvested and fixed in 4% PFA. To quantify G1 to S-phase transitioning cells and DNA damage, 
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immunofluorescence staining for EDU and H2AX was performed on paraffin-embedded lung 

sections (8m) from four control and four Sin3a CKO littermates at E16 and imaged using a 40x 

objective. The percentage cells undergoing G1 to S-phase transition and percent DNA damage 

was calculated by counting the number of EDU-positive or H2AX-positive cells divided by the 

number of DAPI-stained nuclei. The reported data are the average percent of EDU- or H2AX-

positive cells with and without treatment for each group. Statistical comparisons were made 

using 1-way ANOVA. 

Alveolar myofibroblast and lung simplification rescue: Pregnant mice were treated daily with AA

(5mg/kg), from E12-16. Lungs were harvested at P0 and fixed in 4% PFA. To quantify the 

number of PDGFRa alveolar myofibroblast precursor cells, immunofluorescence staining for 

GFP was performed on paraffin-embedded lung sections (8m) from four control and four Sin3a 

CKO littermates at P0 and imaged using a 40x objective. The percentage of GFP-positive 

alveolar myofibroblasts was determined by counting the number of GFP-positive cells and 

dividing by the number of DAPI-stained nuclei. The reported data are the average percent of 

GFP-positive cells with or without treatment for each group. Statistical comparisons were made 

using 1-way ANOVA. 

To assess lung simplification, the MLI of four AA-treated control and AA-treated Sin3a CKO 

lungs P0 was determined at P0 using 20x H&E-stained images. Four mice from each group were 

analyzed with four images taken at the apex, middle, and base of the lung. The MLI was 

calculated using a grid with 14 horizontal lines of a fixed length (450 m) as described in 

Branchfield et al, 2016 (159). The average MLI was calculated by calculating the average for 

each mouse, then averaged within each group. The reported data are the average MLI for each 

group with statistical comparisons made by 1-way ANOVA. 
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Figure 1. SIN3A sequence variants were present in patients with CDH and SIN3A is expressed 

in the developing lungs and diaphragm. (A, B) De novo sequence variants were identified in two 

patients with complex CDH. (C-E) Sin3a is broadly expressed in the developing lungs and 
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diaphragm of mice at embryonic day 12 (E12). (F-H) In the lungs, Sin3a is expressed at E14 (F) 

in both the Cdh1-expressing epithelium (E-cadherin, G) and Vimentin-expressing mesenchyme 

(H). 
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Figure 2. SIN3A is required for diaphragm development. (A, B) Prx1-Cre was used to induce 

recombination in diaphragm fibroblast cells that express Sin3a. (C, D) Compared to controls (C),

Prx1-Cre Sin3a conditional deletion embryos (CKO) had normal diaphragm development at E15

(D). (E, F) Pax3-Cre was used to induce recombination in diaphragm skeletal muscle cells that 

express Sin3a. (G-H) Compared to controls (G), Pax3-Cre Sin3a CKO embryos had a thin, 

muscle-less diaphragm at E15 (H). (I, J) Tbx4-rtTA; Tet-o-Cre was used to induce recombination

in the mesothelium that expresses Sin3a. (K, L) Compared to controls (K), Tbx4-rtTA; Tet-o-Cre

Sin3a CKO embryos had a defect in the left posterior lateral portion of the diaphragm (L, yellow 

arrow) similar to the majority of patients with CDH. 
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Figure 3. SIN3A is required in the lung mesenchyme. (A, B) Late embryonic (E12) induction of 

Tbx4-rtTA; Tet-o-Cre with doxycycline (A) resulted in recombination throughout the lung 

mesenchyme (B). (C, D) E14 control lungs had broad expression of Sin3a (C) while Tbx4-rtTA; 

Tet-o-Cre CKO mice (Sin3a CKO) that underwent induction with doxycycline at E12.5 

maintained expression of Sin3a in the epithelium but lacked Sin3a expression in the 

mesenchyme (D). (E-P) Despite surviving normally (E), Sin3a CKO mice did not gain weight as 

well as controls (F, P7 *p = 0.03, P14 *p = 0.04, P28 **p = 0.002). Compared to controls (G, I), 

Sin3a CKO mice had emphysematous and simplified distal airspaces (H), abnormal pulmonary 

vasculature (J) with decreased lung vessel number (K, *p = 0.03) and smooth muscle 

hypertrophy (L, *p = 0.04), and pulmonary hypertension with right ventricular hypertrophy (M, 

RVWT/BW ***p = 0.0008), increased pulmonary vascular resistance (N, PAAT/PAET ratio **p

= 0.003), decreased right ventricular function (O, TAPSE **p = 0.008), and increased peak 

systolic right ventricular pressure (P, RVSP *p = 0.04). (Q-X) Lung defects were first evident in 

Sin3a CKO mice at P0. Despite having normal gross lung morphology (Q), Sin3a CKO mice had

thickened lung interstitium and simplification of airspaces measured by MLI (R-T, MLI **p = 

0.008) and decreased lung vessel number (U-W, **p = 0.004) with no smooth muscle 

hypertrophy (X, ns p = 0.13). Dox: doxycycline, TOM: tomato, SMA: smooth muscle alpha 

actin, VWF: von Willebrand factor, RVWT/BW: right ventricle wall thickness to body weight 

ratio, PAAT/PAET: pulmonary artery acceleration time to pulmonary artery ejection time ratio, 

TAPSE: tricuspid valve annular plane excursion during systole, RVSP: right ventricle peak 

systolic pressure, MLI: mean linear intercept, ERG: Ets related gene. 
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Figure 4. SIN3A is required in the lung mesenchyme for mesenchymal cell, extracellular matrix,

endothelial cell, and alveolar epithelial cell development. (A-I) Compared to controls (A, D, G), 

P0 Sin3a CKO mice had a lower percentage of lung mesenchymal cells that underwent 

recombination (B, C, ** p = 0.003) and Pdgfra-GFP positive myofibroblast precursor cells (E, F,

* p = 0.03) with decreased extracellular matrix (H) and decreased Elastin expression (I, **** p <

0.0001) at P3. Despite the loss of SIN3A, compared to controls (J), P0 Sin3a CKO mice 

maintained Plin2 expressing lipofibroblast precursor cells quantified as the ratio of ADFP-

labelled particles to DAPI-stained nuclei (K, L, p = 0.1). (M-U) Compared to controls (M, P, and

S) P0 Sin3a CKO mice had a lower percentage of endothelial cells labelled by ERG (N, O, * p = 

0.04), type II alveolar epithelial cells labelled by SPC (Q, R, * p = 0.04), and type I alveolar 

epithelial cells labelled by HOPEX (T, U, * p = 0.04).  
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Figure 5. SIN3A is required for regulation of cell cycling, apoptosis, and DNA damage. (A-F) In

contrast to controls at E16 (A, D), Sin3a CKO lungs had normal cell proliferation indicated by 

PPH3 staining (B, C, p = 0.99) but reduced G1 to S-phase transition indicated by EDU staining 

(E, F, ** p = 0.004). (G-I) Loss of SIN3A was associated with increased apoptosis indicated by 

CC3 staining in Sin3a CKO lungs (H, I, * p = 0.04) compared to controls (G). (J-L) Compared to
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controls (J), Sin3a CKO lungs had increased H2AX staining indicating increased DNA damage 

(K, L, ** p = 0.007). 
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Figure 6. SIN3A directs mesenchymal cell differentiation. (A-B) Gene expression analysis 

conducted using RNA extracted from recombined lung mesenchymal cells of Sin3a CKO 

embryos showed that more than 4000 genes were mis-regulated in this cell population compared 

to controls (A, genes with – log10 false discovery rate > 2 and log10 fold change > 0.301 or < -

0.301 (dotted lines) with increased expression are colored red or decreased expression are 

colored blue). Among the 100 most significantly mis-regulated genes were those identified in the

bulk lung gene expression analysis (Gba, Ift22, Qdpr, and Rpp40, Supplemental Figure 5), 

expressed in myofibroblasts (Des) or extracellular matrix (Gsto1 and AdamTs4), that regulate 
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apoptosis (Sod2, Ing2) and that encode SIN3 associated proteins (SAPS: Ing2, A). Compared to 

controls, the normalized percent expression of myofibroblast, matrix fibroblast, and lipofibroblast

genes was decreased in Sin3a CKO lung mesenchymal cells while the expression of proliferating

lung mesenchymal cell progenitor genes was increased (B). qRT-PCR analysis of gene 

expression using whole lung RNA extracts at E16 confirmed that genes expressed in 

myofibroblasts  (Myh11 * p = 0.03, Igfbp5 * p 0.02, Des * p = 0.02, and Pdgfra * p = 0.02), 

matrix fibroblasts (Ltbp4 * p = 0.04, Fn1 * p = 0.02, Col4a1 * p = 0.02, Eln *** p = 0.0005), and

lipofibroblasts (Lpl p = 0.63, Fgf10 * p = 0.03, Tgm2 ** p = 0.001, Adfp * p = 0.03) were 

decreased in expression while genes expressed in proliferating mesenchymal progenitor cells 

(Uhrf1 * p = 0.03, Cks2 * p = 0.02, Dek * p = 0.01, Cks1b * p = 0.01) were increased in Sin3a 

CKO lungs (B). (C-H) Single cell RNA-sequencing of sorted recombined lung mesenchymal 

cells at E16 demonstrated that these cells included 3 groups: proliferative mesenchymal 

progenitor cells (PMPs), undifferentiated transitional fibroblasts, and differentiating 

mesenchymal precursor cells (C). (D-E) Mesenchymal cells collected from Sin3a CKO mice 

demonstrated a shift in population distribution with an increase in PMPs and decrease in 

differentiating mesenchymal precursor cells (D-E) with the most significant decrease observed in

myofibroblasts (E, PMP *** p = 2.67x10-26; IF1 &2 NS p = 0.59; Matrix and Lipo * p = 0.02; 

Matrix and IF2 NS p = 0.15; Matrix, Myo, Lipo, IF *** p = 6.36x10-9; Myo *** p = 7.63x10-39; 

Matrix *** p = 7.43X10-10; PMP & IF2 NS p = 0.20; Ebf1 *** p = 7.86x10-26; PMP and IF1 NS 

p = 0.58; PMP, IF1, IF2 *** p = 2.18X10-10; PMP, Myo *** p = 6.66x10-5; Meso *** p = 3.67 x 

10-9; Immune *** p = 4.92x10-6). (F-H) RNA velocity analysis demonstrated the differentiation 

potential of recombined mesenchymal cells in Sin3a CKO and control cells (F). (G, H) 

Comparison of the RNA velocity lengths demonstrated that loss of SIN3A was associated with 
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decreased RNA velocity length in all clusters (H, *** p = 4.72x10-281) as well as in proliferative 

mesenchymal progenitor cells (H, PMP *** p = 8.02x10-20 and PMP/myofibroblast *** p = 

2.20x10-9) and differentiating mesenchymal precursor cells (H, myofibroblast *** p = 2.30x10-32, 

matrix fibroblast *** p = 2.09x10-15, and Ebf1 fibroblast cells *** p = 3.51x10-46). 
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Figure 7. SIN3A is required for regulation of mesenchymal cell differentiation, cell cycling, 

DNA damage, and senescence. (A-D) Integrated pathway analysis (IPA) of differential gene 

expression demonstrated that loss of SIN3A resulted in altered gene expression in pathways 

important for lung development and mesenchymal cell differentiation (A). (A, B) Pathway 

analysis demonstrated that the expression of genes required for mesenchymal cell differentiation,

specifically myofibroblast and matrix fibroblast differentiation, was decreased by loss of SIN3A 

(B). (C) Both TGFB and WNT pathways were downregulated in Sin3a CKO mesenchymal cells.

These data were confirmed by the percent expression of TGFB and WNT genes in bulk 

recombined mesenchymal RNA-sequencing and in the relative expression of Tgbi and Wnt5b in 

qRT-PCR analysis of whole lung RNA extracts (C). (D) IPA analysis demonstrated decreased 

expression of genes that promote cell cycling (H19, Id3, and Ccnd2) with increased expression 

of genes that promote cell death and senescence (Ccne1, Bax, Sod2, Ing1) in Sin3a CKO 

recombined mesenchymal cells. (E-F) Loss of SIN3A resulted in altered expression of genes that

regulate mesenchymal cell proliferation (E) and in genes expressed in response to DNA damage 

or that regulate DNA repair (F). (E) Normalized percent expression of genes that promote 

mesenchymal cell proliferation was decreased while expression of genes that promote cell cycle 

arrest was increased in recombined Sin3a CKO lung mesenchymal cells. Whole lung gene 

expression analysis at E16 showed no change in genes that promote mesenchymal cell 

proliferation (Osr1 p = 0.08, Prrx2 p = 0.78, Fgfr1 p =0.52, Tgfbr2 p = 0.58) whereas expression

of genes that promote cell cycle arrest was increased (Cdkn2d **p = 0.002, Cdc14a *** p = 

0.0007, Trp53inp1 * p = 0.04, Ddit ** p = 0.001) in Sin3a CKO lungs (E). (F) Genes expressed 

in response to DNA damage or associated with DNA repair were mis-regulated in Sin3a CKO 
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lung mesenchymal cells. Whole lung gene expression analysis demonstrated that genes 

expressed in response to DNA damage (Pidd1 * p = 0.03, Chek2 * p = 0.03, Rps27I *** p = 

0.0003, Usp28 * p 0.04) or associated with DNA repair (Cenpx ** p = 0.004, Sirt7 ** p = 0.001, 

Aplf * p = 0.02, Char1b * p = 0.01) were increased in Sin3a CKO lungs (F). (G) Normalized 

percent expression of genes associated with histone methylation (Nsd3, Nsd2, Kmt2a, Kmt2b, 

Kmt2c, Kmt5b, and Kmt5c) and demethylation (Kdm5b, Kdm6b, Kdm7a, Phf8, Kdm1b, Kdm2b, 

Kdm3a, Kdm4a, Kdm4b, Kdm4c, Kdm8) and DNA methylation (Dnmt3a, Dnmt3b) and 

demethylation (Tet1) was abnormal in Sin3a CKO lung mesenchymal cells at E16. Whole lung 

gene expression at E16 demonstrated that only histone demethylase Kmt5b was decreased in 

expression (*p = 0.03) in Sin3a CKO lungs. (H) Normalized percent expression of genes that 

encode SIN3/HDAC core complex proteins (Sap30, Sap18, and Suds3) and SIN3 associated 

proteins (SAPs: Arid4b, Rb1, Brms1, Sap130, Ing1, Ing2, Sin3b, and Mxi1) was increased in 

Sin3a CKO lung mesenchymal cells at E16. Whole lung gene expression at E16 showed that 

SIN3/HDAC core complex genes Sap30 (*p = 0.01), Sap18 (*p = 0.02), and Suds3 (** p = 

0.004) were increased in expression. SAP encoding genes Brms1 (*p = 0.02) and Sap130 (** p =

0.001) were decreased in expression while Arid4b (*p = 0.03), Ing1 (**p 0.005), Ing2 (**p = 

0.007), and Mxi1 (*p = 0.02) were increased in Sin3a CKO lungs (H). 
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Figure 8. Embryonic inhibition of histone acetyltransferase (HAT) rescued lung mesenchyme 

and pulmonary vascular defects in Sin3a CKO mice. (A-G) Compared to controls at E16, Sin3a 

CKO mice had increased acetylated H3K9 (B, C, *p = 0.03) and H3K27 (E, F, **p = 0.002) 

suggesting an imbalance of histone acetylation/deacetylation in mice lacking SIN3A (G). (H-Z) 

E16 Sin3a CKO embryos (I, L) had decreased G1 to S-phase transition (J, **p = 0.004) and 

increased DNA damage (M, **p = 0.007) indicated by H2AX staining compared to controls (H, 

K). Embryonic treatment with anacardic acid (AA), was started at E12 when doxycycline 
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induced deletion of Sin3a was initiated (N). Compared to untreated Sin3a CKO mice (A-M), AA

treated Sin3a CKO mice (N) had decreased acetylated H3K9 (P, Q, ***p = 0.0004) and H3K27 

(S, T, **p = 0.001) that was less than or similar to untreated control (A, Q, *p = 0.04, D, T, p 

=0.94) and AA treated controls (O, Q, p = 0.25,  R, T, p = 0.94). AA treated Sin3a CKO mice 

had increased G1 to S-phase transition (V) compared to untreated Sin3a CKOs (I, W, ***p = 

0.0007) that was similar to untreated controls (H, W, p = 0.99) and controls treated with AA (U, 

W, p = 0.92). DNA damage was decreased in Sin3a CKO mice treated with AA (Y) compared to

untreated Sin3a CKO mice (L, Z, *p = 0.01) but was similar to untreated control mice (D, Z, p = 

0.98) and controls treated with AA (X, Z, p = 0.70). P0 Sin3a CKO mice treated with AA had 

increased Pdgfra-GFP labelled myofibroblast precursor cells (D’) compared to untreated Sin3a 

CKO mice (B’, E’, *p = 0.04). P0 Sin3a CKO mice treated with AA had a similar number of 

Pdgfra-GFP labelled myofibroblast precursor cells (D’) compared to untreated controls (A’, E’ p

= 0.94) and controls treated with AA (C’, E’, p = 0.99). Embryonic treatment with AA did not 

change distal airspace morphology in controls treated with AA (H’) compared to untreated 

controls (F’, J’, p = 0.98). Embryonic treatment with AA did not significantly change airspace 

simplification in Sin3a CKO lungs (I’) compared to untreated Sin3a CKO lungs (G’, J’, p = 

0.47); however, the MLI of AA treated Sin3a CKO lungs (I’, J’) was similar to untreated 

controls (F’, J’, p = 0.47) and AA treated controls (H’, J’, p = 0.29). The number of pulmonary 

vessels in AA treated Sin3a CKO mice at P0 (N’) was increased compared to untreated Sin3a 

CKO mice (L’, O’ *p = 0.04) and was similar to untreated controls (K’, O’, p = 0.95) and AA 

treated controls (M’, O’, p = 0.99). AA treated control and Sin3a CKO mice gained weight after 

birth and were a similar size to DMSO vehicle treated controls at P28 (P’). Compared to DMSO 

treated Sin3a CKO mice, AA treated Sin3a CKO mice had a lower Fulton index (Q’, **p = 
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0.003) that was similar to DMSO treated controls (Q’, p = 0.21) and AA treated controls (Q’, p =

0.97). The peak systolic pressure in the right ventricle was lower in AA treated Sin3a CKO mice 

compared to DMSO treated Sin3a CKO mice (R’, ***p = 0.0004) and was similar to DMSO 

treated controls (R’, p = 0.13) and AA treated controls (R’, p = 0.96). 
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