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LUNG DEVELOPMENT

Rescuing lung development through embryonic
inhibition of histone acetylation
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A major barrier to the impact of genomic diagnosis in patients with congenital malformations is the lack of under-
standing regarding how sequence variants contribute to disease pathogenesis and whether this information
could be used to generate patient-specific therapies. Congenital diaphragmatic hernia (CDH) is among the most
common and severe of all structural malformations; however, its underlying mechanisms are unclear. We identi-
fied 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 acetyltrans-
ferase, reduced DNA damage, increased cell proliferation and differentiation, improved lung and pulmonary vas-
cular development, and reduced pulmonary hypertension. These findings demonstrate that restoring the balance

of histone acetylation can improve lung development in the Sin3a mouse model of CDH.

INTRODUCTION

Congenital malformations remain the leading cause of infant mor-
tality in the United States and are a major source of newborn mor-
bidity (I1). One of the most common and severe anomalies is
congenital diaphragmatic hernia (CDH), which occurs in 1 of every
3000 to 3500 live births with a mortality rate of 10 to 50% (2-7).
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 (8, 9). De-
spite the frequency and severity of CDH, the underlying develop-
mental mechanisms are unclear. Genetic studies in patients and
families have identified a growing list of CDH candidate genes im-
plicated in development of the diaphragm (10-13). Loss-of-function
studies of these genes in animal models have demonstrated im-
paired diaphragm development and a direct role for genetic muta-
tions in the mechanisms responsible for lung hypoplasia and
pulmonary hypertension (14-19).
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Epigenetic regulation of gene expression plays an important role
throughout development and in physiological adaptation to birth
(20-24). Defects in epigenetic regulation of gene expression have
been implicated in the mechanisms responsible for human disease
including neurodevelopmental disorders and structural malforma-
tions such as congenital heart disease and neural tube defects (22,
25-30). Global disruption of DNA methylation or histone acetyla-
tion, two of the most well-studied epigenetic mechanisms of gene
regulation, results in early embryonic lethality (31-34). In the lungs,
regulation of histone acetylation has been shown to be important for
development and in the mechanisms responsible for asthma, chron-
ic obstructive pulmonary disease, pulmonary fibrosis, lung cancer,
and pulmonary hypertension (35-43). The balance of gene tran-
scription and repression maintained by histone acetylation is con-
trolled by the complementary activity of histone acetyltransferase
(HAT) and histone deacetylase (HDAC) enzymes (43-45). The
tightly coordinated activity of these enzymes is necessary for rapid
changes in gene expression that occur during development and in
disease (46-49).

To direct the timing-, cell-, and genome region-specific action of
histone deacetylases, HDAC1 and HDAC2 form multiprotein com-
plexes (50-52). The Switch-insensitive 3 transcription regulator-
histone deacetylase (SIN3)-HDAC complex is one of several such
complexes that regulate histone acetylation (53-58). The SIN3-
HDAC complex is most well-known for its role in transcriptional
repression by HDAC and regulation of cell cycling during develop-
ment (54-60). In addition to its central role in the SIN3-HDAC
complex, SIN3 transcription regulator family member A (SIN3A)
also activates transcription and has become recognized as a tran-
scriptional coregulator whose function depends on interactions
with a wide range of DNA binding cofactors (59, 61-67). During
development, SIN3A plays multiple roles in organogenesis and cell
lineage specification, whereas loss of SIN3A causes defects in energy
metabolism and impaired cell cycling (68-74). Relevant to CDH,
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SIN3A was demonstrated to play a role in skeletal muscle cell develop-
ment, maintenance, and function (75). In the developing lungs, loss
of SIN3A in foregut endoderm-derived epithelium resulted in fail-
ure of branching morphogenesis and cell cycle arrest (76). In adult
mice, conditional deletion of Sin3a in type 2 alveolar epithelial cells
resulted in p53-dependent senescence and pulmonary fibrosis (77).
Haploinsufficiency or sequence variants in the SIN3A gene have
been reported in human patients with Witteveen-Kolk syndrome
(OMIM 613406), leading to characteristic neurocognitive impair-
ment, growth and feeding difficulties, and distinctive facial features
(78-83). Despite the importance of SIN3A during development, to
our knowledge, there are no previous reports of SIN3A sequence
variants in patients with congenital malformations.

To understand the genetic and developmental mechanisms re-
sponsible 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 iden-
tified in two patients with complex CDH. To determine the role
that SIN3A plays in the 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 con-
trols gene expression through multiple mechanisms, we found
that loss of SIN3A resulted in an imbalance of histone acetyla-
tion and deacetylation, which was restored by embryonic inhibi-
tion of HAT.

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 Ex-
ploration; Advancing Molecular Science (DHREAMS) study (13,
84). Similar to the epidemiological data reported previously for pa-
tients with CDH (2-4), 59% of this cohort was male, and 33.5% had
complex CDH with additional anomalies including congenital heart
disease, neurodevelopmental disorders, skeletal anomalies, genito-
urinary anomalies, and gastrointestinal anomalies (13). Among the
1153 protein-coding variants identified were 418 gene damaging
variants found in 318 patients with CDH (38.4%) (13) including de
novo, two— and seven-base pair frameshift deletions in the SIN3A
gene in two patients with complex CDH (Fig. 1, A and B). The first
patient had a two-base pair deletion and frameshift variant in exon
18 and died during the newborn period with a severe, multisystem
phenotype including right-sided CDH, respiratory failure, coarcta-
tion of the aorta, imperforate anus, and limb abnormalities (Fig. 1B
and table S1). The second patient had a seven-base pair deletion and
frameshift variant in exon 11 and also exhibited a multisystem phe-
notype with left-sided CDH, unilateral pelvic kidney, and a palate
defect but less severe lung and pulmonary vascular disease and de-
veloped schizoaffective disorder (Fig. 1B and table S1). Although
growth and neurodevelopmental disorders have been described in
patients with SIN3A gene variants and Witteveen-Kolk syndrome
(80, 83), CDH has not previously been identified in patients with
damaging SIN3A sequence variants.

Stokes et al., Sci. Transl. Med. 16, eadc8930 (2024) 31 January 2024

To determine whether 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
the developing diaphragm and throughout the lungs at embry-
onic day 12 (E12, Fig. 1, C to E). In addition to its reported ex-
pression in the endoderm-derived epithelium (Fig. 1G) (76),
Sin3a was expressed throughout the developing lung mesen-
chyme during embryonic and early postnatal stages (Fig. 1, F to
H, and fig. S1, A to E) including in Platelet-derived growth factor
receptor alpha (Pdgfra)-expressing myofibroblasts, Perilipin 2
(Plin2)-expressing lipofibroblasts, Transgelin (Sm22a)-express-
ing airway and vascular smooth muscle cells, and ETS transcrip-
tion factor (Erg)-expressing lung endothelial cells (fig. SI,
FtoI).

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

To determine whether SIN3A is required for diaphragm forma-
tion, 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 dia-
phragm fibroblasts, Prx1-Cre was used to induce recombination in
lateral plate mesoderm-derived fibroblast cells that express Sin3a
(Fig. 2, A and B). Compared with controls (Fig. 2C and fig. S2, A
to E), Prx1-Cre; Sin3a conditional knockout (CKO) embryos ex-
hibited abnormal limb formation (fig. S2F) but normal diaphragm
development with Transcription factor 4 (Tcf4)-expressing fibro-
blast cells, Myogenic differentiation 1 (Myod1)-expressing skeletal
muscle cells, and WTI transcription factor (Wt1)-expressing me-
sothelial cells (Fig. 2D and fig. S2, G to ]).

To determine whether SIN3A is required in the skeletal muscle
during diaphragm development, Pax3-Cre was used to induce re-
combination in somatic mesoderm-derived skeletal muscle that
expresses Sin3a (Fig. 2, E and F). Compared with controls (Fig. 2G
and fig. S2, A to E), Pax3-Cre; Sin3a CKO embryos had a thin,
membranous, and muscle-less diaphragm in addition to other
structural defects including anencephaly (Fig. 2H and fig. 52, K to
0). The diaphragms of Pax3-Cre; Sin3a CKO embryos did not con-
tain Tcf4-expressing fibroblast or MyodI-expressing skeletal mus-
cle cells and were composed exclusively of WtI-expressing
mesothelial cells (fig. S2, M to O).

To determine whether SIN3A is required in diaphragm mesothe-
lial cells, Tbx4-rtTA; Tet-o-Cre was used to induce recombination in
the developing mesothelium that expresses Sin3a beginning at E6
(Fig. 2, I and J). Compared with controls (Fig. 2K and fig. S2, A to
E), deletion of Sin3a using this approach resulted in a left-sided,
posterior-lateral defect of the diaphragm with herniation of the
stomach, intestine, and liver into the left thorax (Fig. 2L and fig. S2,
P and Q). This left posterior-lateral diaphragm defect is seen in most
patients with CDH. The remaining diaphragms of Tbx4-rtTA; Tet-o-
Cre; Sin3a CKO embryos contained Tcf4-expressing fibroblast,
Myod]-expressing skeletal muscle, and WtI-expressing mesothelial
cells (Fig. 2, R to T). At the site where the diaphragm failed to close,
there was decreased expression of Tcf4, normal expression of Myod|1,
and increased and disorganized expression of Wt1 (fig. S2, U to W).
Together, these data suggested that SIN3A is required in both the
somatic mesoderm-derived skeletal muscle and the mesothelium
during diaphragm development.
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SIN3A is required for development of the lung mesenchyme

To investigate the role of SIN3A during lung development, Tbx4-
rtTA; Tet-0-Cre was used to induce deletion of Sin3a beginning at E6
(fig. S3A), resulting in recombination throughout the lung mesen-
chyme and in the diaphragm (fig. S3B). Tbx4-rtTA; Tet-o-Cre; Sin3a
CKO mice were born at the expected Mendelian ratio but died after
birth (fig. S3C). Compared with controls (fig. S3D), deletion of
Sin3a using this approach resulted in left CDH with liver herniation
into the thorax (fig. S3E) and lung hypoplasia (fig. S3F). Histological
analysis of the embryonic thorax revealed that, compared with con-
trols (fig. S3G), Tbx4-rtTA; Tet-o-Cre; Sin3a CKO mice had left-
sided CDH, rightward deviation of the heart, liver herniation, and
lung hypoplasia (fig. S3H). To determine whether lung hypoplasia
in Tbx4-rtTA; Tet-0-Cre; Sin3a CKO mice occurred independent of

mechanical compression by herniated abdominal organs, mutant
lungs were compared to controls at E12, before organ herniation
(fig. S3I). Despite the loss of SIN3A, E12 Tbx4-rtTA; Tet-o-Cre;
Sin3a CKO lungs were similar to controls (fig. S3I).

To investigate the role of SIN3A during later stages of lung mes-
enchymal development without mechanical compression caused by
herniated abdominal organs, doxycycline was used to induce re-
combination throughout the lung mesenchyme beginning at E12
(Fig. 3, A and B). Using this approach, compared with controls that
had Sin3a expression throughout the lungs (Fig. 3C), Tbx4-rtTA;
Tet-0-Cre; Sin3a CKO mice (referred to hereafter as Sin3a CKO)
lacked expression of Sin3a in the mesenchyme but retained expres-
sion in the epithelium (Fig. 3D). Despite appearing normal at birth
and surviving into adulthood, Sin3a CKO mice did not gain weight

Fig. 1. SIN3A sequence variants were present
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Fig. 2. Conditional deletion of Sin3a in the developing mouse diaphragm. (A to D) Prx1-Cre was used to induce recombination in diaphragm fibroblast cells that ex-
press Sin3a. (A) Whole-mount image of E16 Rosa Tomato fluorescence reporter mouse (Rosa Tomato) diaphragm with Prx1-Cre-induced recombination shows recom-
bined Tomato-positive (TOM, magenta) cells throughout the diaphragm. (B) Immunofluorescence image of E14 Rosa Tomato mouse with Prx7-Cre-induced recombination
shows TOM (magenta) and SIN3A (green; white indicates overlapping immunofluorescence). (C and D) Whole-mount diaphragm images of E15 control (C) and Prx1-Cre
Sin3a CKO deletion embryos (D). (E to H) Pax3-Cre was used to induce recombination in diaphragm skeletal muscle cells that express Sin3a. (E) Whole-mount image of E16
Rosa Tomato mouse diaphragm with Pax3-Cre-induced recombination shows recombined TOM-positive cells (magenta). (F) IF image of E14 Rosa tomato with Pax3-Cre-
induced recombination shows TOM (magenta) and SIN3A (green; white indicates overlapping immunofluorescence). (G and H) Whole-mount diaphragm images of E15
control (G) and Pax3-Cre Sin3a CKO embryos (H). (I to L) Tbx4-rtTA; Tet-o-Cre was used to induce recombination in mesothelial cells that expresses Sin3a. (I) Whole-mount
image of E16 Rosa Tomato mouse diaphragm with Tbx4-rtTA; Tet-o-induced recombination shows recombined TOM-positive cells (magenta). (J) IF image of E14 Rosa to-
mato with Pax3-Cre-induced recombination showing TOM (magenta) and SIN3A (green; white indicates overlapping immunofluorescence). (K and L) Whole-mount dia-
phragm images of E15 control (K) and Tbx4-rtTA; Tet-o-Cre Sin3a CKO embryos (L) with defect in the left posterior lateral portion of the diaphragm (L, yellow arrow). Scale

bars, 100 pm.

as rapidly as controls (Fig. 3, E and F). Histological analysis at post-
natal day 28 (P28) revealed that, compared with controls (Fig. 3G),
Sin3a CKO mice had emphysematous dilation of the distal airspaces
(Fig. 3H). Like newborn patients with CDH, Sin3a CKO mice had
defects in pulmonary vascular development (Fig. 3, I to L) including
decreased lung vessel number and increased vascular smooth mus-
cle wall thickness (Fig. 3, K and L) as well as pulmonary hyperten-
sion with right ventricular hypertrophy, increased pulmonary
vascular resistance, decreased right ventricular function, and in-
creased right ventricular peak systolic pressure (Fig. 3, M to P). De-
spite having normal lung size at birth (Fig. 3Q), the first histological
evidence of abnormal lung structure was present in Sin3a CKO mice
at PO with thickened interstitium and simplified air spaces (Fig. 3, R
to T). Pulmonary vascular defects were also present at P0 in Sin3a
CKO mice with decreased lung vessel number but not vascular
smooth muscle hypertrophy (Fig. 3, U to X).

Stokes et al., Sci. Transl. Med. 16, eadc8930 (2024) 31 January 2024

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 mesen-
chymal cells were analyzed in control and Sin3a CKO lungs. Com-
pared with controls (Fig. 4A), Sin3a CKO lungs had fewer
mesenchymal cells (Fig. 4, B and C). Loss of SIN3A resulted in
decreased Pdgfra—green fluorescent protein (GFP)-labeled myofi-
broblast precursor cells, extracellular matrix, and Elastin gene
expression compared with controls (Fig. 4, D to I). In contrast, lipo-
fibroblast cells were not affected by the loss of SIN3A (Fig. 4, to L).
These data support a primary role for SIN3A 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
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Fig. 3. SIN3A is required in the lung mesenchyme. (A) Schematic showing late embryonic (E12) induction of Tbx4-rtTA; Tet-o-Cre with doxycycline (Dox). (B) Immuno-
fluorescence image of E14 Rosa Tomato mouse lung with late (E12) dox induction of Tbx4-rtTA; Tet-o-Cre-mediated recombination shows recombined Tomato-positive
cells (TOM, magenta) throughout the lung. (C and D) Images of SIN3A immunofluorescence (magenta) showing Sin3a expression at E14 in control (C) and Sin3a CKO lungs
(D). (E) Percentages of Sin3a CKO that survived to PO and P21. (F) Graph depicting weight gain of control and Sin3a CKO mice from PO to P28 (P7 *P = 0.03, P14 *P = 0.04,
P28 **P =0.002). (G and H) Histological sections of P28 control (G) and Sin3a CKO (H) lungs. (I to L) Immunofluorescence images of von Willebrand factor (VWF, green) for
endothelial cells and smooth muscle alpha actin (SMA, magenta) for smooth muscle cells at P28 in control (I) and Sin3a CKO (J) lungs with graphs comparing the number
of vessels (K, *P = 0.03) and width of vascular smooth muscle (L, VSM, *P = 0.04). (M to P) Graphs comparing pulmonary vascular physiology data in P28 control and Sin3a
CKO mice including echocardiographic measurement of right ventricular hypertrophy (M, RVWT/BW ***P = 0.0008), pulmonary vascular resistance (N, PAAT/PAET ratio
*##P = 0.003), and right ventricular function (O, TAPSE **P = 0.008), with peak systolic right ventricular pressure measured by catheterization of the right ventricular (P,
RVSP *P = 0.04). (Q to T) Whole-mount image of PO lungs from control and Sin3a CKO embryos (Q) with histological sections from control (R) and Sin3a CKO (S) lungs and
graph showing comparison of airspace simplification (T, MLI **P = 0.008). (U to X) Immunofluorescence images of ETS transcription factor (ERG, green) for endothelial
cells and smooth muscle (SMA, magenta) from PO control (U) and Sin3a CKO (V) lungs and graphs comparing the number of vessels (W, **P = 0.004) and width of smooth
muscle (X, P=0.13). 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. Statistical comparisons of control and
Sin3a CKO mice were made using unpaired t test with statistical significance determined if the P value was <0.05. Scale bars, 100 pm.
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Fig. 4. SIN3A is required in the lung mesenchyme for mesenchymal cell and extracellular matrix development. (A and B) Images of PO Rosa Tomato (TOM, ma-
genta) immunofluorescence with (E12) dox induction of Tbx4-rtTA; Tet-o-Cre-mediated recombination shows recombined TOM-positive cells (magenta) in PO control (A)
and Sin3a CKO (B) mice. (C) Graph comparing the percentage of TOM-positive recombined cells in PO control and Sin3a CKO mice (**P = 0.003). (D and E) Images of Pdgfro-
GFP (green) immunofluorescence showing myofibroblast precursor cells at PO in control (D) and Sin3a CKO (E) lungs. (F) Graph comparing the percentage of Pdgfra-GFP-
positive cells (*P = 0.03). (G and H) Images of TROPOELASTIN (red) immunofluorescence in P3 control (G) and Sin3a CKO (H) lungs. (I) Graph comparing expression of
Elastin in whole-lung RNA extracts from P3 control and Sin3a CKO lungs (***#*P < 0.0001). (J and K) Images of adipose differentiation-related protein (ADFP, magenta)
immunofluorescence in PO control (J) and Sin3a CKO (K) lungs. (L) Graph comparing the ratio of ADFP-positive particles per nuclei in PO control and Sin3a CKO lungs
(P = 0.1). Statistical comparisons between control and Sin3a CKO mice were performed using unpaired t test with statistical significance determined if the P value was

<0.05. Scale bars, 100 pm.

deletion of Sin3a resulted in decreased Erg-expressing alveolar en-
dothelial cells, Surfactant protein C (Sftpc)-expressing type-2 alve-
olar epithelial cells, and Hop homeobox (Hopx)-expressing type-1
alveolar epithelial cells compared with controls (fig. S4, A to I).

To explore the role of SIN3A in vascular development during
lung formation, Cdh5-Cre was used to delete Sin3a in develop-
ing endothelial cells (fig. S5A). SIN3A was previously implicat-
ed in the transcriptional response of endothelial cells to hypoxia
(85); however, the role of SIN3A during lung endothelial cell or

Stokes et al., Sci. Transl. Med. 16, eadc8930 (2024) 31 January 2024

vascular development has not been demonstrated previously.
Compared with controls, Cdh5-Cre Sin3a CKO embryos initiat-
ed lung development and appeared healthy at E11 (fig. S5, B to
E) but developed diffuse hemorrhage between E11 and E12
(fig. S5F), failed to undergo branching morphogenesis (fig. S5,
G and H), and experienced disorganized vascular development
in the lungs (fig. S5, I to L). These data demonstrated an essen-
tial role for SIN3A 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 nec-
essary for development, including regulation of cell cycling and cel-
lular differentiation. To determine whether 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, Sin3a CKO lungs had a similar number of
phosphohistone H3 (PPH3)-positive dividing cells (Fig. 5, A to C)
but fewer 5-ethynyl-2 deoxyuridine (EDU)-positive cells undergo-
ing G; phase-to-S phase transition (Fig. 5, D to F). In addition,
compared with controls, Sin3a CKO mice had more cleaved caspase
3 (CC3)-positive cells undergoing apoptosis (Fig. 5, G to I). Last,
because loss of SIN3A has been shown to result in increased DNA
damage (86), immunofluorescence staining for phosphorylated his-
tone variant H2AX at Ser-139 (yH2AX) was used to quantify the
number of cells with evidence of DNA damage. Compared with
controls, Sin3a CKO lungs showed an increase in the number of
yH2AX-positive cells (Fig. 5, ] to L). These data suggested that loss
of SIN3A in the lung mesenchyme resulted in decreased G

phase-to-S phase transition, increased programmed cell death, and
increased DNA damage.

Loss of SIN3A transcriptional regulation results 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 three stages
(fig. S6A) including E16, when defects in cell cycling and DNA
damage were first evident (Fig. 5, D to F and J to L) and when ex-
pression of Sin3a was highest (fig. S1A); PO, when the histological
phenotype was first evident (Fig. 3, R to T) and when there were
changes in the number of mesenchymal, endothelial, and alveolar
epithelial cells (Fig. 4, A to F, and fig. 4, A to I); and P3, when there
was a reduction in the extracellular matrix (Fig. 4, G to I). Expres-
sion of more than 200 genes was altered in Sin3a CKO mice at each
stage (tables S2 to S4), and 37 genes were misregulated by the loss of
SIN3A at all stages (fig. S6A). Consistent with the known role of
SIN3A as a transcriptional repressor, deletion of Sin3a resulted in
increased expression of most of these genes (fig. S6B). Among these

Fig. 5. SIN3A is required for regulation of cell

cycling, apoptosis, and DNA damage. (A and
B) Images of phosphohistone H3 (PPH3, magenta)
immunofluorescence in E16 control (A) and Sin3a
CKO (B) lungs. (€) Graph comparing the percent-
age of PPH3-positive cells in E16 control and Si-
n3a CKO lungs (P = 0.99). (D and E) Images of EDU
(magenta) immunofluorescence in E16 control
(D) and Sin3a CKO (E) lungs. (F) Graph comparing
the percentage of EDU-positive cells in E16 con-

PPH3

trol and Sin3a CKO lungs (**P = 0.004). (G and |D

H) Images of cleaved caspase-3 (CC3, magenta)
immunofluorescence in E16 control (G) and Sin3a
CKO (H) lungs. (I) Graph comparing the percent-
age of CC3-positive cells in E16 control and Sin3a
CKO lungs (*P = 0.04). (J and K) Images of phos-
phorylated histone H2AX (yH2AX, magenta) im-
munofluorescence in E16 control (J) and Sin3a
CKO (K) lungs. (L) Graph comparing the percent-
age of yH2AX-positive cells in E16 control and

EDU

[A E16 Sin3acontrol  |[B  E16 Sin3a CKO |[C E16 % PPH3 positive |

2151 s
K3 10 e Control
§ 3 ? o Sin3a CKO
& ° °
=0

E16 Sin3acontrol  |[E  E16 Sin3a CKO |[F E16 % EDU positive
g 30 *k
% 20 .I, e Control
5 o Sin3a CKO
g 10 %
R

0

Sin3a CKO lungs (**P = 0.007). Statistical com- |G

E16 Sin3a control

E16 Sin3a CKO [[1  E16 % CC3 positive |

parison of control and Sin3a CKO mice was per-
formed using an unpaired t test with statistical
significance determined if the P value was <0.05.
Scale bars, 100 pm.

CC3

e Control
o Sin3a CKO

YH2AX
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37 genes were those expressed in proliferative lung mesenchymal
progenitor cells and that encode regulators of cell cycle progression
or G; phase-to-S phase transition, including Ring finger protein 26
(Rnf26), Cytochrome P450 family 26, subfamily A member 1 (Cy-
p46al), Cyclin E1 (Ccnel), HECT domain E3 ubiquitin protein ligase
3 (Hectd3), Ribosomal RNA processing 12 homolog (Rrp12), WD
repeat domain 55 (Wdr55), and Transmembrane protein 231
(Tmem231) (fig. S6B).

To investigate the changes in gene expression that occurred spe-
cifically in lung mesenchymal cells, flow cytometry was used to iso-
late 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 with
controls, Sin3a CKO lung mesenchymal cells had differential ex-
pression of more than 4000 genes (Fig. 6A). In contrast to the whole-
lung gene expression analysis (fig. S6, A and B), the number of genes
with increased expression (2155) was similar to the number with
decreased expression (2010) in recombined Sin3a CKO mesenchy-
mal cells (Fig. 6A). Among the top 100 misregulated genes were 9
identified in the shared whole-lung gene expression experiment
[Glucosylceramidase beta 1 (Gba), Intraflagellar transport 22 (Ift22),
Quinoid dihydropteridine reductase (Qdpr), Ribonuclease P 40 sub-
unit (Rpp40), Cyp46al, Ecotropic viral integration site 5 like (Evi5l),
RNA terminal phosphate cyclase-like 1 (Rcll), Wdr55, and KLF tran-
scription factor 16 (KIf16)] as well as genes expressed in myofibro-
blasts [Desmin (Des)], lipofibroblasts [Bromodomain adjacent to
zinc finger domain 1A (Bazla)], and extracellular matrix [Glutathi-
one S-transferase omega 1 (Gstol), ADAM metallopeptidase with
thrombospondin type 1 motif 4 (Adamts4), Cartilage acidic protein 1
(Crtacl), Collagen type IX alpha 2 chain (Col9a2), Scavenger receptor
class A member 3 (Scara3), and Collagen type XVI alpha 1 chain (Co-
l16a1)] (Fig. 6A). Also among the top 100 misregulated genes were
those encoding members of the apoptosis pathway [Superoxide dis-
mutase 2 (Sod2), Inhibitor of growth family member 2 (Ing2), Apopto-
sis enhancing nuclease (Aen), and MAX network transcriptional
repressor (Mnt)], involved in DNA repair [Centrosomal protein 164
(Cep164), Centromere protein X (Cenpx), Sirtuin 7 (Sirt7), and Chro-
matin assembly factor 1 subunit B (Chaf1b)], and SIN3-associated
proteins [SAPs: Ing2, Inhibitor of growth family member 1 (Ingl), and
Sin3 associated polypeptide (Sap30); Fig. 6A].

Because impaired mesenchymal cell development was a predom-
inant phenotype observed in the Sin3a CKO lungs, we compared the
differentially expressed genes with a recently published reference list
of genes expressed in mesenchymal cell subpopulations and their
precursors (87). Compared with controls, Sin3a CKO mesenchymal
cells had decreased expression of myofibroblast, matrix fibroblast,
and lipofibroblast genes (Fig. 6B). By contrast, expression of prolif-
erative progenitor genes was increased in Sin3a CKO mesenchymal
cells (Fig. 6B). These data were confirmed by quantitative reverse
transcription polymerase chain reaction (QRT-PCR) conducted us-
ing RNA from whole lungs of E16 Sin3a CKO and littermate control
mice (Fig. 6B) and suggested 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 (scRNA-seq) at E16 (fig. S7). Using this
approach, recombined mesenchymal cells were organized into 14
clusters and broadly categorized as proliferative mesenchymal

Stokes et al., Sci. Transl. Med. 16, eadc8930 (2024) 31 January 2024

progenitor cells (PMPs), undifferentiated transitional mesenchymal
cells, or differentiating mesenchymal precursor cells (Fig. 6C and
fig. S8). Comparison of the relative number of cells within each clus-
ter demonstrated that Sin3a CKO lung mesenchymal cells had an
increase in proliferative progenitor cells and a decrease in differenti-
ating myofibroblast, matrix, and Early B cell factor 1 (EbfI)-express-
ing lung fibroblast precursor cells (Fig. 6 D and E; fig. S9; and
table S5). The reduction in differentiating mesenchymal precursor
cells was most notable in the myofibroblast cells (Fig. 6E, ***P =7.63 X
107, and table S5). These results were similar to the histological
data (Fig. 4, D to I) and sorted lung mesenchymal gene expression
analysis (Fig. 6B) and suggested 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 unspliced transcripts using RNA velocity in
the scRNA-seq data demonstrated the pattern of differentiation
from proliferative mesenchymal cells to transitional undifferentiat-
ed mesenchymal cells and then to differentiating mesenchymal pre-
cursor cells in control and Sin3a CKO lung mesenchymal cells
(Fig. 6F). To determine how Sin3a deletion affected the potential for
cell differentiation, we analyzed the rate of differentiation indicated
by RNA velocity lengths (88) that were reduced in mesenchymal
cells collected from Sin3a CKO mice compared with controls (Fig. 6,
G and H). The decrease in RNA velocity lengths was observed in
PMPs, transitional undifferentiated mesenchymal cells, and differ-
entiating mesenchymal precursor cells (Fig. 6H). These data suggest
that loss of SIN3A resulted in the decreased differentiation potential
of mesenchymal cells at all stages of differentiation.

To determine the genetic mechanisms responsible for reduced
mesenchymal cell differentiation, Ingenuity Pathway Analysis (IPA)
was used to identify pathways misregulated by the loss of SIN3A
(Fig. 7A). Among the most misregulated canonical pathways and
biological processes were pathways relevant for lung development
and the phenotype observed in Sin3a CKO lungs, including idio-
pathic pulmonary fibrosis, lung formation, vascular development,
entry into S phase, fibroblast cell death, and senescence, where SI-
N3A has been shown to play a role in lung epithelial cells (Fig. 7A)
(77). The misregulated upstream regulators included several that
play an important role in mesenchyme and lung myofibroblast de-
velopment and differentiation (Fig. 7, A to C), including decreased
expression of myofibroblast and matrix fibroblast genes [Actin alpha
2, smooth muscle, aorta (Acta2); Myosin, heavy polypeptide 11,
smooth muscle (Myh11); Tagln, Transforming growth factor-beta in-
duced (Tgfbi); Des, Insulin-like growth factor binding protein 5
(Igfbp5); Eln, Insulin-like growth factor binding protein 4 (Igfbp4);
Jun D proto-oncogene (Jund); and Matrix metallopeptidase 2 (Mmp2);
Fig. 7B] and decreased expression of transforming growth factor—f
(TGFB) and WNT pathway genes [FB]J osteosarcoma oncogene (Fos);
Jun proto-oncogene (Jun); Collagen, type I, alpha 1 (Collal); Colla-
gen, type I, alpha 1 (Col3al); Collagen, type 1V, alpha 1 (Col4al);
Collagen, type VI, alpha 3 (Col6a3); and Frizzled class receptor 2
(Fzd2); Fig. 7C]. These findings were confirmed using the RNA-seq
analysis conducted on sorted lung mesenchymal cells (Fig. 6A) and
gene expression analysis conducted on whole-lung RNA extracts at
E16, which demonstrated a similar reduction in TGFB and wingless
(WNT) pathway gene expression in Sin3a CKO lungs (Fig. 7C). To-
gether, these data suggested that loss of SIN3A resulted in altered
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Fig. 6. SIN3A regulates a transcriptional program necessary for mesenchymal cell differentiation. (A) Volcano plot of differentially regulated gene expression in
recombined lung mesenchymal cells from E16 Sin3a CKO compared with controls determined by bulk RNA sequencing [genes with -log;q false discovery rate >2 and
logyo fold change >0.301 or <—0.301 (dotted lines) with increased expression are colored red, and those with decreased expression are colored blue]. (B) Heatmaps of
significantly misregulated individual myofibroblast, matrix fibroblast, lipofibroblast, and mesenchymal proliferative progenitor cell gene expression (*genes with —logso
false discovery rate >2 and logy, fold change >0.301 or <—0.301) in E16 control and Sin3a CKO recombined lung cells determined by bulk RNA sequencing and bar graphs
of qRT-PCR gene expression performed using whole-lung RNA extracts from E16 control and Sin3a CKO embryos showing 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; Col4al, *P = 0.02; and Eln, **#P = 0.0005), lipofibro-
blasts (Lpl, P = 0.63; Fgf10, *P = 0.03; Tgm2, **P = 0.001; and Adfp, *P = 0.03), and proliferating mesenchymal progenitor cells (Uhrf1, *P = 0.03; Cks2, *P = 0.02; Dek,
*P =0.01;and Cks1b, *P = 0.01). Statistical comparisons of gene expression analyzed by qRT-PCR between control and Sin3a CKO whole-lung RNA were performed using
unpaired t test. (C) Uniform Manifold Approximation and Projection (UMAP) of clustered recombined E16 lung mesenchymal cells from control and Sin3a CKO mice ana-
lyzed by scRNA-seq categorized into three groups: proliferative progenitor cells, undifferentiated transitional fibroblasts, and differentiating mesenchymal precursor cells.
(D and E) Comparison of E16 control and Sin3a CKO UMAPs (D) and bar graphs comparing the percentage of cells within each cluster in the control and Sin3a CKO recom-
bined lung mesenchymal cells (PMP, ***P = 2.67 x 10’26; IF1 and IF2, P = 0.59; Matrix and Lipo, *P = 0.02; Matrix and IF2, P = 0.15; Matrix, Myo, Lipo, and IF, ***P = 6.36 X
107 Myo, **#P = 7.63 x 107>% Matrix, ***P = 7.43 x 10~'% PMP and IF2, P = 0.20; Ebf1, ***P = 7.86 x 10725, PMP and IF1, P = 0.58; PMP, IF1, and IF2, ***P = 2,18 x 107'%
PMP and Myo, *#*P = 6.66 X 10~>; Meso, ***P = 3.67 x 10~ Immune, ***P = 4,92 x 10™°), Statistical comparison of the distribution of cells within each cluster between
control and Sin3a CKO recombined lung mesenchymal cells was conducted using y? test. (F and G) UMAPs showing RNA velocity analysis of scRNA-seq data from
E16 control and Sin3a CKO recombined lung mesenchymal cells (F) and heatmap of RNA velocity lengths (G). (H) Box and whisker plot comparing RNA velocity length in
E16 control and Sin3a CKO recombined lung mesenchymal cell clusters (*#*P = 4.72 x 10~%%"), proliferative mesenchymal progenitor cells (PMP, ***P = 8.02 x 1072° and
PMP/myofibroblast, *#*P = 2.20 x 107°), and differentiating mesenchymal precursor cells (H, myofibroblast, ***P = 2.30 x 10732 matrix fibroblast, *#*P = 2.09 x 107"
and Ebf1 fibroblast cells, ###P = 3.51 x 107%). Statistical comparisons of RNA velocity between control and Sin3a CKO recombined lung mesenchymal cells analyzed by
scRNA-seq were performed using Z test.
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Usp28, *P = 0.04) or genes expressed during DNA repair
(Cenpx, **P = 0.004; Sirt7, **P = 0.001; Aplf, *P = 0.02;
Char1b, *P=0.01) analyzed by qRT-PCR conducted on whole-lung RNA extracts from E16 control and Sin3a CKO lungs. (G) Heatmaps comparing the expression of genes that
encode histone methyltransferase, histone demethylase, DNA methyltransferase, and DNA demethylase factors (*genes with -logs false discovery rate >2 and log fold
change >0.301 or <—0.301) in recombined lung mesenchymal cells from E16 control and Sin3a CKO cells analyzed by bulk RNA-seq and bar graphs comparing the relative
expression of histone methyltransferase (Kmt5b, *P = 0.03), histone demethylase, DNA methyltransferase, and DNA demethylase genes analyzed by qRT-PCR conducted on
whole-lung RNA extracts from E16 control and Sin3a CKO lungs. (H) Heatmaps comparing the expression of genes that encode SIN3-HDAC complex core component factors
or SAPS (*genes with -log false discovery rate >2 and log;, fold change >0.301 or <—0.301) in recombined lung mesenchymal cells from E16 control and Sin3a CKO cells
analyzed by bulk RNA-seq and bar graphs comparing the relative expression of SIN3-HDAC core complex (Sap30, *P = 0.01; Sap18, *P = 0.02; and Suds3, **P = 0.004) or SAP
genes (Brms1, *P =0.02, Sap130, **P = 0.001; Arid4b, *P = 0.03; Ing1, **P = 0.005; Ing2, **P = 0.007; and Mxi1, *P = 0.02) analyzed by qRT-PCR conducted on whole-lung RNA
extracts from E16 control and Sin3a CKO lungs. Statistical comparisons of gene expression analyzed by gRT-PCR in control and Sin3a CKO whole-lung RNA were performed
using unpaired t test. Statistical significance was determined if the P value was <0.05.
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gene expression in pathways required for myofibroblast and matrix
fibroblast differentiation.

SIN3A deletion altered gene expression, leading to impaired
cell cycling, DNA damage, and senescence

In addition to the changes in mesenchymal cell differentiation, path-
way and differential gene expression analysis of Sin3a CKO mesen-
chymal cells demonstrated decreased entry into S phase (Fig. 7A)
with decreased expression of genes that promote cell cycle progres-
sion [H19 imprinted maternally expressed transcript (H19), Inhibitor
of DNA binding 3 (Id3), and Cyclin D2 (Ccnd2)]; increased expres-
sion of genes associated with cell cycle arrest, cell death, or senes-
cence [Ccnel, BCL2-associated X protein (Bax), Sod2, and Ingl]; and
increased expression of Ing2, one of the SAPs (Fig. 7D). These find-
ings were confirmed using the sorted lung mesenchymal RNA-seq
analysis (Fig. 6A) and gene expression analysis conducted on RNA
extracted from E16 control and Sin3a CKO lungs (Fig. 7, E to 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 (Fig. 7E). Sin3a CKO mice also had
increased expression of genes expressed in response to DNA dam-
age and altered expression of genes associated with DNA repair
(Fig. 7F). These data supported the conclusion that SIN3A is re-
quired during lung development to promote mesenchymal cell dif-
ferentiation 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 (Fig. 7, A and D). SIN3A has been demonstrated to
regulate genes implicated in senescence, and loss of SIN3A in the
lung epithelium was associated with senescence and pulmonary fi-
brosis (76, 77). Compared with controls, Sin3a CKO mesenchymal
cells had differential expression of multiple genes associated with
senescence (fig. S10, A to C). This expression analysis did not indi-
cate an increase or decrease in senescence activation because genes
that promote or repress senescence were both positively and nega-
tively affected by the loss of SIN3A (fig. S10, A to C). These data
suggested that loss of SIN3A in the mesenchyme resulted in an ac-
cumulation 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 during development through
multiple mechanisms including histone and DNA methylation and
demethylation (59, 89) and was recently demonstrated to play a role
in pulmonary hypertension by regulating methylation of the bone
morphogenetic protein receptor type 2 (BMPR2) promoter (90).
Gene expression analysis of sorted lung mesenchymal cells from
Sin3a CKO and control lungs at E16 demonstrated increased ex-
pression of genes that promote both histone methylation and de-
methylation, whereas genes that promote DNA methylation or
demethylation were decreased (Fig. 7G). Gene expression analysis
conducted on whole-lung RNA extracts from Sin3a CKO and con-
trol mice at E16 did not demonstrate a consistent trend in either
histone or DNA methylation (Fig. 7G). Because more of the genes
that direct histone methylation or demethylation were misregulated
in Sin3a CKO recombined mesenchymal cells, immunofluores-
cence staining for transcriptional repressing methylation of histone

Stokes et al., Sci. Transl. Med. 16, eadc8930 (2024) 31 January 2024

3 lysine 9 (H3K9Me2 and H3K9Me3) and lysine 27 (H3K27Me3)
was conducted at E16 (fig. S11, A to I). These data demonstrated
that no significant change in histone methylation was detectable de-
spite the loss of SIN3A during lung mesenchymal development
(fig. S11, A to I; P = 0.46 for H3K9Me2, P = 0.64 for H3K9Me3, and
P = 0.57 for H3K27Me3).

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 cofactors (53, 91, 92). In
recombined Sin3a CKO lung mesenchymal cells at E16 (Fig. 6A),
expression of the SIN3-HDAC core complex and SAP genes was up-
regulated, including Sap30, Sin3-associated polypeptide 18 (Sap18),
Suppressor of defective silencing 3 homolog (Suds3), AT-rich interac-
tion domain 4B (Arid4b), RB transcriptional corepressor 1 (Rbl),
Breast cancer metastasis-suppressor 1 (Brmsl), Sin3A-associated pro-
tein 130 (Sap130), Sin3-associated polypeptide (Sap25), Ingl, Ing2,
Transcriptional regulator, SIN3B (Sin3b), and MAX interactor 1 di-
merization protein (Mxil) (Fig. 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 cofactors
(Fig. 7H). By contrast, expression of HAT genes CREB-binding pro-
tein (Crebbp) and EIA-binding protein p300 (Ep300) was not
changed in lung mesenchymal cells from Sin3a CKO embryos
(fig. S12).

To determine whether loss of SIN3A in the lung mesenchyme
had a direct impact on the balance of histone acetylation, immuno-
fluorescence staining for transcriptional activating acetylation of
H3K9 and H3K27 was conducted on Sin3a CKO and control lungs
(fig. S13, A to F). These data demonstrated that loss of SIN3A re-
sulted in increased histone acetylation in Sin3a CKO lungs (fig. S13,
C and F). The imbalance of histone acetylation and deacetylation
observed in Sin3a CKO lungs might be responsible for the observed
changes in gene expression and the decrease in mesenchymal cell
differentiation, decrease in cell cycling, and increase in DNA damage.

To investigate this hypothesis and to determine whether embry-
onic inhibition of HDAC recapitulated SIN3A loss of function, un-
treated control and Sin3a CKO mice (Fig. 8, A to F) were compared
to those treated with dimethyl sulfoxide (DMSO) vehicle control
(fig. S14, A to F) and to those treated with HDAC inhibitor tricho-
statin A (TSA) beginning when doxycycline-induced recombina-
tion was initiated (Fig. 8G and fig. S14, G to L) (93, 94). Using this
approach, there was no difference in the number of EDU-positive
cells in untreated Sin3a CKO lungs (Fig. 8B) compared to those
treated with DMSO vehicle control (fig. S14, B and C) or those treat-
ed with TSA (fig. S14, H and I). In contrast, compared with un-
treated control lungs (Fig. 8A) or those treated with DMSO
(fig. S14A), there was a reduction in the number of EDU-positive
cells in control lungs treated with TSA (fig. S14, G and I). The num-
ber of EDU-positive cells in control lungs treated with TSA was
similar to the number of EDU-positive cells in untreated Sin3a CKO
lungs (Fig. 8B and fig. S14, G and I). These data suggested that em-
bryonic HDAC inhibition with TSA resulted in decreased G; phase-
to-S phase transition that was similar to loss of SIN3A function.
HDAC inhibition with TSA did not alter the number of cells with
evidence of DNA damage indicated by yH2AX staining in either
Sin3a CKO or control lungs (Fig. 8, D to F, and fig. S14, D to Fand J
to L), suggesting that DNA damage observed in Sin3a CKO mice
might not be due to decreased HDAC function alone.
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Fig. 8. Embryonic inhibition of HAT rescued lung mesenchyme and pulmonary vascular defects in Sin3a CKO mice. (A and B) Images of EDU (magenta) immuno-
fluorescence in untreated E16 control (A) and Sin3a CKO (B) lungs. (C) Graph comparing the percentage of EDU-positive cells in untreated E16 control and Sin3a CKO lungs

(**P = 0.004). (D and E) Images of yH2AX (magenta) immunofluorescence in untreated E16 control (D) and Sin3a CKO (E) lungs. (F) Graph comparing the percentage of

yYH2AX-positive cells in untreated E16 control and Sin3a CKO lungs (**P = 0.007). (G) Schematic of embryonic treatment regimen used in subsequent experiments starting
when doxycycline is given to induce recombination at E12. (H and I) Images of EDU immunofluorescence in anacardic acid (AA)-treated E16 control (H) and Sin3a CKO (1)
lungs. (J) Graph comparing the percentage of EDU-positive cells in untreated and AA-treated E16 control and Sin3a CKO lungs (untreated control versus AA-treated con-
trol, P = 0.87; untreated Sin3a CKO versus AA-treated Sin3a CKO, ***P = 0.0007; untreated control versus AA-treated Sin3a CKO, P > 0.99). (K and L) Images of yH2AX im-
munofluorescence in AA-treated E16 control (K) and Sin3a CKO (L) lungs. (M) Graph comparing the percentage of yH2AX-positive cells in untreated and AA-treated E16
control and Sin3a CKO lungs (untreated control versus AA-treated control, P = 0.99; untreated Sin3a CKO versus AA-treated Sin3a CKO, *P = 0.01; untreated control versus
AA-treated Sin3a CKO, P = 0.48). (N to Q) Images of Pdgfra-GFP immunofluorescence (GFP, green) in E16 untreated control (N) and Sin3a CKO (O) and AA-treated control
(P) and Sin3a CKO (Q) lungs. (R) Graph comparing the percentage of GFP-positive cells in untreated and AA-treated E16 control and Sin3a CKO lungs (untreated control
versus AA-treated control, P = 0.94; untreated Sin3a CKO versus AA-treated Sin3a CKO, *P = 0.04; untreated control versus AA-treated Sin3a CKO, P = 0.99). (S to V) Histo-

logical sections of E16 untreated control (S) and Sin3a CKO (T) lungs and AA-treated control (U) and Sin3a CKO (V) lungs. (W]

) Graph comparing the MLI of untreated and

AA-treated E16 control and Sin3a CKO lungs (untreated control versus AA-treated control, P = 0.98; untreated Sin3a CKO versus AA-treated Sin3a CKO, P = 0.47; untreated
control versus AA-treated Sin3a CKO, P = 0.47). (X to A’) Images of ERG (green) and SMA (magenta) immunofluorescence in E16 untreated control (X) and Sin3a CKO (Y)

and AA-treated control (Z) and Sin3a CKO (A

") lungs. (B’) Graph comparing the number of vessels in untreated and AA-treated E16 control and AA-treated Sin3a CKO lungs

(untreated control versus AA-treated control, P > 0.99; untreated Sin3a CKO versus AA-treated Sin3a CKO, *P = 0.04; untreated control versus AA-treated Sin3a CKO,
P = 0.95). Statistical comparisons between untreated control and Sin3a CKO mice (C and F) were performed using unpaired t test. Statistical comparisons between un-
treated and treated control and Sin3a CKO mice (J, M, R, W, and B’) were made using one-way ANOVA with Tukey'’s test for multiple comparisons. Statistical significance
was determined when the P value was <0.05. Scale bars, 100 pm.

Inhibition of HAT restores the balance of histone acetylation

in Sin3a CKO mice

To determine whether the balance of histone acetylation and deacet-
ylation could be restored despite the absence of SIN3A, control and
Sin3a CKO embryos were treated with A-485, a potent and specific
inhibitor of HAT p300/CPB (95), beginning at E12 (fig. S14, M to
R). Treatment with A-485 resulted in decreased G; phase-to-S
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change G, phase-to-S phase

to F), DNA damage was unc

phase transition in control lungs (fig. S14, M and O) and did not

transition in Sin3a CKO lungs (fig. S14,

N and O) compared to those that were untreated (Fig. 8, A to C). In
contrast, compared to untreated control and mutant lungs (Fig. 8, D

hanged in control lungs and decreased

in Sin3a CKO lungs treated with A-485 (fig. S14, P to R). These data
suggested that potent inhibition of p300/CBP HAT by A-485 could
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make DNA resistant to damage but not accessible for replication
during lung development and further supported the idea that SI-
N3A plays an important role in regulating the balance of histone
acetylation and deacetylation.

We hypothesized that partial inhibition of acetyltransferase
might restore the balance of histone acetylation necessary for DNA
replication and cell proliferation and reduce DNA damage. To inves-
tigate this hypothesis, anacardic acid (AA), a naturally occurring
HAT inhibitor that is 1000 times less potent than A-485 (93, 95, 96),
was used to treat control and Sin3a CKO embryos following the
regimen conducted with TSA and A-485 (Fig. 8, H to M). Com-
pared to the amount of histone acetylation that was observed in un-
treated control and Sin3a CKO lungs (fig. S13, A to F), embryonic
treatment with AA did not change histone acetylation in control
lungs and reduced histone acetylation in Sin3a CKO lungs (fig. S15,
A to F). Using the same embryonic treatment with AA, there was no
difference in the number of EDU-positive cells or in the number of
cells with evidence of DNA damage in control lungs treated with AA
(Fig. 8, H, ], K, and M). In contrast, the number of EDU-positive
cells was increased, whereas the number of cells with evidence of
DNA damage was decreased in Sin3a CKO lungs treated with AA
(Fig. 8,1, J, L and M).

To determine whether the increased cell proliferation and de-
creased DNA damage observed in Sin3a CKO embryos after AA
treatment were due to inhibition of p300-CBP specifically, we treat-
ed control and Sin3a CKO embryos beginning at E12 with diluted
A-485 to mimic the potency of AA HAT inhibition. We found that
both 1:100 and 1:1000 dilutions of A-485 were sufficient to increase
cell proliferation and decrease DNA damage in Sin3a CKO embryos
(fig. S16, A to L). These data suggested that partial inhibition of HAT
with either AA or A485 was sufficient to restore the balance of his-
tone acetylation despite the loss of SIN3A. This conclusion was fur-
ther supported by the finding that AA treatment resulted in an
increased number of Pdgfra-GFP-positive myofibroblast precursor
cells in Sin3a CKO lungs compared with controls and untreated Si-
n3a CKO lungs (Fig. 8, N to R), reduced apoptosis (fig. S17, A to F),
improved saccular development of the Sin3a CKO lungs (Fig. 8, S to
W), and increased lung vessel number (Fig. 8, X to B’). In addition,
although there was no change in body weight after treatment with
AA (fig. S18A), pulmonary vascular physiological function was im-
proved in Sin3a CKO mice treated with AA with reduced right ven-
tricular hypertrophy (Fulton’s index, fig. S18B) and reduced
pulmonary vascular resistance (RVSP, fig. S18C).

These data support the idea that epigenetic regulation of gene
expression is controlled by a balance of histone acetylation and
deacetylation during embryonic development (fig. S19). Loss of this
balance either by genetic deletion of a critical cofactor, such as SI-
N3A, or by pharmacological inhibition of HAT or HDAC may result
in impaired cell cycling, DNA damage, and impaired cellular dif-
ferentiation that can be restored through partial inhibition of HAT
activity.

DISCUSSION

Regulation of histone acetylation is required to direct the rapid
changes in gene expression and DNA replication necessary during
development (97-102). The complementary activity of HAT and
HDAC enzymes maintains the balance of histone acetylation and
therefore controls transcriptional activation or repression as well as

Stokes et al., Sci. Transl. Med. 16, eadc8930 (2024) 31 January 2024

DNA replication (99, 102). The balance of HAT and HDAC activity
itself is necessary for development (48, 103, 104); however, how fail-
ure to maintain this balance contributes to congenital malforma-
tions is not clear. Here, we showed that loss of SIN3A function in the
developing diaphragm and lungs caused failure of diaphragm for-
mation 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 de-
fects 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 transcrip-
tion or replication factors to DNA (53, 105). 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 em-
bryo (106). These interactions are especially important in human
structural malformations where there is an overlapping impact of
pathogenic gene variants and environmental mechanisms that con-
tribute to the underlying defects in development (107-110).

Despite research demonstrating that epigenetic regulation of
gene expression is essential for mammalian development (20, 21,
23), 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
(25, 26, 111-115). Furthermore, defects in epigenetic gene regula-
tion have been implicated in congenital heart disease and neural
tube defects (22, 27-30); however, mutations in genes that encode
chromatin modifiers are uncommon among the genes identified in
whole-exome or whole-genome sequencing in patients with struc-
tural malformations (116). This may be because epigenetic regula-
tion is ubiquitously necessary during development, and disruption
of these mechanisms, including loss of a critical co-factor, does not
permit embryonic development.

The genetic or epigenetic mechanisms responsible for the differ-
ence in phenotypes between patients with Witteveen-Kolk syn-
drome and the patients in this study are unclear. Identification of
Lon peptidase 1, mitochondrial (LONPI) sequence variants in pa-
tients with CDH and in patients with cerebral, ocular, dental, au-
ricular, and skeletal syndrome demonstrates that subtle differences
in the variants themselves can have a profound impact on the pa-
tient phenotype (13, 117). The generation 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 to understand more subtle changes that affect disease severity.

In the developing lung epithelium, SIN3A was shown to be re-
quired for cell cycling and branching morphogenesis (76). Abnor-
malities in lung branching have been reported in patients with CDH
(118-120); however, the more common phenotypes associated with
CDH include pulmonary hypertension and lung hypoplasia (119,
121-123). 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 pheno-
type (59, 124). In adult type IT alveolar epithelial cells, loss of SIN3A
resulted in p53-dependent activation of senescence and fibrosis
(77). Although senescence is a likely downstream phenotype after
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the loss of SIN3A, 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 pa-
tients with structural malformations is a major objective, especially
for CDH (125-129). Although genomic analysis, including fetal
exome or genome sequencing, could be a useful method to identify
patients likely to respond to fetal interventions, CDH-associated se-
quence and copy number variants continue to be identified, and
therefore, at this time, exome and whole-genome sequencing are
more likely to yield a genetic diagnosis than a CDH-specific gene
panel. Furthermore, although gene damaging variants have been re-
ported more frequently in patients with complex CDH (11, 130),
patients with isolated CDH also have a significant burden of likely
pathogenic genomic variants (13, 131). Our hope is that with an in-
creasing number of patients with CDH undergoing genomic analy-
sis, we will be able to establish a pattern of gene variants and
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 determin-
ing which genetic variants only affect diaphragm development
would help to identify patients more likely to respond to fetal surgi-
cal interventions because the lung and pulmonary vascular defects
in these patients are more likely to be due to mechanical compres-
sion alone. In contrast, determining which genetic variants play a
direct role in lung or pulmonary vascular development, as demon-
strated in the case of SIN3A, could help to identify patients who may
be less likely to respond to a treatment focused on mechanical com-
pression alone. These patients are more likely to have primary de-
fects 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 ex-
pression (90). In this case, intratracheal SIN3A protein administra-
tion in rats with experimentally induced pulmonary hypertension
restored Bmpr2 expression and decreased pulmonary artery pres-
sure (90). This work demonstrates the role of SIN3A in adult pa-
tients and experimental models of pulmonary hypertension and
complements our findings that loss of SIN3A resulted in develop-
mental defects in lung and pulmonary vascular development as well
as pulmonary hypertension, the major cause of mortality in patients
with CDH.

We acknowledge important limitations of our study, including
the fact that CDH is a genetically heterogeneous disease with mul-
tiple gene variants playing a role and that the mechanisms of abnor-
mal lung and pulmonary vascular development were investigated in
a mouse model of CDH. To address these limitations and build on
the results related to SIN3A loss of function, we propose future stud-
ies to investigate the role of other genomic variants identified in pa-
tients with CDH during diaphragm, lung, and pulmonary vascular
development. Our hypothesis is that patients with genomic variants
that play a direct role in lung and pulmonary vascular development
have more severe lung hypoplasia and pulmonary hypertension
than patients with genomic variants that only affect diaphragm de-
velopment. Furthermore, we propose that although CDH is a ge-
netically and phenotypically heterogeneous disease, there may be
common pathways that are differentially affected by the genome
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variants in patients with CDH. Identifying these common molecu-
lar pathways will help to subcategorize patients and determine
which groups of patients are more or less likely to respond to high-
risk fetal interventions including fetal endoluminal tracheal occlu-
sion (FETO), fetal drug and small-molecule inhibitor treatments,
and stem cell-based strategies. Last, developing approaches that al-
ter the balance of histone acetylation and deacetylation during em-
bryonic development may be effective for patients with SIN3A
sequence variants and other genomic variants that affect the activity
of HAT and HDAC enzymes. It will be important to demonstrate
abnormal histone acetylation and associated changes in gene ex-
pression in lung cells from patients to determine whether loss of
SIN3A causes increased histone acetylation as we observed in our
mouse models of lung and pulmonary vascular defects associated
with CDH. It is also essential to consider that the balance of HAT
and HDAC is likely to be different in different cell populations and
during different stages of development. Global inhibition of HAT
enzymes might be effective at restoring normal development in one
cell population while causing a pathological imbalance in neighbor-
ing populations. Therefore, developing cell-specific targeting strate-
gies and approaches that target a narrow time during development
might be necessary for this strategy to be effective and safe. Despite
these limitations, we demonstrated that making a genetic diagnosis
in patients with CDH enabled us to determine the underlying devel-
opmental mechanisms of abnormal diaphragm and lung formation
and to identify an approach that improved lung development.

MATERIALS AND METHODS

Study design

The objective of this study was to determine the role of Sin3a during
diaphragm and lung mesenchyme development. Our work included
genomic evaluation of patients with CDH, tissue and cell lineage-
specific deletion of Sin3a in mice during diaphragm and lung devel-
opment, gross and histological analysis of Sin3a conditional deletion
(Sin3a CKO) diaphragm and lung tissue, transcriptomic analysis of
whole lung and recombined lung mesenchymal cells, and pulmo-
nary vascular physiological analysis using transthoracic echocar-
diography and right heart catheterization in mice. Sin3a CKO mice
and littermate controls were treated with HDAC and HAT inhibi-
tors. Mice were selected for these experiments on the basis of their
Sin3a CKO or control genotypes. For histological experiments, four
control and four Sin3a CKO lung samples were used, and each his-
tological experiment was performed at least two times. Quantifica-
tion of histological images and physiological studies was conducted
by blinded observers. For transcriptomic analysis of whole lungs
and sorted recombined lung mesenchymal cells, four control and
four Sin3a CKO lungs were analyzed. For sorted recombined mes-
enchymal single-cell transcriptomic analysis, two control and two
Sin3a CKO lungs were used. Outliers were recorded and included.

Human genomic analysis

Blood and saliva samples from 827 patient and parent trios enrolled
in the DHREAMS study were analyzed by whole-genome and
-exome sequencing as described previously (13, 84). Signed, in-
formed 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. Clinical data from medical records were
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prospectively collected and entered in a central Research Elec-
tronic Data Capture (REDCap) database. A full description of
the methods used for patient and control sequencing analysis, se-
quence variant confirmation, and the impact of sequence variants
on gene transcript or protein structure or function was published
previously (13, 84).

Animal handling and genetics

Mice were housed and handled according to an animal care com-
mittee—approved protocol in a temperature-controlled environment
with regular light and dark cycling, free access to food and water,
and no more than five mice per cage. 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. Both male and fe-
male mice were used in all experiments.

Recombination of the Sin3a flox allele (59) was achieved by
crossing with the previously described Pax3-Cre [the Jackson Labo-
ratory, 005549 (132)], Prx1-Cre [the Jackson Laboratory, 005584
(133)], Cdh5-Cre [the Jackson Laboratory, 006137 (134)], or Tbx4-
rtTA; Tet-0-Cre alleles (135). 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.

Statistical analysis

To determine statistical significance, unpaired, two-sided ¢ tests
were performed for comparison between two groups using Welch’s
correction, and one-way analysis of variance (ANOVA) was used for
comparison between multiple groups for histology and physiology-
based experiments. Statistical significance was determined by Z test
for RNA velocity experiments and y” test of distribution of single-
cell clusters. Statistical significance for differential gene expression
was adjusted with a Benjamin-Hochberg FDR correction at
the 5% level.
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