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Abstract

Loss of actin cytoskeleton control can hinder integral developmental and physi-
ological processes and can be the basis for a subset of developmental defects.
SHROOMS3 is an actin binding protein, best characterized as being essential for
neural tube closure in vertebrates. Shroom3 expression has also been identified in
the developing heart, with some associated congenital heart defects. Here we show
that the expression pattern of Shroom3 in the developing and adult mouse heart

is specific to the myocardium. Using a gene trap line, we show that embryos with
homozygous full-body Shroom3 loss die at birth due to exencephaly but also show
congenital heart defects. This includes ventricular septal defects, semilunar valve
abnormalities, and ventricle wall thinning. Adult mice heterozygous for Shroom3 loss
also show ventricular thinning due to decreased cardiomyocyte size. To explore if
SHROOMS3 is operating in a cell autonomous manner in the cardiomyocytes, we
utilized a floxed Shroom3 mouse line, allowing for spatial and temporal control of
Shroom3 loss. Using an Nkx2—5-Cre recombinase, we targeted Shroom3 loss to the
myocardium of the developing heart. Neonate pups with myocardial specific Shroom3
loss showed no significant impact on heart development, including no septal or valve
defects, no ventricular thinning, and no change in viability into adulthood. Adult mice
with myocardial specific Shroom3 loss showed no ventricular thinning and no change
in cardiomyocyte size. These results show that the heart defects seen in full-body
Shroom3 loss do not arise from myocardial specific loss. Rather, other cell types
expressing Shroom3, such as the cardiac neural crest cells, may be directly contrib-
uting to cardiac development.
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Introduction

Congenital heart defects (CHDs) are seen in approximately 1% of human births, mak-
ing them one of the most prevalent congenital disorders in newborns [1-3]. With the
progression of specialized surgical and diagnostic techniques, over 90% of children
born with CHDs survive to adulthood [4,5]. The ability to reach adulthood presents a
new challenge to researchers and clinicians: how does this impact our understanding
of the potential heritability of CHDs? As a candidate gene for CHDs, SHROOM3 is
necessary for proper heart development. Full-body loss of Shroom3 in the developing
mouse shows a spectrum of CHDs including ventricular septal defects, double outlet
right ventricle, and thinning of the myocardium in the left ventricle [6]. Shroom3 mis-
sense mutations have also been identified and are associated with heterotaxy and
hemophagocytic lymphohistiocytosis in patient populations [7,8].

The SHROOMS3 protein contains two major functional domains: the central
Apx/Shrm-specific domain 1 (ASD1) allows for direct binding with f-actin, and the
C-terminal ASD2 domain allows for direct binding with ROCK [9—-16]. These func-
tions allow for myosin light chain phosphorylation, inducing actomyosin constriction
and thus SHROOM3-induced apical constriction [10,17—23]. There have also been
indications that SHROOMBS is able to drive the re-distribution of y-tubulin, allowing for
apical-basal elongation, however the basis for this activity is less understood [20,24].
This cell shape change is described in polarized epithelial cells, where it plays a
pivotal role in many developmental processes, most notably neural tube folding
and closure, but also lens pit invagination, directional gut tube looping, and mainte-
humans, Shroom3 loss-of-function variants have been linked with anencephaly, spina
bifida, and cleft lip and palate [29,30]. While promoting rolling of the neural plate into
the neural tube is the best-established function of SHROOMS3, epithelial folding has
not been documented during mammalian heart development. As such, the functional
contributions of Shroom3 to cardiac morphogenesis remain unclear. We set out to
understand where and when Shroom3 is expressed in the mouse heart, and what the
consequences of Shroom3 loss are on cardiac development.

In this study we document Shroom3 expression specifically in the myocardium
of the developing and adult mouse heart. We found that full-body loss of Shroom3
produces CHDs in embryos, similar to what has been described in Durbin et al. 2020.
Adult mice with full-body Shroom3 loss show ventricular thinning due to decreased
cardiomyocyte size. Here we also utilize a novel mouse line containing a floxed
Shroom3 allele, allowing for spatial and temporal control of Shroom3 loss. In com-
bination with a cardiac specific Nkx2—5 promoter driven Cre recombinase, we have
selectively eliminated Shroom3 in the myocardium of the developing heart. Despite
the loss, there were no notable CHDs or long-term effects on adult hearts seen in
these mice. These results indicate that while SHROOM3 plays a role in proper heart
development, myocardial SHROOMB3 is not necessary for this role.
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Methods
Mouse lines

All animal experiments were approved by Western University ACC (Protocol #015-2011 and #064—2019). All procedures
were approved by the Council on Animal Care at The University of Western Ontario, in accordance with the guidelines of
the Canadian Council on Animal Care.

Mouse line B6.129S4-Shroom3CiROSASIISo was purchased from The Jackson Laboratory on a C57BL/6 background.
This line was generated using a gene trap assay to insert a SafgalCrepA cassette under the control of the endoge-
nous Shroom3 promoter [31]. This line will be referred to as Shroom3¢. A schematic for the gene trap vector insertion is
depicted in S1A Fig.

Mouse line Tg(Nkx2-5-cre)9Eno (MGI:3514028) was donated to us by the laboratory of Dr. Qingping Feng and was
maintained on a C57BL/6 background. This transgenic line shows the highest level of expression in the myocardium of the
developing heart, beginning in the developing heart tube. Later during development this expression is localized to the left
and right ventricular myocardium [32]. This transgenic line will be referred to as Nkx2-5-Cre.

Cyagen Biosciences was contracted to create a novel floxed Shroom3 allele mouse line. Using C57BL/6 embryonic
stem cells, two loxP sites were inserted into the Shroom3 allele using a targeting vector containing a Neo cassette flanked
by self-deletion anchor sites. These loxP sites were inserted to flank exon 5 of the Shroom3 gene on mouse chromosome
5. Upon Cre-mediated recombination of the floxed allele, exon 5 is excised, resulting in a constitutive knockout (KO) allele
and a loss of function of the Shroom3 gene. This floxed Shroom3 mouse line has been named C57BL/6-Shroom3im!Shre,

A schematic for the targeting vector, targeted allele, and KO allele is depicted in S1B Fig. This line will be referred to as
Shroom3". A more in-depth description of the targeting vector and line generation can be found in Herstine et al., 2025.

Pregnant dams were assessed for a vaginal plug in the morning following mating. The morning that the vaginal plug
was seen was designated as embryonic day 0.5 (E0.5). For embryonic studies, pregnant dams were euthanized using
CO, gas inhalation and embryos were dissected at the required developmental time-point. For neonate studies, pups were
taken on the day of birth and euthanized via decapitation. For adult studies, mice were euthanized using CO, gas inhala-
tion at the desired age according to standard ACC guidelines.

Genotyping

Adult, neonate, and embryonic mouse genotypes were determined using tail tip DNA. Tissue specific genotyping was
carried out using small pieces of the tissues of interest. DNA was isolated with phenol/chloroform extraction and gradient
ethanol washed. Shroom3° LacZ cassette insertion primer pairs: GT-F: 5-GGTGACTGAGGAGTAGAGTCC-3 and GT-R:
5-GAGTTTGTGCTCAACCGCGAGC-3'. Nkx2—5-Cre transgene primer pairs: NCre-F: 5-ACTGATTTCGACCAGGTT
CGTT-3" and NCre-R: 5-CCCAGGCTAAGTGCCTTCTCTA-3". Shroom3" loxP insertion primer pairs: loxP-F: 5'-
CCAGGAAGGTTGCCAGAGTCTAGCT-3 and loxP-R: 5-CTGTCCGTTGTGGATGCTCGTG-3'. All PCR products were
run on a 1% agarose gel with 1 Kb Plus DNA Ladder (Invitrogen, 10787018).

mRNA isolation, cDNA synthesis, RT-PCR

mRNA isolation from tissues of interest was performed with Trizol/chloroform extraction. 1ug of MRNA was used for cDNA
synthesis with the qScript cDNA synthesis kit (QuantaBio, 95047). TBP was used as the housekeeping gene for RT-PCR.
Shroom3" loxP recombination primer pairs, to be used with cDNA: ExonRec-F: 5-TATCTCAGGGCACA

ATGGGC-3', ExonRec-R: 5-GGAGAAAGGAGATGGCAGGG-3', and ExonRec-Ko: 5-TTCCTGCTGAGAGTGGCCTA-3'.
TBP housekeeping gene primer pairs, to be used with cDNA: TBP-F: 5-ACAGGAGCCAAGAGTGAAGA-3’ and TBP-R:
5-CTACTGAACTGCTGGTGGGT-3'.
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Wholemount X-gal staining and clearing

Whole embryos from E9.5 to E13.5, or excised hearts of E14.5 embryos and older were used for wholemount X-gal stain-
ing. Heterozygous and wild type control samples were stained in parallel. n=10 for embryonic and adult stages. A mixed
cohort was used for all X-gal staining.

Tissues were fixed for 20 minutes to 2 hours depending on specimen thickness in 4% PFA, and washed overnight
at 4°C in PBST. Samples were stained with X-gal staining solution (0.5 mg/ml X-Gal in DMF, 400uM potassium ferri-
cyanide, 400uM potassium ferrocyanide, 2mM MgCI2) in PBST, at 37°C overnight or until the desired level of staining
was developed. Tissues were post fixed in 4% PFA for 2 hours. Samples were then cleared as described in [33] with
the following modifications: tissues were cleared in scintillation vials for one day each in 20% and 50% glycerol (v/v)
with 1% KOH (w/v) in PBS at room temperature, followed by 2—3 days in 80% glycerol (v/v) with 1% KOH (w/v) in PBS
at 37°C and finally at 100% glycerol (v/v) with 1% KOH (w/v) in PBS at room temperature until desired translucencies
were achieved.

Hematoxylin and eosin staining

Embryonic, neonate, and adult hearts were fixed in 4% PFA and embedded in paraffin. Tissues were sectioned at 5ym
and stained with CAT hematoxylin (BioCare Medical), followed with Tasha’s Bluing Solution (BioCare Medical), and then
Eosin Y (0.25% in ethanol, Fisher Scientific). A mixed cohort was used for all H&E staining.

Congenital and postnatal heart morphology assessment

Adult, neonate, and embryonic hearts were collected, processed, and H&E stained as described above. Shroom3¢ hearts
were serially sectioned in the transverse plane. Nkx2—5-Cre;Shroom3" hearts were serially sectioned in the frontal plane.
A mixed cohort was used for all morphological analysis.

Ventricular septal defects (VSDs) were counted when a break in the ventricular septum was found in the histolog-
ical section. Membranous VSDs were classified as those found within the top third of the cardiac septum. Muscular
VSDs were counted when the defect was localized to the thicker, muscular portion of the ventricular septum. n=24 for
Shroom3*"* and Shroom*¢* E18.5 embryos and 33 for Shroom3¢7¢t E18.5 embryos. n=23 for Nkx2—5-Cre;Shroom3"" and
Shroom3™ neonate mice and 8 for Nkx2—5-Cre;Shroom3*" neonate mice.

Semilunar valve defects were based on visual observation. Thick pulmonary valves and malformed aortic valves were
comparable to the abnormalities seen in the ADAM17 knockout mouse which exhibits semilunar valve defects [34]. This
was used as a guide for valve defects, in addition to valve comparison in wild type litermate controls. n=18 for Shroom3**
and Shroom*®t E18.5 embryos and 27 for Shroom3¢7¢t E18.5 embryos. n=23 for Nkx2-5-Cre;Shroom3"" and Shroom3™"
neonate mice and 8 for Nkx2—5-Cre;Shroom3*™ neonate mice.

To measure ventricular thickness in transverse sections, 10 measurements were taken per section on 3 sequential
sections per sample, each 5um apart. Compact layer was defined as the region between the outside of the epicardium
and beginning of the trabecular zone. In example images the compact myocardial layer is delineated from the trabeculae
with a dotted line. Only sections where all four chambers were visible in transverse sectioned were used for embryonic
compact layer measurements. n=6 for Shroom3¢/¢, Shroom3*'®, and Shroom3** E18.5 embryos, and n=3 for Shroom3"
Gtand Shroom3** adult hearts.

To measure ventricular thickness in frontal sections, measurements were taken from 4 sequential sections, each 10um
apart, providing a 30um area of average ventricle thickness. This was repeated and averaged from 4 locations within the
middle of the ventricle. In example images the compact myocardial layer is delineated from the trabeculae with a dotted
line. Only heart sections in which the interior of the entire ventricle was visible were used. n=6 for Nkx2—5-Cre;Shroom3"
. Nkx2—5-Cre;Shroom3*" and Shroom3™ neonate hearts and adult hearts.

PLOS One | https://doi.org/10.137 1/journal.pone.0331583  September 8, 2025 422




PLO\Sﬁ\\.- One

Immunofluorescence

Deparaffinized tissue sections underwent antigen retrieval in a 95°C bath of sodium citrate buffer (10mM sodium citrate,
0.1% Triton-X, pH 6.0) for 25 minutes. Sections were then permeabilized with 0.2% TBST (Tween-20) for 10 minutes.
Tissue sections were blocked in 10% Goat serum in 1% BSA in TBST for 1 hour. Wheat germ agglutinin Alexa Fluor
594 conjugate (5 pg/ml; Invitrogen) was used to visualize myocardial cell borders. Slides were counterstained with DAPI
(1:1000, Invitrogen), cover slipped with PermaFluor Aqueous Mounting Medium (Fisher Scientific) and stored in the dark
at —20°C.

Cardiomyocyte area measurements

Adult mouse hearts were stained with Wheat germ agglutinin Alexa Fluor 594 conjugate at P8m. Cardiomyocyte cell area
was measured only if cells had completely labeled membranes and a centrally located nucleus. To standardize where
cardiomyocyte measurements were taken, only sections where the papillary muscle was visible were used. n=3 for
Shroom3*¢t and Shroom3** hearts and n=3 for Nkx2—-5-Cre;Shroom3™"" Nkx2—5-Cre;Shroom3*" and Shroom3" hearts.

Statistical analysis

One way ANOVA was used to assess the statistical significance of compact layer thickness differences in Shroom3¢t
embryos, with a post-hoc Tukey'’s test. P<0.05 was considered significant. An unpaired two-tailed t-test was used to
determine statistical significance for compact layer and cross-sectional area measurements in adult Shroom3°¢ mice.

P <0.05 was considered significant. One way ANOVA was used to assess the statistical significance of the heart weight,
body weight, and heart weight to body weight ratios in the Shroom3" adult mice, as well as the cross-sectional measure-
ments of adult Shroom3" cardiomyocytes, and of the compact layer thickness differences in Shroom3" neonates. All statis-
tical analysis performed using GraphPad Prism 8.0 software.

Results
Shroom3 is expressed throughout the embryonic and adult myocardium

The expression range of Shroom3 was assessed using the reporter lacZ gene found within the Shroom3° cassette.
Whole embryos were used from E9.5 — E13.5 and excised hearts were used from E14.5 into adulthood. Wild type litter-
mate controls were stained in parallel.

Using the reporter gene, Shroom3 expression was detected in wholemount embryonic hearts beginning at E10.5
(Fig 1A, right) and was observed at all subsequent developmental stages including E18.5 (Fig 11, right). Representa-
tive images for each embryonic day between these time-points are pictured in Fig 1. This expression was specific to the
myocardium of the atria and ventricles of the heart and was not seen in the outflow tracts or great arteries. X-gal staining
intensity increased as development progressed. When assessing sectioned embryonic hearts, Shroom3 expression was
seen earlier in development at E9.5 within the compact myocardium (Fig 2A). At E14.5 staining was seen in the trabecu-
lae and septum, and the myocardium surrounding the base of the outflow tracts (Fig 2B—D). Shroom3 expression was not
observed in the epicardium, endocardial cushions or aortic valves at any timepoint.

In wholemount postnatal hearts, Shroom3 expression was also seen in the myocardium of the ventricles and atria,
and the myocardium surrounding the base of the outflow tracts. The widespread, high intensity staining which is seen in
newborn hearts (Fig 3A) is similar to staining seen in late-stage embryonic hearts. However, this staining intensity dra-
matically decreases by three months of age (Fig 3B) and eight months of age (Fig 3C). Notably, the staining intensity of
the left atrium remained strong in comparison to the right atrium in adulthood (Fig 3C). Assessing sectioned adult hearts,
Shroom3 expression was again specific to the compact and trabecular myocardium and absent from the epicardium and
endocardium, with increased staining in the compact layer (Fig 4A, B). This is a similar pattern to that seen in embryonic
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Fig 1. Shroom3 is expressed in the mouse heart during cardiogenesis. X-gal staining in embryonic mouse hearts detecting for presence of lacZ
in Shroom3*¢t embryos (right), or littermate controls (left). Wholemount detection began at E10.5 (A) and was seen for the remainder of the gestational
period, until E18.5 (B-l), in a widespread and consistent pattern. Detection was seen in the atria and ventricles, but not in the outflow tracts (A-1). Wild
type control hearts stained in parallel showed no background staining. LA: left atrium; LV: left ventricle; OFT: outflow tracts; RA: right atrium; RV: right
ventricle.

https://doi.org/10.1371/journal.pone.0331583.g001

heart sections. Reflecting the findings in wholemount hearts, increased staining in the left atrium compared to the right
atrium was also observed in section (Fig 4C, D).

Full-body loss of Shroom3 during development shows congenital heart defects in embryos and ventricular
thinning and decreased cardiomyocyte size in adults

As Shroom3 was seen in much of the developing heart and was present for the majority of cardiogenesis, embryos were
assessed at the end of development for CHDs after full-body developmental Shroom3 loss. In E18.5 embryos three types
of CHDs were found. Firstly, 55% of Shroom3¢/¢t embryos contained VSDs (18 of 33 embryos). Of these VSDs, 72%
were membranous, occurring in the first third of the ventricles (Fig 5B, C), and 28% were muscular, occurring lower in

the muscular septum (Fig 5E, F). Secondly, thinning of the left ventricle wall was also found in these embryonic hearts,
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Fig 2. Shroom3 is expressed throughout the mouse myocardium during cardiogenesis. X-gal staining in paraffin sections of Shroom3+*¢t embry-
onic heart. A) The primitive ventricle of an E9.5 mouse embryo showed presence of lacZ in the myocardium (arrow) but not the endocardium. B-D)
Hearts sections of an E14.5 embryo showed widespread staining in the compact layer myocardium, trabecular myocardium, ventricular septum and the
base of the aorta. No staining was detected in the endocardium, epicardium (arrows), aortic valve, or endocardial cushions. Ao: aorta; e: epicardium; en:
endocardium; m: myocardium.

https://doi.org/10.1371/journal.pone.0331583.9002

where a significant, stepwise reduction in compact myocardium thickness was seen between WT, Shroom3*¢!, Shroom3°*
¢t hearts (Fig 6C). The compact myocardium was defined as the layer between the epicardium and the trabecular myo-
cardium boundary (Fig 6B, dotted line). No significant difference in compact myocardium thickness was seen between
genotypes in the right ventricle. The morphology of the trabeculae networks was also assessed at this time, however there
was no difference seen in network branching between genotypes. Finally, abnormal aortic valves were seen in 15% of
Shroom3¢“¢t embryos (4 of 27 embryos), and abnormal pulmonary valves were seen in 26% of Shroom3%/¢t embryos (7 of
27 embryos). This appeared as aortic valves with no clear delineation of the leaflet cusps (Fig 7C and D), and pulmonary
valves where leaflet cusps were clustered within the valve lumen (Fig 7G and H). In all embryonic hearts, there was no
observed incidence of cardia bifida, failure to loop or form chambers, failure to trabeculate, nor hypertrophy. As seen in
the representative images in Fig 2, normal gross morphology was observed for all hearts at all developmental time points,
where no obvious alterations in overall size and shape were seen.

Due to lethal extra-cardiac developmental defects, Shroom3¢/¢t embryos are not able to survive into adulthood. How-
ever, Shroom3*®* mice can survive past weaning and into adulthood. Therefore, mice heterozygous for full-body Shroom3
loss were assessed for long-term consequences of left ventricular thinning during development. At three months postnatal,
Shroom3°"* hearts showed significantly reduced left ventricular wall thickness compared to WT controls (Fig 8A—C). This
was also seen at eight months postnatal (Fig 8D—F). As ventricular wall thinning may result in stress on the ventricles and
thus cause compensatory cardiomyocyte hypertrophy, we also assessed cardiomyocytes at eight months postnatal. Using
wheat germ agglutinin to outline cardiomyocyte cell walls, surface areas of cardiomyocytes from the left ventricle compact
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Fig 3. Shroom3 is expressed in the postnatal mouse heart. X-gal staining in postnatal mouse hearts detecting for presence of lacZ in Shroom3*
Gt (right), or littermate controls (left). Wholemount detection began on the day of birth (A), where an expression pattern similar to embryonic hearts
was observed. Expression of lacZ in 3-month-old (B) and 8-month-old (C) mice, respectively, showed increased staining in the left atrium compared
to the right atrium. Widespread expression throughout the ventricles appeared to be consistent with embryonic expression, however this was difficult
to observe in wholemount. Expression was observed in the myocardium surrounding the base of the outflow tracts. Wild type control hearts stained in
parallel showed no background staining. LA: left atrium; LV: left ventricle; OFT: outflow tracts; RA: right atrium; RV: right ventricle.

https://doi.org/10.1371/journal.pone.0331583.9003

myocardium were measured. Cardiomyocytes from Shroom3¢"* left ventricles were found to be significantly smaller than
the WT controls (Fig 9).

Floxed allele recombination and verification

Following this data, we aimed to investigate if these developmental defects were due to Shroom3 loss in the myocardium
during development. Our lab and two collaborating labs funded the creation of a novel floxed Shroom3 allele (Shroom3").
Placement of the loxP sites was designed to splice around exon 5, creating a null Shroom3 allele which does not express
Shroom3 mRNA. This line has recently been published by our collaborators to study optic cup morphogenesis [28].

The specificity of the loxP targeting was assessed by making a compound allele. The Shroom3" line was crossed with
the Shroom3© line, resulting in embryos containing the compound Shroom3¢" alleles. This would create a null allele from
the gene trap insertion and a null allele from recombination of the floxed Shroom3 allele, driven by the Cre recombinase
inside the Shroom3¢ cassette. Compound allele embryos phenocopied Shroom3°/¢t embryos at E10.5, where similar
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Fig 4. Shroom3 is expressed throughout the mouse myocardium postnatally. X-gal staining in paraffin sections of Shroom3+*® 8-month-old adult
heart. Transverse sections through the left (A) and right (B) ventricle showed intense staining in the compact layer myocardium and to a lesser extent
the trabeculae. No staining was seen in the epicardium. Sagittal sections through the right (C) and left (D) atrium showed increased staining intensity
in the left atrium. No staining was found within the endocardium or epicardium. ca: coronary artery; e: epicardium; en: endocardium; m: myocardium; tr:
trabeculae.

https://doi.org/10.1371/journal.pone.0331583.9004

neural tube closure defects were seen (Fig 10A and B). The same phenocopying was seen at E18.5, where the same
exencephaly, gut tube looping, and open eye phenotypes were seen (Fig 10C and D). Using similar methods, our collabo-
rators have obtained similar results at E12.5 [28].

To target Shroom3 loss to the developing myocardium, Shroom3" mice were crossed to an Nkx2—5-Cre recom-
binase line. This transgenic Cre recombinase begins expression at E7.5 in cardiac precursor cells, and expression
remains on for the duration of development and into adult life [35]. Primers to amplify exon 5 of the conditional KO
Shroom3" allele, and the recombined Shroom3" allele were used with cDNA. Anticipated band sizes for the conditional
KO allele (181bp) and the recombined allele (306 bp) were seen in agarose gel in both neonate and adult heart sam-
ples (S2A Fig). We also verified that this loss was specific to the heart by using kidney samples from the same mice.
cDNA samples from neonate control hearts and neonate knockout hearts (n=4) were then amplified for the condi-
tional KO allele or the recombined allele (S2B Fig). Band densitometry was used to quantify recombination efficacy in
the Nkx2-5-Cre;Shroom3" hearts. The average difference in band density between Shroom3" littermate controls and
Nkx2-5-Cre;Shroom3" hearts was 74.5% (S2C Fig). This indicates at least a 74% difference in Shroom3 expression
between Nkx2—5-Cre;Shroom3" mice and littermate controls, or a 74% knockout of the Shroom3" allele from our myo-
cardial specific Cre driver.
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Shroom3** Shroom3¢tet

S

Membranous VSD

Muscular VSD

Fig 5. Embryonic Shroom3°/¢! hearts show ventricular septal defects. H&E staining in E18.5 hearts. A&D) Transverse sections of wild type
hearts show an intact ventricular septum between the two ventricles, at two different heights of the heart. B) Transverse section of a Shroom3°/¢t heart
with a membranous VSD (black arrow). C) Magnification shows an otherwise intact tissue morphology. E) Transverse section of a Shroom3°/¢ heart
with a muscular VSD (black arrow). F) Magnification shows an otherwise intact tissue morphology. Incidence: Shroom3+**=0/24; Shroom3*¢'=1/24;
Shroom3¢16t=18/33. LA: left atrium; LV: left ventricle; RA: right atrium; RV: right ventricle.

https://doi.org/10.1371/journal.pone.0331583.9005
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Fig 6. Embryonic Shroom3°/¢t hearts show left ventricular thinning. Measurements of the compact layer thickness in the wall of the right and left
ventricle of E18.5 embryos. The compact layer was defined as the space between the outer epicardium and where the trabeculae begin. A&B) Trans-
verse section demonstrating where the compact layer measurements were taken for each heart section. Lines in B indicate the border of the compact
layer. C) Quantification of the compact layer width showed no significant differences in the right ventricle across all genotypes. In the left ventricle, com-
pact layer thickness was significantly reduced in Shroom3*% (P<0.01) and Shroom3¢7¢! (P<0.001) hearts compared to littermate controls. Additionally,
Shroom3¢¢t |eft ventricle compact layer thickness was significantly thinner than Shroom3+¢t (P<0.01). ***P<0.001, **P<0.01.+SD. RV: right ventricle;
LV: left ventricle. n=6 per genotype.

https://doi.org/10.1371/journal.pone.0331583.9006
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Fig 7. Embryonic Shroom3¢/¢t hearts show abnormal semilunar valves. H&E staining in E18.5 hearts. Assessment of phenotype was based on
comparison to the littermate controls. A&E) Transverse sections of wild type hearts with normal development of the aortic (A) and pulmonary (E) valve.
Magnifications to the right (B&F). C) Transverse section of Shroom3°/¢t heart at the site of the aortic valve with undefined cusp formation. D) Magnifi-
cation of C. Compared to the control valve, leaflets of the aortic valve in Shroom3¢7¢t hearts are not clearly defined (black arrow) and do not extend into
the luminal space of the valve. Incidence: Shroom3**=0/18; Shroom3+*'¢!=0/18; Shroom3°/¢'=4/27. G) Transverse section of Shroom3¢/® heart at the
site of the pulmonary valve with thick pulmonary cusps. (H) Magnification of G. From visual comparison, pulmonary valves in Shroom3¢/¢t hearts were
thickened compared to control valves. Incidence: Shroom3**=0/18; Shroom3+¢!=1/18; Shroom3¢'¢!=7/27. Ao: aorta; AV: aortic valve; LA: left atrium; LV:
left ventricle; PV: pulmonary valve; RA: right atrium; RV: right ventricle.

https://doi.org/10.1371/journal.pone.0331583.9007
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Fig 8. Adult Shroom3*° mouse hearts show left ventricular thinning. Transverse sections of adult mouse hearts stained with hematoxylin and
eosin. Only the compact layer of the left ventricle was compared between genotypes for thinning. The compact layer was defined as the space between
the outside of the epicardium and where the trabeculae begin. A&B) Wild type and Shroom3*¢ 3-month-old hearts. Arrows and lines indicate where
measurements in the left ventricle were taken. C) Quantification of the thickness of the compact layers of 3-month-old hearts showed a significant
decrease in left ventricle wall thickness in the heterozygous mice (P<0.0001) when compared to the wild-type. D&E) Transverse sections of wild type
and Shroom3+¢t 8-month-old hearts. Arrows and lines indicate where measurements in the left ventricle were taken. F) Quantification of the thickness
of the compact layers of 8-month-old hearts showed a significant decrease in left ventricle wall thickness in the heterozygous mice (P<0.0001) when
compared to the wild type. ****P<0.0001.+SD. RV: right ventricle; LV: left ventricle. n=3 per genotype at both ages. Mixed cohorts used at 3 months
and 8 months.

https://doi.org/10.1371/journal.pone.0331583.9008

Myocardial Shroom3 loss during development does not produce congenital heart defects in embryos and does
not impact adult cardiac or cardiomyocyte morphology

To assess for perinatal lethality in our myocardial specific knockout, four Nkx2—5-Cre;Shroom3*" X Shroom3™" breeding
pairs were set up, two with paternally inherited Cre, two with maternally inherited Cre. Neonates born from these crosses
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Fig 9. Adult Shroom3*° hearts show decreased cardiomyocyte cross-sectional area. Hearts from 8-month-old mice were stained with wheat germ
agglutinin conjugated to Alexa Fluor 594 (red) to mark the cell membranes and DAPI (blue). Only cells with fully defined and intact cell membranes and
a centralized nucleus were used for measurements. A) Wild type heart section showing normal cardiomyocytes in cross section. B) Shroom3*¢t heart
cardiomyocytes in cross section. C) Hearts of heterozygous mice showed a significantly smaller cross-sectional area (P <0.0001) when compared to the
wild type. ****P<0.0001.+SD. n=3 per genotype. Mixed cohort used.

https://doi.org/10.1371/journal.pone.0331583.9009

were monitored for the first 12 hours of life. All observed neonates were born alive, however any deaths within the first
12 hours of life were recorded and bodies were collected. From a final n-value of 44, 21 neonates were born with the
Cre-recombinase, and 23 were born without. Within the first 12 hours of life, 5 neonates from both groups died. This
indicates a mortality rate of 23% across Nkx2—5-Cre;Shroom3*" and Nkx2-5-Cre;Shroom3"" neonates, and 21% across
Shroom3*" and Shroom3*" neonates. Overall, no trend in mortality was seen across genotypes in neonates. Additionally,
observed genotypes across all neonates did not differ from expected mendelian ratios (X?=0.72, df=3, p=0.05), indicat-
ing no significant in-utero mortality.

Neonates from this cross were assessed for CHDs using the same methods as in Shroom3¢ embryos. In both Nkx2—-5-
Cre;Shroom3*" and Nkx2-5-Cre;Shroom3"" neonate hearts, no VSDs were seen (Fig 11). This includes neither membra-
nous nor muscular VSDs, both of which had been seen in Shroom3°/¢t embryos. Additionally, in comparing to littermate
controls, aortic and pulmonary valves were morphologically normal regardless of phenotype (Fig 12). Additional images
of these valves are displayed in S3 Fig. Finally, no significant differences were seen in the ventricular compact layer
thickness between Nkx2-5-Cre;Shroom3*", Nkx2—-5-Cre;Shroom3"" neonates and litermate controls (Fig 13). This was
consistent in both the right (p=0.1522) and left ventricle (p=0.8859) (Fig 13C).

Mice born from this cross were also monitored for a year with no notable issues in overall health or breeding. At one
year of age no alterations to gross morphology in adult hearts were observed. This includes no minor VSDs which per-
sisted into adulthood and no alterations to ventricular wall thickness (Fig 14A, first and second column). Additionally, there
were no morphological alterations in the semilunar valves of these hearts (Fig 14A, third and fourth column). No alter-
ations in body weight (Fig 14B, left) or heart weight (Fig 14B, middle) were seen in these mice, reflecting no changes in
heart weight to body weight ratios (Fig 14B, right). Thus, there is no indication of compensatory cardiac hypertrophy after
one year of myocardial Shroom3 loss.
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Fig 10. Embryos with compound Shroom3° alleles phenocopy Shroom3°/¢ embryos. A) Full-body Shroom3 loss using the gene trap line,
visualized at E10.5. Homozygous Shroom3 loss on the right, and littermate control on the left. On the right, neural tube closure defects can be seen. B)
Embryos from a Shroom3¢"* X Shroom3"" cross at E10.5. 8 embryos were produced. 4 showed the WT phenotype (left) and 4 showed the mutant phe-
notype (right). This mutant phenotype seen in A, right. Mating cross and data collection by T.J Plageman. C) Full-body Shroom3 loss using the gene trap
line, visualized at E18.5. Homozygous Shroom3 loss on the right, and littermate control on the left. On the right, neural tube defects, eye defects, and
gut tube looping defects can be seen. D) E18.5 embryos from Shroom3¢* X Shroom3"". 6 embryos produced, 3 with WT phenotype (left), 3 with neural
tube defects, open eye phenotype, gut tube looping defects (right).

https://doi.org/10.1371/journal.pone.0331583.9010

Shroom3** Nkx2-5-Cre; Shroom3+/f Nkx2-5-Cre; Shroom31

®

Fig 11. Myocardial Shroom3 loss during development does not show ventricular septal defects. Neonates from the Nkx2-5-Cre;Shroom3*" X
Shroom3" cross who died within 24 hours of birth display no VSDs. This was consistent between littermate neonates which did not contain Cre (A),
littermates heterozygous for Shroom3 recombination (B), and littermates homozygous for Shroom3 recombination (C). n=23 for Nkx2-5-Cre;Shroom3™""
and Shroom3™. n=8 for Nkx2-5-Cre;Shroom3*". Sectioned in the frontal plane.

https://doi.org/10.1371/journal.pone.0331583.9011

Adult hearts were also assessed at 8 months of age for any changes in cardiomyocyte morphology using the same
wheat germ agglutinin staining as in Shroom3¢ adults. The average cardiomyocyte area between littermate controls,
Nkx2-5-Cre;Shroom3*", and Nkx2—5-Cre;Shroom3™"" mice were not significantly different (p=0.1956) (Fig 15).

Discussion
Shroom3 expression begins early in heart development and continues in the adult heart

We aimed to assess when expression of Shroom3 began during heart development, if it was sustained during and after
development, and where this expression was localized. Through X-gal staining, we have demonstrated that Shroom3
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Fig 12. Myocardial Shroom3 loss during development does not show abnormal semilunar valves. Neonates from the Nkx2-5-Cre;Shroom3*"
X Shroom3™"" cross show normal pulmonary and aortic valve leaflets compared to littermate controls. This was consistent between littermate neonates
which did not contain Cre (A), litermates heterozygous for Shroom3 recombination (B), and littermates homozygous for Shroom3 recombination (C).
n=23 for Nkx2-5-Cre;Shroom3"" and Shroom3™"". n=8 for Nkx2-5-Cre;Shroom3*". Sectioned in the frontal plane.

https://doi.org/10.1371/journal.pone.0331583.9012
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Fig 13. Myocardial Shroom3 loss during development does not alter ventricular wall thickness. Measurements of compact myocardium were
taken from Nkx2-5-Cre;Shroom3*" X Shroom3"" neonate litters. B) Measurements were taken between the two lines, for both the left and right ventri-
cle. C) No significant differences were found in wall thickness between the different genotypes for both the right ventricle (p=0.1522) and left ventricle
(p=0.8859). Control label indicates Shroom3*" and Shroom3"" samples. One way ANOVA +SD. n=6 per genotype.

https://doi.org/10.1371/journal.pone.0331583.9013
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Fig 14. Shroom3 myocardial specific loss does not alter postnatal cardiac morphology. A) Representative images of 1y adult hearts from myo-
cardial Shroom3 loss during development. Shroom3’, Nkx2-5-Cre;Shroom3*, and Nkx2-5-Cre;Shroom3"" mice were observed to show no changes in
heart shape or size externally and internally, with no changes in ventricular thickness, and no alterations to the semilunar valves. All hearts were equal
in appearance. B) Body weight (left), heart weight (middle), and heart weight to body weight ratios (right) from Nkx2-5-Cre;Shroom3*" X Shroom3""
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offspring at 1y, by genotype. No statistical differences seen (left, p=0.3490; middle, p=0.9156; right, p=0.4829). Control label indicates Shroom3*" and
Shroom3"" samples. One-way ANOVA +SD. n=19 for Shroom3", n=19 for Nkx2-5-Cre;Shroom3*", n=12 for Nkx2-5-Cre;Shroom3"". No significance
seen in sex segregated analysis.

https://doi.org/10.1371/journal.pone.0331583.9014
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Fig 15. Developmental loss of Shroom3 in the myocardium does not affect cardiomyocyte cross sectional area in adults. Hearts from 8-month-
old mice were stained with wheat germ agglutinin conjugated to Alexa Fluor 594 (red) to mark the cell membranes and DAPI (blue). Only cells with
well-defined and intact cell membranes and a centralized nucleus were used for measurements. A) Littermate control heart section showing normal
cardiomyocytes. B) Nkx2-5-Cre;Shroom3*" heart cardiomyocytes in cross section. C) Nkx2-5-Cre;Shroom3"" heart cardiomyocytes in cross section.

D) No significant differences in cardiomyocyte cross sectional area were seen in between all three genotypes. Control label indicates Shroom3*" and
Shroom3"" samples. (p=0.1956) +SD. n=3 per genotype.

https://doi.org/10.1371/journal.pone.0331583.9g015

is expressed in the developing heart as early as E9.5, continues for the entirety of development, and into adult life. This
expression was localized to the myocardium and trabeculae of the atria and the ventricles, and myocardium surrounding
the base of the outflow tracts. Shroom3 expression was not found in the outflow tracts, epicardium, endocardium, or the
valves of the developing and adult heart. Due to the increase of X-gal staining intensity over the course of development, it
is likely that Shroom3 expression is increasing in the embryonic heart as gestation progresses. However, staining intensity
decreased in the adult heart. This shift in expression between embryonic and adult hearts may be due to the functionality
of the heart at different stages of life. In utero, trabeculae contribute to the force of cardiac output, and act as an import-
ant biomechanical support structure for proper downstream heart development [36—38], whereas adult hearts rely on the
muscular compacted myocardium in the ventricular walls.
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A recent study has established spatially distinct transcriptomes in cardiomyocytes of adult mice which radiate out from
an area of infarct [39]. In this study, Shroom3 was expressed in a transitional cell population found between non-ischemic
tissue and cardiomyocytes within the infarct zone, but not highly expressed within either of these areas. It is known that
as the heart tries to recover from ischemia, developmental programming within the cells is re-established in a compensa-
tory, regenerative manner, for example the change from adult a-myosin heavy chain to embryonic f-myosin heavy chain
[40,41]. This presents the possibility that under conditions of heart failure or ischemic damage, Shroom3 may be upregu-
lated in the adult heart in a compensatory manner. This supports our findings from X-gal staining that Shroom3 expression
is decreased from developmental levels in normal adult mouse hearts.

In adult hearts, there was also a notable difference in X-gal staining intensity between the left and right atria, with
higher Shroom3 expression in the left atrium compared to the right. This staining pattern is similar to that of Pitx2, which
also shows greater expression in the left mouse atrium than the right [42]. While Shroom3 is activated by Pitx2 in the
developing gut, this interaction has not been studied in the heart at any time-point [17,27]. Additionally, as cell shape
changes like those seen during gut tube looping are not present in adult atria, the purpose for this interaction is unknown.
Pitx2c is known to be involved in left-right asymmetry during embryonic development [43]. While a Shroom3 missense
mutation has been identified in a human patient with heterotaxy [7], it seems unlikely that Shroom3 is implicated in left-
right asymmetry in the heart, as no looping defects were seen in this study. Using the same Shroom3°¢ line Durbin et al.,
(2020) had also investigated Shroom3 expression patterns in the mouse heart, however they did not document differential
staining of the adult atria.

SHROOM3, but not myocardial SHROOMS3, is required for normal cardiac morphogenesis

As Shroom3 is so widespread in the developing heart, we aimed to investigate the implications of full-body Shroom3 loss
on cardiogenesis using the Shroom3¢ mouse line. In E18.5 embryos, this loss resulted in thinning of the compact myo-
cardium isolated to the left ventricle. Both membranous and muscular ventricular septal defects were also observed in
these embryos, as well as malformation of the semilunar valve leaflets. These phenotypes were not completely penetrant
amongst all embryos and did not always appear together in the same combinations. These results can be compared to
Durbin et al., (2020) who also showed ventricular septal defects and thinning of the left ventricle in E14.5 Shroom3°¢t
embryos. However, this group did not demonstrate remodelling complications of the semilunar valves. This may be due to
assessment of embryos at different developmental time-points. At E14.5, the ventricles of the mouse heart have not com-
pleted proliferation and compaction, which occurs from E15.5 until birth [44]. Downstream of this, cardiac valves, but par-
ticularly the semilunar valves, are known to be morphologically influenced by cardiac hemodynamics and pressure during
development [45—-47]. It is possible that valve defects from Shroom3 loss were only seen for the first time in our study due
to the influence of the hemodynamic changes from the hearts undergoing ventricular compaction at later developmental
stages.

Following this, we investigated if it was SHROOM3 arising from the myocardium which, when lost, was causing these
defects. However, when Shroom3 was eliminated using an Nkx2—5 promoter driven Cre recombinase, no abnormal phe-
notypes were seen in neonate or adult hearts. This included no VSDs, valve deformities, and no ventricular thinning.

With this data, we have demonstrated that Shroom3 loss does cause CHDs, but these defects are not due to loss of
Shroom3 in the myocardium. Thus, we hypothesize that the defects seen in the Shroom3¢ knockout must be due to loss
of Shroom3 in extracardiac cell populations which also contribute to cardiac development. The best candidate for this is
the cardiac neural crest cell (c(NCCs). cNCCs are a migratory cell population which arise dorsal to the neural tube. They
have been well established in the formation of the great arteries, including the patterning and smooth muscle of the aorta,
and septal formation between the aorta and pulmonary artery, as well as the patterning of semilunar valve leaflets and the
cardiac cushions, the structure which gives rise to the semilunar valves [48,49]. Recently cNCCs have been demonstrated
to contribute to the cardiac musculature, where fluorescently labelled cNCCs were stably integrated into the ventricular
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myocardium and began expressing Troponin and Myosin Heavy Chain in chick and mouse embryos [50]. Additionally,
these labelled cNCCs were seen in the cardiac cushion. This is important, as the semilunar valve remodelling compli-
cations presented in our work were not ascribable to myocardial Shroom3 loss, as the cardiac cushion is endocardial in
origin [45,51,52]. Supporting this hypothesis, Durbin et al., (2020) documented Shroom3 expression in the cardiac neural
crest cells at E9.5. cNCC loss contributes to many CHDs including outflow tract septation defects, double outlet right ven-
tricle, VSDs, and valve malformations [49,53-59]. Thus, it is possible that cNCCs expressing Shroom3 may integrate into
the myocardium and the cardiac cushions during embryonic development. Loss of Shroom3 in this cell population, rather
than Shroom3 arising from cardiac mesodermal cells, may be sufficient to produce the CHDs described here. Supporting
this, Nkx2-5 is not expressed in the cNCCs of the mouse embryo, thus our conditional knockout model of Shroom3 would
not have targeted this specific subset of cells. This evidence allows for the conclusion that Shroom3 in the heart does

not act in a cell autonomous manner, and that external cell types which also express Shroom3, particularly the cNCCs,
likely contribute to the proper development of the heart. It should be noted that while we were able to show high levels of
recombination, we cannot formally rule out that a small number of myocardial cells may still be expressing Shroom3 and
could contribute to cardiac morphogenesis.

Shroom3 loss causes left ventricular thinning and decreased cardiomyocyte size

Finally, we assessed the impact of this developmental loss on the adult heart. After full body Shroom3 loss, three-month
and eight-month-old mice showed significant thinning in the left ventricle, a phenotype which continued from development.
This was found to be due to decreased cardiomyocyte cross-sectional area compared to littermate controls. However, in
adult hearts with myocardial specific loss of Shroom3 during development, neither left ventricular thinning, nor smaller
cardiomyocytes, were seen. Again, this was similar to developmental phenotypes which also found no ventricular thin-
ning. The best-established function of SHROOMS3, altering apical-basal cell shape in epithelial cells, is not seen in the
myocardium. Rather, myocardial cells are polarized via the planar cell polarity pathway (PCP) [60—62]. Direct functional
interactions between SHROOMS3 and the PCP pathway during neural tube closure have been identified, as SHROOM3 is
directly associated with Lrp2 and Dishevelled2 [14,63]. This interaction between Dishevelled2 has already been validated
in the heart [6]. It is then possible that this interaction between SHROOM3 and the PCP pathway may support a function
for SHROOMBS in actin organization within the cell, rather than causing cell shape changes in an apical-basal polarity sys-
tem. This is supported by findings of SHROOMS3 function during axon development, where SHROOMS3 has been shown
to regulate the projection of the axons through the recruitment and organization of F-actin [64]. Thus, actin organization
controlled by SHROOMS3 may allow for proper heart muscle development and maintenance of shape through the polariza-
tion and cell structure pathways.

Paramount to following this work, a Cre recombinase line should be used to selectively knock out Shroom3 in the
cNCCs during development. Markers for this cell type, particularly Wnt1, are readily available. It is currently unknown if
SHROOMS3 is implicated in the induction or migration of the cNCCs. Further investigation is needed to determine the role
of SHROOM in the cNCCs, and how this cell population impacts heart development. Additionally future analysis should
assess the three-dimensional structure of the heart as initial morphogenesis of the organ can contribute to later matura-
tion and development of the structure [36]. Cardiac functionality, including internal pressure changes, affect later cellular
proliferation [46,65]. Thus, to understand the true geometry and arrangements of the cells and their actin networks, and to
better understand the consequences of Shroom3 loss, 3D reconstruction is needed.

Conclusion

From this data, we conclude that while SHROOMS is an important contributor to mammalian heart development and
postnatal heart structure, SHROOM3 derived from the myocardium of the developing heart is not the sole contributor.
While loss of Shroom3 in the entire developing mouse body resulted in CHDs, including ventricular and septal defects,
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semilunar valve defects, and smaller cardiomyocytes, myocardial specific loss of Shroom3 during development has no
impact on heart morphology developmentally or postnatally. In this report, we have also presented the verification that our
novel Shroom3' line produces a null allele upon recombination, and that this allele can be activated in a temporally and
spatially specific manner.

Supporting information

S1 Fig. Schematic of Shroom3 gene trap allele and novel floxed Shroom3 allele. A) Schematic of Shroom3 gene
trap line B6.129S4-Shroom3C¢iRoss3)Serd The inserted cassette includes a Splice Acceptor site (SA), an E.coli lacZ, Cre
recombinase (Cre), and a polyadenylation sequence (pA). This inserted cassette is under control of the endogenous
Shroom3 promoter. Insertion between exon 3 and exon 4 prevents proper mRNA formation, preventing functional protein
from being made. B) Schematic of the novel floxed Shroom3 allele, created by Cyagen. LoxP sites were inserted to flank
exon 5 of the endogenous Shroom3 gene. Upon recombination, the constitutive knockout allele was designed to produce
a null allele.

(TIF)

S2 Fig. Semi-quantitative PCR for Shroom3" recombination and band quantification with densitometry. A) Primers
were designed to detect recombination of the floxed Shroom3 allele recombination. Forward and reverse primers create
181bp band (lower band, right gel). Forward and knockout primers create 306 bp band (upper band, right gel). Samples
from neonate and 10m adult mouse heart, with kidney for tissue specificity B) cDNA samples from E18.5 hearts. Geno-
types for samples are indicated. Samples were run with F-R primer sets and F-Ko primer sets. C) Average band density
from F-R primer set, compared to band density from F-Ko. n=4. F=Forward, R=Reverse, Ko=Knockout, H=Heart,
K=Kidney. Raw gel images and lane annotations can be found at Open Science Framework (https://doi.org/10.17605/
OSF.IO/NUMF2).

(TIF)

S3 Fig. Additional images of Nkx2—-5-Cre;Shroom3"" neonate semilunar valve morphologies. Images of semilunar
valves taken from neonate mice from the Nkx2—5-Cre;Shroom3*" X Shroom3"" cross. Aortic valves are displayed on the
left and pulmonary valves are displayed on the right. Images present differing angles and depths of sectioning. Sectioned
in the frontal plane.

(TIF)

Acknowledgments
We thank the lab of Qingping Feng for their donation of the Nkx2—5 Cre recombinase line.

Author contributions

Conceptualization: Jennifer L. Carleton, Rami R. Halabi, Thomas A. Drysdale.
Data curation: Jennifer L. Carleton, Rami R. Halabi, Timothy F. Plageman Jr..
Formal analysis: Jennifer L. Carleton, Rami R. Halabi.

Investigation: Jennifer L. Carleton.

Methodology: Jennifer L. Carleton, Rami R. Halabi, Thomas A. Drysdale.
Resources: Timothy F. Plageman Jr., Darren Bridgewater, Qingping Feng.
Supervision: Thomas A. Drysdale.

Validation: Jennifer L. Carleton, Rami R. Halabi.

PLOS One | https://doi.org/10.1371/journal.pone.0331583  September 8, 2025 19/22



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0331583.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0331583.s002
https://doi.org/10.17605/OSF.IO/NUMF2
https://doi.org/10.17605/OSF.IO/NUMF2
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0331583.s003

PLO\Sﬁ\\.- One

Writing — original draft: Jennifer L. Carleton, Rami R. Halabi.

Writing — review & editing: Jennifer L. Carleton, Jessica A. Willson.

References

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Pierpont ME, Brueckner M, Chung WK, Garg V, Lacro RV, McGuire AL, et al. Genetic Basis for Congenital Heart Disease: Revisited: A Scientific
Statement From the American Heart Association. Circulation. 2018;138(21):e653—-711. https://doi.org/10.1161/CIR.0000000000000606 PMID:
30571578

Miremberg H, Gindes L, Schreiber L, Raucher Sternfeld A, Bar J, Kovo M. The association between severe fetal congenital heart defects and
placental vascular malperfusion lesions. Prenat Diagn. 2019;39(11):962—7. https://doi.org/10.1002/pd.5515 PMID: 31254468

Cohen JA, Rychik J, Savla JJ. The placenta as the window to congenital heart disease. Curr Opin Cardiol. 2021;36(1):56—60. https://doi.
org/10.1097/HCO.0000000000000816 PMID: 33074934

Dellborg M, Giang KW, Eriksson P, Liden H, Fedchenko M, Ahnfelt A, et al. Adults With Congenital Heart Disease: Trends in Event-Free Survival
Past Middle Age. Circulation. 2023;147(12):930-8. https://doi.org/10.1161/CIRCULATIONAHA.122.060834 PMID: 36571845

Mandalenakis Z, Giang KW, Eriksson P, Liden H, Synnergren M, Wahlander H, et al. Survival in Children With Congenital Heart Disease: Have We
Reached a Peak at 97%7?. J Am Heart Assoc. 2020;9(22):e017704. https://doi.org/10.1161/JAHA.120.017704 PMID: 33153356

Durbin MD, O’Kane J, Lorentz S, Firulli AB, Ware SM. SHROOM3 is downstream of the planar cell polarity pathway and loss-of-function results in
congenital heart defects. Dev Biol. 2020;464(2):124-36. https://doi.org/10.1016/j.ydbio.2020.05.013 PMID: 32511952

Tarig M, Belmont JW, Lalani S, Smolarek T, Ware SM. SHROOM3 is a novel candidate for heterotaxy identified by whole exome sequencing.
Genome Biol. 2011;12(9):R91. https://doi.org/10.1186/gb-2011-12-9-r91 PMID: 21936905

Okashah S, Vasudeva D, El Jerbi A, Khodjet-EI-Khil H, Al-Shafai M, Syed N, et al. Investigation of Genetic Causes in Patients with Congenital
Heart Disease in Qatar: Findings from the Sidra Cardiac Registry. Genes (Basel). 2022;13(8):1369. https://doi.org/10.3390/genes13081369 PMID:
36011280

Hildebrand JD, Soriano P. Shroom, a PDZ domain-containing actin-binding protein, is required for neural tube morphogenesis in mice. Cell.
1999;99(5):485-97. https://doi.org/10.1016/s0092-8674(00)81537-8 PMID: 10589677

Das D, Zalewski JK, Mohan S, Plageman TF, VanDemark AP, Hildebrand JD. The interaction between Shroom3 and Rho-kinase is required for
neural tube morphogenesis in mice. Biol Open. 2014;3(9):850-60. https://doi.org/10.1242/bio.20147450 PMID: 25171888

Hildebrand JD. Shroom regulates epithelial cell shape via the apical positioning of an actomyosin network. J Cell Sci. 2005;118(Pt 22):5191-203.
https://doi.org/10.1242/jcs.02626 PMID: 16249236

Dietz ML, Bernaciak TM, Vendetti F, Kielec JM, Hildebrand JD. Differential actin-dependent localization modulates the evolutionarily conserved
activity of Shroom family proteins. J Biol Chem. 2006;281(29):20542-54. https://doi.org/10.1074/jbc.M512463200 PMID: 16684770

Nishimura T, Takeichi M. Shroom3-mediated recruitment of Rho kinases to the apical cell junctions regulates epithelial and neuroepithelial planar
remodeling. Development. 2008;135(8):1493-502. https://doi.org/10.1242/dev.019646 PMID: 18339671

McGreevy EM, Vijayraghavan D, Davidson LA, Hildebrand JD. Shroom3 functions downstream of planar cell polarity to regulate myosin Il
distribution and cellular organization during neural tube closure. Biol Open. 2015;4(2):186-96. https://doi.org/10.1242/bio.20149589 PMID:
25596276

Prokop JW, Yeo NC, Ottmann C, Chhetri SB, Florus KL, Ross EJ, et al. Characterization of Coding/Noncoding Variants for SHROOM3 in Patients
with CKD. J Am Soc Nephrol. 2018;29(5):1525-35. https://doi.org/10.1681/ASN.2017080856 PMID: 29476007

Haigo SL, Hildebrand JD, Harland RM, Wallingford JB. Shroom induces apical constriction and is required for hingepoint formation during neural
tube closure. Curr Biol. 2003;13(24):2125-37. https://doi.org/10.1016/j.cub.2003.11.054 PMID: 14680628

Chung M-I, Nascone-Yoder NM, Grover SA, Drysdale TA, Wallingford JB. Direct activation of Shroom3 transcription by Pitx proteins
drives epithelial morphogenesis in the developing gut. Development. 2010;137(8):1339—-49. https://doi.org/10.1242/dev.044610 PMID:
20332151

Khalili H, Sull A, Sarin S, Boivin FJ, Halabi R, Svajger B, et al. Developmental Origins for Kidney Disease Due to Shroom3 Deficiency. J Am Soc
Nephrol. 2016;27(10):2965-73. https://doi.org/10.1681/ASN.2015060621 PMID: 26940091

Lang RA, Herman K, Reynolds AB, Hildebrand JD, Plageman TF Jr. p120-catenin-dependent junctional recruitment of Shroom3 is required
for apical constriction during lens pit morphogenesis. Development. 2014;141(16):3177-87. https://doi.org/10.1242/dev.107433 PMID:
25038041

Lee C, Scherr HM, Wallingford JB. Shroom family proteins regulate gamma-tubulin distribution and microtubule architecture during epithelial cell
shape change. Development. 2007;134(7):1431—41. https://doi.org/10.1242/dev.02828 PMID: 17329357

Muccioli M, Qaisi D, Herman K, Plageman Jr FT. Lens placode planar cell polarity is dependent on Cdc42-mediated junctional contraction inhibi-
tion. Dev Biol. 2016;412: 32—43. https://doi.org/10.1016/j.physbeh.2017.03.040

Plageman TF Jr, Chung M-I, Lou M, Smith AN, Hildebrand JD, Wallingford JB, et al. Pax6-dependent Shroom3 expression regulates apical con-
striction during lens placode invagination. Development. 2010;137(3):405-15. https://doi.org/10.1242/dev.045369 PMID: 20081189

PLOS One | https://doi.org/10.1371/journal.pone.0331583  September 8, 2025 20/22



https://doi.org/10.1161/CIR.0000000000000606
http://www.ncbi.nlm.nih.gov/pubmed/30571578
https://doi.org/10.1002/pd.5515
http://www.ncbi.nlm.nih.gov/pubmed/31254468
https://doi.org/10.1097/HCO.0000000000000816
https://doi.org/10.1097/HCO.0000000000000816
http://www.ncbi.nlm.nih.gov/pubmed/33074934
https://doi.org/10.1161/CIRCULATIONAHA.122.060834
http://www.ncbi.nlm.nih.gov/pubmed/36571845
https://doi.org/10.1161/JAHA.120.017704
http://www.ncbi.nlm.nih.gov/pubmed/33153356
https://doi.org/10.1016/j.ydbio.2020.05.013
http://www.ncbi.nlm.nih.gov/pubmed/32511952
https://doi.org/10.1186/gb-2011-12-9-r91
http://www.ncbi.nlm.nih.gov/pubmed/21936905
https://doi.org/10.3390/genes13081369
http://www.ncbi.nlm.nih.gov/pubmed/36011280
https://doi.org/10.1016/s0092-8674(00)81537-8
http://www.ncbi.nlm.nih.gov/pubmed/10589677
https://doi.org/10.1242/bio.20147450
http://www.ncbi.nlm.nih.gov/pubmed/25171888
https://doi.org/10.1242/jcs.02626
http://www.ncbi.nlm.nih.gov/pubmed/16249236
https://doi.org/10.1074/jbc.M512463200
http://www.ncbi.nlm.nih.gov/pubmed/16684770
https://doi.org/10.1242/dev.019646
http://www.ncbi.nlm.nih.gov/pubmed/18339671
https://doi.org/10.1242/bio.20149589
http://www.ncbi.nlm.nih.gov/pubmed/25596276
https://doi.org/10.1681/ASN.2017080856
http://www.ncbi.nlm.nih.gov/pubmed/29476007
https://doi.org/10.1016/j.cub.2003.11.054
http://www.ncbi.nlm.nih.gov/pubmed/14680628
https://doi.org/10.1242/dev.044610
http://www.ncbi.nlm.nih.gov/pubmed/20332151
https://doi.org/10.1681/ASN.2015060621
http://www.ncbi.nlm.nih.gov/pubmed/26940091
https://doi.org/10.1242/dev.107433
http://www.ncbi.nlm.nih.gov/pubmed/25038041
https://doi.org/10.1242/dev.02828
http://www.ncbi.nlm.nih.gov/pubmed/17329357
https://doi.org/10.1016/j.physbeh.2017.03.040
https://doi.org/10.1242/dev.045369
http://www.ncbi.nlm.nih.gov/pubmed/20081189

PLO\Sﬁ\\.- One

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Plageman TF Jr, Chauhan BK, Yang C, Jaudon F, Shang X, Zheng Y, et al. A Trio-RhoA-Shroom3 pathway is required for apical constriction and
epithelial invagination. Development. 2011;138(23):5177-88. https://doi.org/10.1242/dev.067868 PMID: 22031541

Martinez-Ara G, Taberner N, Takayama M, Sandaltzopoulou E, Villava CE, Bosch-Padrés M, et al. Optogenetic control of apical constriction
induces synthetic morphogenesis in mammalian tissues. Nat Commun. 2022;13(1):5400. https://doi.org/10.1038/s41467-022-33115-0 PMID:
36104355

Lee C, Le M-P, Wallingford JB. The shroom family proteins play broad roles in the morphogenesis of thickened epithelial sheets. Dev Dyn.
2009;238(6):1480-91. https://doi.org/10.1002/dvdy.21942 PMID: 19384856

Li A, Cunanan J, Khalili H, Plageman T, Ask K, Khan A, et al. Shroom3, a Gene Associated with CKD, Modulates Epithelial Recovery after AKI.
Kidney360. 2021;3(1):51-62. https://doi.org/10.34067/KID.0003802021 PMID: 35368578

Plageman TF Jr, Zacharias AL, Gage PJ, Lang RA. Shroom3 and a Pitx2-N-cadherin pathway function cooperatively to generate asymmetric cell
shape changes during gut morphogenesis. Dev Biol. 2011;357(1):227-34. https://doi.org/10.1016/j.ydbio.2011.06.027 PMID: 21726547

Herstine JA, Mensh J, Coffman E, George SM, Herman K, Martin JB, et al. Shroom3 facilitates optic fissure closure via tissue alignment and
reestablishment of apical-basal polarity during epithelial fusion. Dev Biol. 2025;522:91-105. https://doi.org/10.1016/j.ydbio.2025.03.008 PMID:
40113025

Deshwar AR, Martin N, Shannon P, Chitayat D. A homozygous pathogenic variant in SHROOM3 associated with anencephaly and cleft lip and
palate. Clin Genet. 2020;98(3):299-302. https://doi.org/10.1111/cge.13804 PMID: 32621286

Lemay P, Guyot M-C, Tremblay E, Dionne-Laporte A, Spiegelman D, Henrion E, et al. Loss-of-function de novo mutations play an important role in
severe human neural tube defects. J Med Genet. 2015;52(7):493-7. https://doi.org/10.1136/imedgenet-2015-103027 PMID: 25805808

Friedrich G, Soriano P. Promoter traps in embryonic stem cells: a genetic screen to identify and mutate developmental genes in mice. Genes Dev.
1991;5(9):1513-23. https://doi.org/10.1101/gad.5.9.1513 PMID: 1653172

McFadden DG, Barbosa AC, Richardson JA, Schneider MD, Srivastava D, Olson EN. The Hand1 and Hand2 transcription factors regulate
expansion of the embryonic cardiac ventricles in a gene dosage-dependent manner. Development. 2005;132(1):189-201. https://doi.org/10.1242/
dev.01562 PMID: 15576406

Schatz O, Golenser E, Ben-Arie N. Clearing and photography of whole mount X-gal stained mouse embryos. Biotechniques. 2005;39(5):650, 652,
654 passim. https://doi.org/10.2144/000112034 PMID: 16312214

Wilson CL, Gough PJ, Chang CA, Chan CK, Frey JM, Liu Y, et al. Endothelial deletion of ADAM17 in mice results in defective remodeling of the
semilunar valves and cardiac dysfunction in adults. Mech Dev. 2013;130(4-5):272—-89. https://doi.org/10.1016/j.m0d.2013.01.001 PMID: 23354118

Lien CL, Wu C, Mercer B, Webb R, Richardson JA, Olson EN. Control of early cardiac-specific transcription of Nkx2-5 by a GATA-dependent
enhancer. Development. 1999;126(1):75-84. https://doi.org/10.1242/dev.126.1.75 PMID: 9834187

Del Monte-Nieto G, Ramialison M, Adam AAS, Wu B, Aharonov A, D’Uva G, et al. Control of cardiac jelly dynamics by NOTCH1 and NRG1 defines
the building plan for trabeculation. Nature. 2018;557(7705):439-45. https://doi.org/10.1038/s41586-018-0110-6 PMID: 29743679

Olejnickova V, Hamor PU, Janacek J, Bartos M, Zabrodska E, Sankova B, et al. Development of ventricular trabeculae affects electrical conduction
in the early endothermic heart. Dev Dyn. 2024;253(1):78-90. https://doi.org/10.1002/dvdy.552 PMID: 36400745

Faber JW, Wist RCI, Dierx I, Hummelink JA, Kuster DWD, Nollet E, et al. Equal force generation potential of trabecular and compact wall ventricu-
lar cardiomyocytes. iScience. 2022;25(11):105393. https://doi.org/10.1016/j.isci.2022.105393 PMID: 36345331

Calcagno DM, Taghdiri N, Ninh VK, Mesfin JM, Toomu A, Sehgal R, et al. Single-cell and spatial transcriptomics of the infarcted heart define the
dynamic onset of the border zone in response to mechanical destabilization. Nat Cardiovasc Res. 2022;1(11):1039-55. https://doi.org/10.1038/
s44161-022-00160-3 PMID: 39086770

Hinken AC, McDonald KS. Beta-myosin heavy chain myocytes are more resistant to changes in power output induced by ischemic conditions. Am
J Physiol Heart Circ Physiol. 2006;290(2):H869-77. https://doi.org/10.1152/ajpheart.00221.2005 PMID: 16172167

Krenz M, Sanbe A, Bouyer-Dalloz F, Gulick J, Klevitsky R, Hewett TE, et al. Analysis of myosin heavy chain functionality in the heart. J Biol Chem.
2003;278(19):17466—74. https://doi.org/10.1074/jbc.M210804200 PMID: 12626511

Syeda F, Kirchhof P, Fabritz L. PITX2-dependent gene regulation in atrial fibrillation and rhythm control. J Physiol. 2017;595(12):4019-26. https://
doi.org/10.1113/JP273123 PMID: 28217939

Hill MC, Kadow ZA, Li L, Tran TT, Wythe JD, Martin JF. A cellular atlas of Pitx2-dependent cardiac development. Development.
2019;146(12):dev180398. https://doi.org/10.1242/dev.180398 PMID: 31201182

Barak Y, Hemberger M, Sucov HM. Phases and Mechanisms of Embryonic Cardiomyocyte Proliferation and Ventricular Wall Morphogenesis. Pedi-
atr Cardiol. 2019;40(7):1359-66. https://doi.org/10.1007/s00246-019-02164-6 PMID: 31342113

Poelmann RE, Gittenberger-de Groot AC. Hemodynamics in Cardiac Development. J Cardiovasc Dev Dis. 2018;5(4):54. https://doi.org/10.3390/
jcdd5040054 PMID: 30404214

Goddard LM, Duchemin A-L, Ramalingan H, Wu B, Chen M, Bamezai S, et al. Hemodynamic Forces Sculpt Developing Heart Valves through a
KLF2-WNT9B Paracrine Signaling Axis. Dev Cell. 2017;43(3):274-289.e5. https://doi.org/10.1016/j.devcel.2017.09.023 PMID: 29056552

O’Donnell A, Yutzey KE. Mechanisms of heart valve development and disease. Development. 2020;147(13):dev183020. https://doi.org/10.1242/
dev.183020 PMID: 32620577

PLOS One | https://doi.org/10.1371/journal.pone.0331583  September 8, 2025 21/22



https://doi.org/10.1242/dev.067868
http://www.ncbi.nlm.nih.gov/pubmed/22031541
https://doi.org/10.1038/s41467-022-33115-0
http://www.ncbi.nlm.nih.gov/pubmed/36104355
https://doi.org/10.1002/dvdy.21942
http://www.ncbi.nlm.nih.gov/pubmed/19384856
https://doi.org/10.34067/KID.0003802021
http://www.ncbi.nlm.nih.gov/pubmed/35368578
https://doi.org/10.1016/j.ydbio.2011.06.027
http://www.ncbi.nlm.nih.gov/pubmed/21726547
https://doi.org/10.1016/j.ydbio.2025.03.008
http://www.ncbi.nlm.nih.gov/pubmed/40113025
https://doi.org/10.1111/cge.13804
http://www.ncbi.nlm.nih.gov/pubmed/32621286
https://doi.org/10.1136/jmedgenet-2015-103027
http://www.ncbi.nlm.nih.gov/pubmed/25805808
https://doi.org/10.1101/gad.5.9.1513
http://www.ncbi.nlm.nih.gov/pubmed/1653172
https://doi.org/10.1242/dev.01562
https://doi.org/10.1242/dev.01562
http://www.ncbi.nlm.nih.gov/pubmed/15576406
https://doi.org/10.2144/000112034
http://www.ncbi.nlm.nih.gov/pubmed/16312214
https://doi.org/10.1016/j.mod.2013.01.001
http://www.ncbi.nlm.nih.gov/pubmed/23354118
https://doi.org/10.1242/dev.126.1.75
http://www.ncbi.nlm.nih.gov/pubmed/9834187
https://doi.org/10.1038/s41586-018-0110-6
http://www.ncbi.nlm.nih.gov/pubmed/29743679
https://doi.org/10.1002/dvdy.552
http://www.ncbi.nlm.nih.gov/pubmed/36400745
https://doi.org/10.1016/j.isci.2022.105393
http://www.ncbi.nlm.nih.gov/pubmed/36345331
https://doi.org/10.1038/s44161-022-00160-3
https://doi.org/10.1038/s44161-022-00160-3
http://www.ncbi.nlm.nih.gov/pubmed/39086770
https://doi.org/10.1152/ajpheart.00221.2005
http://www.ncbi.nlm.nih.gov/pubmed/16172167
https://doi.org/10.1074/jbc.M210804200
http://www.ncbi.nlm.nih.gov/pubmed/12626511
https://doi.org/10.1113/JP273123
https://doi.org/10.1113/JP273123
http://www.ncbi.nlm.nih.gov/pubmed/28217939
https://doi.org/10.1242/dev.180398
http://www.ncbi.nlm.nih.gov/pubmed/31201182
https://doi.org/10.1007/s00246-019-02164-6
http://www.ncbi.nlm.nih.gov/pubmed/31342113
https://doi.org/10.3390/jcdd5040054
https://doi.org/10.3390/jcdd5040054
http://www.ncbi.nlm.nih.gov/pubmed/30404214
https://doi.org/10.1016/j.devcel.2017.09.023
http://www.ncbi.nlm.nih.gov/pubmed/29056552
https://doi.org/10.1242/dev.183020
https://doi.org/10.1242/dev.183020
http://www.ncbi.nlm.nih.gov/pubmed/32620577

PLO\S\% One

48. Erhardt S, Zheng M, Zhao X, Le TP, Findley TO, Wang J. The Cardiac Neural Crest Cells in Heart Development and Congenital Heart Defects. J
Cardiovasc Dev Dis. 2021;8(8):89. https://doi.org/10.3390/jcdd8080089 PMID: 34436231

49. Phillips HM, Mahendran P, Singh E, Anderson RH, Chaudhry B, Henderson DJ. Neural crest cells are required for correct positioning of the
developing outflow cushions and pattern the arterial valve leaflets. Cardiovasc Res. 2013;99(3):452-60. https://doi.org/10.1093/cvr/cvi132 PMID:
23723064

50. Tang W, Martik ML, Li Y, Bronner ME. Cardiac neural crest contributes to cardiomyocytes in amniotes and heart regeneration in zebrafish. Elife.
2019;8:e47929. https://doi.org/10.7554/eLife.47929 PMID: 31393264

51. Gonzalez-Costa T, de la Pompa JL, Grego-Bessa J. En Face Endocardial Cushion Preparation for Planar Morphogenesis Analysis in Mouse
Embryos. J Vis Exp. 2022;(185):10.3791/64207. https://doi.org/10.3791/64207 PMID: 35969077

52. LiuH,LuP, HeS, LuoY, Fang Y, Benkaci S, et al. 3-Catenin regulates endocardial cushion growth by suppressing p21. Life Sci Alliance.
2023;6(9):€202302163. https://doi.org/10.26508/Isa.202302163 PMID: 37385754

53. Boot MJ, Gittenberger-De Groot AC, Van Iperen L, Hierck BP, Poelmann RE. Spatiotemporally separated cardiac neural crest subpopulations that
target the outflow tract septum and pharyngeal arch arteries. Anat Rec A Discov Mol Cell Evol Biol. 2003;275(1):1009-18. https://doi.org/10.1002/
ar.a.10099 PMID: 14533175

54. Poelmann RE, Mikawa T, Gittenberger-De Groot AC. Neural crest cells in outflow tract septation of the embryonic chicken heart: Differentiation and
apoptosis. Dev Dyn. 1998;212(3):373-84. https://doi.org/10.1002/(sici)1097-0177(199807)212:3<373::aid-aja5>3.0.co;2-e

55. van den Hoff MJ, Moorman AF. Cardiac neural crest: the holy grail of cardiac abnormalities? Cardiovasc Res. 2000;47(2):212—6. https://doi.
0rg/10.1016/s0008-6363(00)00127-9 PMID: 10946058

56. Yan S, LuJ, Jiao K. Epigenetic Regulation of Cardiac Neural Crest Cells. Front Cell Dev Biol. 2021;9:678954. https://doi.org/10.3389/
fcell.2021.678954 PMID: 33968946

57. Kirby ML, Waldo KL. Neural crest and cardiovascular patterning. Circ Res. 1995;77(2):211-5. https://doi.org/10.1161/01.res.77.2.211 PMID:
7614707

58. Kirby ML, Hutson MR. Factors controlling cardiac neural crest cell migration. Cell Adh Migr. 2010;4(4):609-21. https://doi.org/10.4161/
cam.4.4.13489 PMID: 20890117

59. George RM, Maldonado-Velez G, Firulli AB. The heart of the neural crest: cardiac neural crest cells in development and regeneration. Develop-
ment. 2020;147(20):dev1887086. https://doi.org/10.1242/dev.188706 PMID: 33060096

60. Wu G, Ge J, Huang X, Hua Y, Mu D. Planar cell polarity signaling pathway in congenital heart diseases. J Biomed Biotechnol. 2011;2011:589414.
https://doi.org/10.1155/2011/589414 PMID: 22131815

61. Leung C, Lu X, Liu M, Feng Q. Rac1 signaling is critical to cardiomyocyte polarity and embryonic heart development. J Am Heart Assoc.
2014;3(5):e001271. https://doi.org/10.1161/JAHA.114.001271 PMID: 25315346

62. Merks AM, Swinarski M, Meyer AM, Miiller NV, Ozcan |, Donat S, et al. Planar cell polarity signalling coordinates heart tube remodelling through
tissue-scale polarisation of actomyosin activity. Nat Commun. 2018;9(1):2161. https://doi.org/10.1038/s41467-018-04566-1 PMID: 29867082

63. Kowalczyk I, Lee C, Schuster E, Hoeren J, Trivigno V, Riedel L, et al. Neural tube closure requires the endocytic receptor Lrp2 and its functional
interaction with intracellular scaffolds. Development. 2021;148(2):dev195008. https://doi.org/10.1242/dev.195008 PMID: 33500317

64. Dickson HM, Wilbur A, Reinke AA, Young MA, Vojtek AB. Targeted inhibition of the Shroom3-Rho kinase protein-protein interaction circumvents
Nogo66 to promote axon outgrowth. BMC Neurosci. 2015;16:34. https://doi.org/10.1186/s12868-015-0171-5 PMID: 26077244
65. Yel, Wang S, Xiao Y, Jiang C, Huang Y, Chen H, et al. Pressure Overload Greatly Promotes Neonatal Right Ventricular Cardiomyocyte Prolifera-

tion: A New Model for the Study of Heart Regeneration. J Am Heart Assoc. 2020;9(11):e015574. https://doi.org/10.1161/JAHA.119.015574 PMID:
32475201

PLOS One | https://doi.org/10.1371/journal.pone.0331583  September 8, 2025 22122



https://doi.org/10.3390/jcdd8080089
http://www.ncbi.nlm.nih.gov/pubmed/34436231
https://doi.org/10.1093/cvr/cvt132
http://www.ncbi.nlm.nih.gov/pubmed/23723064
https://doi.org/10.7554/eLife.47929
http://www.ncbi.nlm.nih.gov/pubmed/31393264
https://doi.org/10.3791/64207
http://www.ncbi.nlm.nih.gov/pubmed/35969077
https://doi.org/10.26508/lsa.202302163
http://www.ncbi.nlm.nih.gov/pubmed/37385754
https://doi.org/10.1002/ar.a.10099
https://doi.org/10.1002/ar.a.10099
http://www.ncbi.nlm.nih.gov/pubmed/14533175
https://doi.org/10.1002/(sici)1097-0177(199807)212:3<373::aid-aja5>3.0.co;2-e
https://doi.org/10.1016/s0008-6363(00)00127-9
https://doi.org/10.1016/s0008-6363(00)00127-9
http://www.ncbi.nlm.nih.gov/pubmed/10946058
https://doi.org/10.3389/fcell.2021.678954
https://doi.org/10.3389/fcell.2021.678954
http://www.ncbi.nlm.nih.gov/pubmed/33968946
https://doi.org/10.1161/01.res.77.2.211
http://www.ncbi.nlm.nih.gov/pubmed/7614707
https://doi.org/10.4161/cam.4.4.13489
https://doi.org/10.4161/cam.4.4.13489
http://www.ncbi.nlm.nih.gov/pubmed/20890117
https://doi.org/10.1242/dev.188706
http://www.ncbi.nlm.nih.gov/pubmed/33060096
https://doi.org/10.1155/2011/589414
http://www.ncbi.nlm.nih.gov/pubmed/22131815
https://doi.org/10.1161/JAHA.114.001271
http://www.ncbi.nlm.nih.gov/pubmed/25315346
https://doi.org/10.1038/s41467-018-04566-1
http://www.ncbi.nlm.nih.gov/pubmed/29867082
https://doi.org/10.1242/dev.195008
http://www.ncbi.nlm.nih.gov/pubmed/33500317
https://doi.org/10.1186/s12868-015-0171-5
http://www.ncbi.nlm.nih.gov/pubmed/26077244
https://doi.org/10.1161/JAHA.119.015574
http://www.ncbi.nlm.nih.gov/pubmed/32475201
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

