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G9a inactivation in progenitor cells with Isl1-Cre with reduced
recombinase activity models aspects of Dandy-Walker complex
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ABSTRACT

G9a, also known as EHMT2, is essential for embryogenesis and has
specific functions in multiple developmental processes. G9a
inactivation affects development of the nervous system, which is
formed with contribution of descendants of progenitor cells
expressing the transcription factor Isl1. However, the function of
G9a in Is/1-expressing progenitors is unknown. Here, we show that
G9a is required for proper development of multiple structures formed
with contribution of /s/7-expressing progenitors. A Cre-dependent
GFP reporter revealed that the recombinase activity of the Isl1-Cre
used in this study to inactivate G9a was reduced to a subset of
Isl1-expressing progenitor cells. G9a mutants reached endpoint
by 7 weeks of age with cardiac hypertrophy, hydrocephalus,
underdeveloped cerebellum and hind limb paralysis, modeling
aspects of Dandy-Walker complex. Moreover, neuroepithelium of
the lateral ventricle derived from Is/1-expressing progenitors was
thinner and disorganized, potentially compromising cerebrospinal
fluid dynamics in G9a mutants. Micro-computed tomography after
iodine staining revealed increased volume of the heart, eye lens and
brain structures in G9a mutant fetuses. Thus, altered development of
descendants of the second heart field and the neural crest could
contribute to multicomponent malformation like Dandy-Walker.

KEY WORDS: Dandy-Walker complex, G9a, Is/1-expressing
progenitors, Neural crest development, Progenitor cell development

INTRODUCTION

G9a, a histone methyltransferase also known as euchromatic
histone-lysine N-methyltransferase 2 (EHMT2), di-methylates the
lysine 9 of histone H3 (H3K9me2) (Tachibana et al., 2001). G9a
cooperates in stoichiometric complex with its closely related
homolog EHMT], also known as GLP, to deposit H3K9me2 in
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euchromatin (Tachibana et al., 2005) predominantly in repressed
gene promoters. H3K9me2 also mediates heterochromatin
establishment and silencing of repetitive elements and
transposons (Padeken et al., 2022; Tachibana et al., 2002).
Although G9a is predominantly associated with gene repression,
it is required for the proper activation of specific differentiation
programs. H3K9me contributes to silencing differentiation drivers
until a cell fate decision program is activated, then contributes to
silencing the progenitor stage program (Padeken et al., 2022).
Accordingly, G9a regulates lineage segregation in the blastocyst
(Zylicz et al., 2018) and is essential for mammalian development.
Its constitutive deficiency in mice causes lethality between
embryonic day (E)9.5 and EI12.5 (Tachibana et al., 2002).
Moreover, G9a has specific functions in multiple developmental
processes. For example, G9a in endothelial cells controls maturation
of the placental vasculature (Chi et al., 2017), and in retinal
progenitors suppresses the proliferative state to promote
differentiation and development of the retina (Katoh et al., 2012).
(G9a has a dual function in the heart; it prevents cardiac hypertrophy
at baseline but promotes it in response to pathological stress (Papait
et al,, 2017). In neural development in vitro, G9a regulates
proliferation of neural progenitors (Hou et al, 2021),
neurogenesis (Fiszbein et al., 2016; Kim et al., 2016; Olsen et al.,
2016), and neurite (Fiszbein et al., 2016) and axon growth (Wilson
et al., 2020). In the postnatal brain, G9a regulates neurocognition
(Schaefer et al., 2009). The broad effects of G9a inactivation
suggest that its dysfunction could contribute to multicomponent
diseases by affecting the development of multiple progenitor cell
derivatives.

Expression of the LIM homeodomain transcription factor islet 1
(Is11) in the mammalian embryo defines a cell population composed
of pluripotent progenitors of the lateral splanchnic mesoderm, a
subpopulation of neural crest progenitors that express Wntl
(Engleka et al., 2012) and a subset of hind limb mesenchyme
progenitors (Yang et al., 2006). A subgroup of IslI-expressing
progenitors of the lateral splanchnic mesoderm gives rise to the
second heart field (Nathan et al., 2008), which differentiates into
cardiomyocytes of the right ventricle, and the outflow tract. These
progenitors also contribute portions of cardiac endothelium, smooth
muscle and atrial cardiomyocytes (Cai et al., 2003; Moretti et al.,
2006). Another subgroup of Is//-positive progenitors of lateral
splanchnic mesoderm contributes to the formation of craniofacial
muscles (Nathan et al., 2008). The neural crest progenitor
subpopulation expressing Is// known as the cardiac neural crest
migrates from the cranial neural tube to contribute to portions of the
outflow tract, valves and major arteries of the heart (George et al.,
2020). The relevance of these progenitors is underscored by the fact
that second heart field derivatives do not develop (Cai et al., 2003),
hind limb development is abnormal (Narkis et al., 2012), and
differentiation of neurons and other cell types in the neural tube is
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deficient in Is/] knockout mice (Pfaff et al., 1996), which die at
E10 (Cai et al.,, 2003). Moreover, defective development of
second heart field (Bruneau, 2008) and neural crest (Takahashi
et al., 2013) derivatives is implicated in congenital disease. For
example, Dandy-Walker, a rare syndrome affecting 1 in 30,000
births, presents with central nervous system and craniofacial
defects (Coban et al., 2010) associated with heart (27% of
patients) (Coban et al., 2010; Huong et al., 1975; Olson et al.,
1981; Stambolliu et al., 2017) and limb (Sasaki-Adams et al., 2008;
Stevens and Lachman, 2010) malformation. The characteristic
central nervous system abnormality is cerebellar hypoplasia, with
dilation of the fourth ventricle, enlargement of the posterior cranial
fossa and hydrocephalus (Di Nora et al., 2022). Associated cardiac
defects include incomplete atrial and ventricular septation (Coban
et al.,, 2010; Huong et al., 1975; Olson et al., 1981), and cardiac
hypertrophy that progressed to heart failure was reported in one case
(Kurdi et al.,, 2009). Limb skeleton dysplasia and mesomelic
shortening have also been reported (Stevens and Lachman, 2010).
The co-occurrence of such variations led to the hypothesis that
altered development and migration of neural crest cells contributes
to Dandy-Walker (Coban et al., 2010; Squires et al., 1998). Genes
regulating neural crest development, including Zic family member 1
and 4 (ZIC1, ZIC4) (Blank et al., 2011), fibroblast growth factor 8
and 17 (FGFS8, FGF17)(Zanni et al., 2011), laminin subunit gamma
1(LAMCI) (Darbro et al., 2013), forkhead box C1 (FOXCI)
(Aldinger et al., 2009), forkhead box L2 (FOXL2) (Lim et al., 2011)
and cellular inhibitor of PP2A (CIP24) (Yang et al., 2018), are
mutated in Dandy-Walker. However, the contribution of abnormal
neural crest progenitor development to Dandy-Walker complex has
not been tested.

Here, we analyzed the effect of conditional G9a inactivation
mediated by Isl1-Cre with decreased recombinase activity and
observed that it models components of Dandy-Walker complex in
mice.

RESULTS

Decreased recombinase activity of Isl1-Cre in transgenic
mice

Conditional gene inactivation in which Zs//-Cre mice were crossed
with multiple lines carrying ‘floxed’ alleles suddenly began
producing fewer homozygous mutant offspring presenting
phenotypes that were otherwise highly penetrant (data not
shown). This suggested decreased gene inactivation efficiency,
which can happen with an increased number of generations of Cre
transgenic lines (Schulz et al., 2007). To test the recombination
efficiency of Isl1-Cre, we crossed Is//-Cre males with ROSA26™ /G
mice. ROSA26™7"C constitutively expresses membrane-Tomato and
membrane-GFP upon Cre-mediated recombination (Muzumdar et al.,
2007). GFP fluorescence in embryos derived from this cross revealed
that the recombination activity of Cre in the mouse line used in this
study (‘old’ IslI-Cre) was decreased compared to that in a freshly
rederived Is/I-Cre line (‘new’ IslI-Cre) (Fig. 1A). ROSA26"7"C
embryos and 4-week-old mice carrying the old Is//-Cre expressed
GFP in a smaller population of second heart field progenitors mostly
contributing to the outflow tract and patches of cells in the right
ventricle (Fig. 1A,B). In contrast, the new Is//-Cre induced
recombination in progenitors contributing to the entire outflow tract
and right ventricle (Fig. 1A). GFP fluorescence revealed that the old
Isll-Cre was active in embryonic derivatives of Is//-expressing
progenitors (Zhuang et al., 2013), including the hindbrain, pharyngeal
mesoderm, omphalomesenteric vessels, spinal motor neurons,
gonadal region and the hind limb (Fig. 1C). This suggests that

although the old Is//-Cre transgene labeled multipotent Is//-
expressing progenitor cells, its recombination activity was limited to
a subset of these progenitors.

G9a is essential for development of descendants of
Isl1-expressing progenitors

To determine the requirement of G9a in development of
descendants of Is/]-expressing progenitors, we inactivated G9a
via Isl1-Cre-mediated homologous recombination in mice. Males
carrying a heterozygous G9a ‘floxed’ allele (Sampath et al., 2007)
and the Isl/-Cre transgene (G9a"";IslI-Cre) were crossed with
G9d"":ROSA26™7"C females. When using the new Is/I-Cre line,
GY9a mutants (G9a™"Isl1-Cre;ROSA26™7"%) died during
embryogenesis, precluding analysis of the postnatal consequences
of G9a deletion. In this study, we describe the effect of inactivating
G9a using the old Is/I-Cre line. Mutant offspring of males carrying
the old Is/I-Cre crossed with G9a™":ROSA26™""C females were
born at the expected Mendelian ratio. We assessed G9a inactivation
by quantitative PCR (qPCR) on cells isolated by fluorescence-
activated cell sorting from embryos at day 11.5 of development
(E11.5). G9a was ablated in mutant GFP-positive, but not in wild-
type GFP-positive or mutant GFP-negative, cells (Fig. 1D).
Moreover, H3K9me2 was decreased in nuclei of GFP-positive
cells in 4-week-old hearts of G9a homozygous mutants, but not
heterozygous mutants, as shown by immunofluorescence (Fig. 1E).
This indicates that the old Isl1-Cre inactivated G9a in cells in which
ROSA26™""C was recombined. To assess the function of G9a in
gene regulation, we performed qPCR of neural crest development
regulators. Whereas Zic4 (Blank et al., 2011), Fgf17 (Xu et al.,
2000) and Cip2a were unaffected, Foxcl (Haldipur et al., 2014; Seo
and Kume, 2006), Fgf8 (Creuzet et al., 2004; Xu et al., 2000), FoxI2
(Heude et al., 2015), Lamcl (Cao et al., 2007), Mpdz (Feldner et al.,
2017) and Zicl (Plouhinec et al., 2014) were downregulated in GFP-
positive cells sorted from E11.5 G9a mutant, compared to cells of
control embryos (Fig. 1F). These genes are mutated in people affected
by Dandy-Walker. Thus, G9a is required for proper expression of
neural crest development regulators associated with Dandy-Walker in
IslI-expressing progenitor cells.

GY9a heterozygous mutant mice were indistinguishable from
G9a™" controls (data not shown), but homozygous mutants were
smaller and developed a domed head apparent by 3 weeks of age
(Fig. 1G). Moreover, despite the hind limb skeleton appearing
normal at 4 weeks (Fig. S1), G9a mutants lost hind limb mobility at
3 weeks (Movies 1 and 2) and reached endpoint at a median age of
7 weeks (Fig. 1H). This suggests an essential function of G9a in the
development of multiple derivatives of Is//-expressing progenitor
cells.

G9ainactivation in a subset of second heart field progenitors
causes cardiac hypertrophy

IslI-expressing progenitor cells of the second heart field contribute
to the heart’s outflow tract, right ventricle and endocardial cushions
required for cardiac septation. To assess the requirement for G9a in
development of the heart, we analyzed heart morphology in G9a™;
Isl1-Cre;ROSA26™ 7S mutants. The outflow tract, interventricular
septum and overall cardiac morphology were normal in 4-week-old
mutants. However, mutant hearts appeared bigger than control
hearts (Fig. 2A) despite mutant mice being smaller (Fig. 1G).
Accordingly, the heart weight to tibia length and heart weight to
body weight ratios were higher (Fig. 2B), and the right and left
ventricular wall and the interventricular septum were thicker, in the
mutant mice than in G9a™":ROSA26™""S controls (Fig. 2C,D).
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Fig. 1. G9a is required in a subset of Is/1-expressing progenitor cells for survival. (A) Frontal views of hearts of E10.5 embryos carrying the ‘old’ /s/7-Cre
and the Cre reporter ROSA26™7'mC ysed in this study compared to a recently rederived ‘new’ mouse line. Images were taken in bright field (BF) overlapped with
membrane GFP (mG), and mG overlapped with membrane Tomato (mT). oft, outflow tract; rv, right ventricle. Scale bar: 250 um. (B) GFP fluorescence in a whole
heart (left), and GFP immunofluorescence in a section of a 4-week-old whole heart (right), from a mouse carrying Is/1-Cre;ROSA26™ 7€, |v, left ventricle.

Scale bars: 2 mm. (C) GFP fluorescence in an Is/1-Cre;ROSA26™ ™S E11.5 embryo showing signal in the hindbrain (hb), pharyngeal mesoderm (pm),
omphalomesenteric vessels (omv), motor neurons (mn), hind limb (hl) and the gonadal region (gr). Scale bar: 1 mm. (D) gPCR of G9a relative to Rp/13a on GFP-
positive (GFP+) and GFP-negative cells (GFP-) sorted from control G9a heterozygote (G9a™*;Is/1-Cre;ROSA26™7™°) and mutant (G9a™™Is!1-Cre;ROSA26™T'mC)
E11.5 embryos. Bars represent the meanzs.d. of three, six and four embryos from control (CTRL) GFP+, mutant (MUT) GFP— and MUT GFP+, respectively. Data
were analyzed by paired two-tailed Student’s t-test. (E) Immunofluorescence of H3K9me2 and GFP in sections of control and mutant 4-week-old hearts. Nuclei
were counterstained with DAPI. Arrowheads point to nuclei of GFP+ cells with decreased H3K9me2. Scale bar: 100 um. (F) gPCR of Foxc1, Fgf8, FoxI2, Lamc1,
Mpdz, Zic1, Zic4, Fgf17 and Cip2a, relative to Rp/13a, on GFP+ cells sorted from control (G9a™*;Isl1-Cre;ROSA26™"'™C) or G9a mutant E11.5 embryos. Bars
represent the meants.d. of cells sorted from three and four embryos per genotype. Data were analyzed by paired two-tailed Student’s t-test. (G) G9a mutant mice
(G9a™™IsI1-Cre;ROSA26™7'™C, from the ‘old’ Cre line) appear smaller than controls (G9a™";ROSA26™7™C) and developed a domed head. (H) Survival curve of
control and mutant mice analyzed by log-rank (Mantel—-Cox) test. n=31 control and 27 mutant mice.

Moreover, cardiomyocyte cell surface area was increased in higher (Fig. 3B,C). The vermis and hemispheres were defined in
mutants, as shown in heart sections stained with wheat germ mutant cerebella; however, the cerebellum was smaller than in
agglutinin to outline cell membranes (Fig. 2E,F). This suggests that  controls as shown by shorter mediolateral and anteroposterior axes
deficiency of G9a in second heart field progenitors does not grossly  (Fig. 3D,E). The corpus callosum also appeared underdeveloped,
alter cardiac development but leads to cardiac hypertrophy in and the lateral ventricle was larger in G9a mutants (Fig. 3F). The
adulthood. cerebral cortex of the right and left hemispheres towards the

cerebellum appeared thinner in mutants than in controls (Fig. 3B),
Deficiency of G9a in neural crest progenitors expressing and histological analysis revealed enlarged lateral ventricles,
Isl1 causes hydrocephalus indicative of hydrocephalus (Fig. 3G-I). As a result of fluid
G9a has important functions in cardiac and neural descendants of —accumulation in the lateral ventricles, the hippocampus was
Isll-expressing progenitor cells (Deimling et al., 2017; Inagawa displaced caudally, and the midbrain ventrally and caudally,
etal., 2013). G9a mutants developed a domed head due to subdural — pressing against cerebellar folds I/I1 and III, and pushing the
hematoma (Fig. 3A). The whole brain appeared bigger in G%a  cerebellum caudally towards the 4th ventricle, and the cerebellar
mutants than in controls; accordingly, the total brain mass was fold X against the medulla oblongata (Fig. 31,J). Therefore, pressure
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Fig. 2. G9a inactivation in Is/1-expressing progenitors causes cardiac hypertrophy. (A) Hearts of 4-week-old control (G9a™":ROSA26™7'™m%) and G9a
mutant (G9a™";IsI1-Cre;ROSA26™7™%) mice. Scale bar: 1 mm. (B) Heart weight (HW) to tibia length (TL), and heart weight to body weight (BW), ratios of
control and mutant mice. Bars are the meants.d. Two-tailed Student’s t-test. *P<0.05. n=6 hearts per group. (C) Coronal heart sections of control and mutant
mice stained with Hematoxylin and Eosin. RA, right atrium; LA, left atrium; RV, right ventricle; IVS, interventricular septum; LV, left ventricle. Scale bar: 1 mm.
(D) Thickness of the RV, IVS and LV measured from histological sections. Bars are the meants.d. Two-tailed Student’s t-test. *P<0.05, ***P<0.001. n=6
control and 5 mutant hearts. (E) Wheat germ agglutinin staining on sections of the RV and LV of control and mutant hearts. Scale bar: 25 pm. (F) Cross-
sectional area of cardiomyocytes of the RV and LV measured from sections stained with wheat germ agglutinin. Bars are the meants.d. Two-tailed Student’s

t-test. *P<0.05. n=5 control and 6 mutant hearts.

build-up resulting from fluid accumulation in the lateral ventricle
could affect the development of cerebellar folds I/II, III and X
(Fig. 3J).

GFP fluorescence revealed Isll-Cre activity in the superior
colliculus, spinal cord, olfactory bulb, and clusters of cells in the
olfactory tubercule, hypothalamus and medulla oblongata
(Fig. 3K). Immunostaining revealed decreased H3K9me2 in
nuclei of GFP-positive neuroepithelial cells lining the lateral
ventricle in G9%a homozygous compared to heterozygous mutants
(Fig. 3L). This suggests that neuroepithelial cells derive from Is//-
expressing progenitors. Moreover, neuroepithelial cells were
arranged in a thinner and disorganized layer in GY%a mutants
(Fig. 3L). Disrupting neuroepithelium integrity can compromise the
production, flow or absorption of cerebrospinal fluid, ultimately
leading to hydrocephalus (Feldner et al., 2017). Thus, G9a
deficiency could affect neuroepithelium development and
function. Hydrocephalus and hypoplastic cerebellum associated
with hind limb paralysis suggest that G9a mutants model aspects of
Dandy-Walker complex.

G9a is required for growth of multiple fetal organs derived
from Isl1-expressing progenitors

Dandy-Walker is a malformation that originates during fetal
development. We assessed the requirement for G9a in
development of organs derived from Is//-expressing progenitors
by X-ray computed tomography after iodine staining (Wong et al.,
2013) in G9a mutant embryos versus controls at E15.5 (Fig. 4A-C).
Analysis of 3D reconstructions revealed that the volume of the
cerebellar primordium was comparable between mutant and control
embryos (Table S1), suggesting that cerebellar growth is affected at
a later stage. Instead, among 72 regions analyzed, the volume of
derivatives of neuronal precursors in the brain was predominantly
increased. Specifically, the volume of the left-brain neopallian

cortex and amygdala, ventricular zone, left and right olfactory bulb,
and left-brain thalamus were significantly increased in G9a mutant
embryos (Fig. 4B,C). The volume of the lens of the eye, in which
Isl1 is expressed (Pan et al., 2008), and the heart ventricles was also
increased. G9a inactivation in neural crest cells using Wntl-Cre
(Higashihori et al., 2017) or Sox9-Cre (Ideno et al., 2020) altered
proliferation and differentiation of cranial bone cells and decreased
ossification of the frontal bones, but did not cause hydrocephalus.
Skull doming in G9¢™":IslI-Cre mice is likely secondary to
hydrocephalus and not due to defective ossification because the
thickness of the frontal bone was normal in mutant embryos
(Fig. S2). Accordingly lineage tracing did not show Is//-expressing
progenitor contribution to the frontal or parietal bones (Zhuang
et al., 2013). The intracranial volume trended to increase, and a gap
was apparent between the brain and the dura mater in G94™Is11-
Cre embryos (Fig. 4C,D). This suggests that hydrocephalus might
begin during embryonic development and that Is//-expressing
progenitors could be required for cerebrospinal fluid homeostasis.
None of the organs analyzed had a smaller volume in mutants.
These results suggest a function of G9a in limiting growth of neural
crest progenitor derivatives.

DISCUSSION

In this study, we found that inactivating G9a in mouse embryos using
Isl1-Cre causes defects in the heart, nervous system and hind limbs.
During the generation of experimental animals, we noticed progressive
loss of these phenotypes in G9%a mutants. Accordingly, we found that
recombinase activity of the Is//-Cre line was decreased (Fig. 1A),
which can happen with an increased number of generations of Cre
transgenic lines (Schulz et al., 2007). Inactivation of G9a using a
freshly rederived Is//-Cre line with high recombination efficiency
(Fig. 1A) caused embryonic lethality between E14 and E17.5 (data not
shown), preventing further analysis of postnatal phenotypes. This
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Fig. 3. G9a deficiency in Is/1-expressing progenitors causes hydrocephalus. (A) Dorsal view of the partially dissected skull of 4-week-old control
(G9a"":ROSA26™mC) and G9a mutant (G9a™":IsI1-Cre;ROSA26™"/™C) mice. Scale bar: 5 mm. (B) Dorsal view of the brain of control and mutant mice.
Scale bar: 1 mm. (C) Brain weight to body weight ratio. Bars are the meants.d. Two-tailed Student’s t-test. **P<0.01. n=3 control and 3 mutant mice. (D)
Dorsal view of the cerebellum of control and G9a mutant mice. Arrows indicate the mediolateral (M and L) and anteroposterior (A and P) axes. (E) Length of
the mediolateral (M-L) and anteroposterior (A-P) cerebellar axes. Bars are the meanzts.d. Two-tailed Student’s t-test. *P<0.05. (F) Midsagittal view of the right
side of fixed control and mutant brains. cp, corpus callosum; lv, lateral ventricle. Scale bar: 1 mm. (G,H) Transverse (G) and coronal (H) sections, stained with
Hematoxylin and Eosin, of the brain of control and mutant mice. Scale bars: 1 mm. (I) Midsagittal section, stained with Hematoxylin and Eosin, of the brain of
control and mutant mice. hp, hippocampus; mb, midbrain; mo, medulla oblongata. Scale bar: 1 mm. (J) Cerebellum close up of the sections in I. Cerebellar folds
are indicated in Roman numerals. Scale bar: 1 mm. (K) Bright-field and GFP fluorescence of dorsal and ventral views of whole brains of 4-week-old /s/1-Cre;
ROSA26™"mS mice showing fluorescence in the superior colliculus (sc), spinal cord (sp), olfactory bulb (ob), and clusters of cells in the olfactory tubercule (ot),
hypothalamus (ht) and medulla oblongata (mo). Scale bar: 1 mm. (L) H3K9me2 and GFP immunofluorescence in brain sections of control and mutant mice
showing GFP+ neuroendothelial cells lining the lateral ventricle (Iv). Arrowheads point to nuclei of GFP+ cells. Scale bar: 25 ym.

suggests that G9a in Is//-expressing progenitor cells is essential for
embryonic development. Thus, in this study, Isll-Cre-mediated
recombination bypassed embryonic lethality, revealing a requirement
for G9a in the postnatal development of a subset of descendants of
IslI-expressing progenitors.

Deficient differentiation, expansion or migration of progenitors
of the second heart field causes outflow tract and septation defects
(Cai et al., 2003; Moretti et al., 2006). However, the outflow tract
appeared normal, and the interventricular septum was properly
formed in GY%a mutants, suggesting that the second heart field
developed normally. Instead, the volume of ventricles in the fetal
heart was increased, and the postnatal heart and cardiomyocytes
were hypertrophied in G9a mutants (Fig. 2). This suggests that G9a
limits hypertrophic cardiomyocyte growth in both the adult (Papait
etal., 2017) and fetal heart. Fetal heart overgrowth and hypertrophy
of postnatal cardiomyocytes in the interventricular septum and left

ventricle in G9a mutants suggest potential involvement of
dysregulated paracrine signaling from progenitors or derivatives
of the second heart field. G9a regulates signaling pathways that
control cardiac morphogenesis and homeostasis. For example, G9a
suppresses Wnt signaling in thabdomyosarcoma (Pal et al., 2020),
whereas it activates it in non-small cell lung cancer (Zhang et al.,
2018). Wnt signaling from the first heart field is required for second
heart field development (Miyamoto et al., 2023) and adverse
myocardial remodeling (Bergmann, 2010). However, signaling
between the first and second heart fields is still poorly understood.
Uncovering G9a-controlled paracrine signaling mediators in Is//-
expressing progenitors and their cellular targets is required to test
this possibility, and to elucidate the basis of cardiomyocyte
hypertrophy and overgrowth of first heart field derivatives in G9a
mutants. In the adult heart, G9a limits hypertrophy by mediating
silencing of a pathological gene expression program (Papait et al.,
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Fig. 4. G9a deficiency in Is/1-expressing progenitors controls growth of fetal brain structures. (A) Sagittal and coronal isotropic sections of E15.5
control (G9a™":ROSA26™"™%) and G9a mutant (G9a™";IsI1-Cre;ROSA26™7'™C) embryos. Numbers and green lines indicate section planes. Lower-case
letters indicate the structures with significantly increased volume, quantified in C. (B) Images showing color-coded organ % volume change in mutant versus
control embryos. mb, midbrain; sc, spinal cord; i, liver; bl, bladder; lu, lung. (C) Volumes for individual regions were calculated from reconstructions. Bars
represent the mean and 95% confidence intervals. Volume comparisons were made via linear model with fixed effects for genotype. (D) Histological sections
of control and mutant embryos showing the brain (Br) at the level of the eye. The arrowhead indicates a gap between the brain and the dura mater apparent

in mutant embryos. Scale bar: 200 ym.

2017). Our analysis does not rule out the possibility that
hypertrophy of the postnatal heart might reflect adaptation to a
pathological process. Intriguingly, the volume of fetal brain
structures and the eye lens was also increased in G9a mutants,
suggesting a broader function of G9a controlling growth of multiple
organs during fetal development. This contrasts with an established
function of G9a promoting cancer growth (Garcia-Dominguez et al.,
2022; Haebe et al., 2021; Mabe et al., 2020), suggesting specific
functions of G9a in growth of the heart and the developing brain.
Hydrocephalus, underdeveloped cerebellum and hind limb
dysfunction in G9%a¢ mutant mice are reminiscent of Dandy-Walker
complex, which is thought to originate from defective neural crest
development (Coban et al., 2010; Squires et al., 1998). Our findings
support this hypothesis. However, G9a dysfunction or mutations in its
gene have not been linked to Dandy-Walker complex. Nonetheless,
dysregulation of G9a downstream targets might be involved. For
example, FOXCI and FOXL2, which are mutated in people affected by
Dandy-Walker and regulate cerebellum development (Aldinger et al.,

2009; Lim etal., 2011), are hypermethylated in mantle cell lymphomas
with increased levels of G9A (Wang et al., 2021). Moreover, genes that
regulate neural crest development and that are mutated in Dandy-
Walker, were downregulated in G9%a mutant descendants of Is//-
expressing progenitors (Fig. 1F). Most notably, Foxcl was highly
expressed in wild type, but strongly downregulated in G9a mutant /s/1-
expressing progenitors (Fig. 1F). Foxcl null mice have cerebellar
vermis hypoplasia and foliation defects, modeling Dandy-
Walker (Aldinger et al., 2009). A disarrayed neuroepithelium in the
lateral ventricle of G9a mutants (Fig. 3L) suggests that
altered cerebrospinal fluid dynamics could potentially cause
hydrocephalus. Neuroepithelial defects have not been directly linked
to Dandy-Walker. However, the ependymal cell layer was
compromised in mice with severe cerebellum malformation due to
mutation of platelet-derived growth factor C (Pdgfc) (Gillnas et al.,
2022) and multiple PDZ domain protein (Mpdz), (Feldner et al., 2017;
Yang et al., 2019), which was downregulated in G9a mutant neural
crest descendants (Fig. 1F).
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Stiffness and weakening of the leg muscles are associated with
Dandy-Walker (Stoll et al., 1990). Limb paralysis in G9a mutants
suggests potential involvement of altered development of neural
crest Is//-expressing progenitors. However, the hindlimb skeleton
appeared normal in 4-week-old mutants. Alternatively, limb
paralysis could be secondary to hydrocephalus, with ventricle
dilation leading to oppression of the brain stem (Schmidt and
Ondreka, 2019). Indeed, histological analysis suggests that lateral
ventricle dilation could have pushed the cerebellum towards the
medulla oblongata, which could in turn have pressed the brain stem
down (Fig. 3J).

Identification of G9a targets in Is//-expressing progenitors
contributing to specific heart, brain, limb and eye structures, and
revealing the cellular events affected upon its inactivation is required
to uncover the mechanism of action of G9a. Our findings provide the
basis of such studies and suggest that dysregulation of G9a-controlled
gene expression might contribute to multicomponent diseases
affecting the development of neural crest derivates.

MATERIALS AND METHODS

Mice

All procedures were approved by the Animal Care Committee at the Toronto
Centre for Phenogenomics. The following mouse lines were used: G9a™"
(Sampath et al., 2007), Isl1-Cre (Yang et al., 2006) and ROSA26™7"C
(Muzumdar et al., 2007). Mice were bred in a C57B6 background, and
maintained in vented cages under a 12-h dark-light cycle with ad libitum
access to standard chow (Tekland Global 18% Protein Rodent Diet,
ENVIGO, 491 TD.2918X) and water. Mice were genotyped using the
primers listed in Table S2.

Specimen imaging

Embryos at E10.5 and brains were dissected in cold PBS and immediately
imaged to detect GFP. Brains were dissected in cold PBS and imaged
immediately afterward. Fixed brains were cut sagittally and imaged.
Specimens were imaged under a Nikon SMZ1500 stereo microscope.
Images presented are representative of five specimens per genotype obtained
from different litters.

Immunofluorescence

Tissues were dissected in PBS and preserved by fixing them overnight at
4°C in 4% paraformaldehyde (PFA). They were then washed three times
with PBS for 10 min at room temperature and left in 30% sucrose/PBS at
4°C until they sank to the bottom of the tube. Tissues embedded in O.C.T.
Compound (Tissue-Tek) were then sliced into 4 um frozen sections, which
were mounted on glass slides. The slides were then fixed in 4% PFA for
5 min, followed by three washes with PBS for 5 min each. To prevent
nonspecific binding, the slides were blocked in PBS with 5% goat serum and
0.1% Triton X-100 for 15 min, after which they were incubated overnight at
4°C with primary antibodies in a humidified chamber. After washing the
slides three times with PBS for 10 min each, they were incubated with
secondary antibodies diluted in blocking buffer for 1 h at room temperature.
The slides were then washed three times with PBS for 5 min each and
with PBS containing 0.05% Tween 20 for 5 min. Finally, the slides were
mounted in Vectashield Mounting Medium with DAPI (Vector
Laboratories). Antibodies used were GFP (GeneScript, A01694, 1:1000)
and H3K9me?2 (Cell Signaling Technology, 9753, 1/500). Immunostaining
was performed in sections of three hearts or brains from mice of each
phenotype and collected from different litters.

Cell sorting and qPCR

GFP-positive cells were sorted from embryos incubated in TrypLE Express
(Thermo Fisher Scientific, 12604-013) for 30 min at 37°C for cell
dissociation. After centrifugation, the resulting pellets were then
incubated in 1x Red Blood Cell Lysis Solution (MACS Miltenyi Biotec,
130-094-183) at room temperature for 10 min. Subsequently, the cells were
resuspended in 250 ul Dulbecco’s modified Eagle medium (Wisent,

319-005-CL) containing 1% fetal bovine serum, 1 mM EDTA and
2 ng/ml propidium iodide (Sigma-Aldrich, P4170), which aided in
detecting dead cells. Finally, the cells were sorted using MoFlo-Astrios
BYRYV equipment. To generate cDNA, 10 ng total RNA was processed with
a SuperScript VILO ¢cDNA Synthesis Kit (Thermo Fisher Scientific). For
qPCR, 10 pg cDNA was mixed with SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad). qPCR was run on a CFX384 Touch Real-Time PCR
Detection System (Bio-Rad) using the primers listed in Table S2.

Histology

Brains were dissected in PBS, fixed in 4% paraformaldehyde overnight at
4°C, and washed in PBS 3x for 10 min each at room temperature. Samples
were processed for histology and stained with Hematoxylin and Eosin as
previously described (Roy et al., 2018). Brains were sectioned sagittally
and transversally, and imaged in a 3DHistech Pannoramic Flash II
Slide Scanner. Images of histological sections presented are representative
of three specimens per genotype; mice were from different litters.
Quantification from histological sections was performed unaware of
specimen genotype.

Cardiomyocyte cross-sectional area

Hearts were dissected in PBS, incubated in 30% sucrose overnight at 4°C
and embedded in O.C.T. Compound (Tissue-Tek) for cryosectioning. Then,
4 pm sections were stained with Wheat Germ Agglutinin, Alexa Fluor 594
Conjugate (Invitrogen, W11262) for 10 min and washed 3x for 10 min each
with PBS. Sections were mounted with VECTASHIELD Antifade
Mounting Medium with DAPI (Vector Laboratories) and imaged under a
Nikon Eclipse Ni microscope. Cardiomyocyte cell surface area was
quantified using ImageJ from images of the right and left ventricles. Fifty
cardiomyocytes in three view fields of three different sections from each of
six hearts per genotype were measured.

Micro-computed tomography
E15.5 embryos were dissected and incubated in PBS (minus Ca/Mg) gently
rocking for 10 min at 37°C and then washed twice with PBS before being
fixed in 4% paraformaldehyde overnight at 4°C. Embryos were then stored
in PBS with 0.02% sodium azide at 4°C until stabilization in hydrogel
following the CLARITY method (Chung et al., 2013). Embryos were
immersed in 50 ml of 0.1N iodine standard solution (Fisher Scientific, 1L,
SI86-1) for 24 h on a rotator at room temperature and washed in 50 ml PBS
for 1 h before embedding in 1% regular melting point agarose in 11 mm
centrifuge tubes (Beckman Instruments, Palo Alto, CA, USA). Embryos
were then imaged in a Bruker 1272 micro-computed tomography system
with a 0.5 mm aluminum filter, 100 kV, 100 pA current, with 0.3° steps
around the full embryo. Images were reconstructed at a resolution of 27 pm.
The embryo images were processed through a registration pipeline to
produce an unbiased reference space and an average image representative of
the sample (Friedel et al., 2014; Nieman et al., 2018). Each embryo image
was also individually mapped to an existing embryo atlas using multiple
automatically generated templates (Chakravarty et al., 2013). The
segmentations resulting from this mapping were used for volumetric
analysis. Statistical comparisons of volumes by genotype were completed
using the R statistical computing package (https:/www.r-project.org/) via a
linear model with fixed effect terms for the intercept and for the difference
between genotypes.

Acknowledgements

We thank Paul Paroutis and Kimberly Lau (SickKids Imaging Facility) for help with
microscopy; The Centre for Phenogenomics for state-of-the-art mouse holding and
procedural spaces, along with research support from dedicated animal care and
veterinary professionals; and Sasha Tarakhovski (The Rockefeller University) for
providing the G9a ‘floxed’ mouse line.

Competing interests
The authors declare no competing or financial interests.

Author contributions
Conceptualization: L.C., B.N., P.D.-O.; Methodology: L.C., L.Z., X.Y., A.C., B.N.,
P.D.-O.; Validation: L.C., D.L., X.Y., B.N., P.D.-O.; Formal analysis: L.C., L.Z., D.L.,

7

Biology Open


https://journals.biologists.com/bio/article-lookup/DOI/10.1242/bio.059894
https://journals.biologists.com/bio/article-lookup/DOI/10.1242/bio.059894
https://www.r-project.org/
https://www.r-project.org/

RESEARCH ARTICLE

Biology Open (2023) 12, bio059894. doi:10.1242/bio.059894

X.Y., B.N; Investigation: L.C., L.Z.,, D.L., X.Y., A.C., B.N., P.D.-O.; Resources:
P.D.-O.; Data curation: L.C., D.L., X.Y., B.N., P.D.-O.; Writing - original draft: L.C.,
X.Y., P.D.-O.; Writing - review & editing: B.N., P.D.-O.; Visualization: B.N., P.D.-O;
Supervision: P.D.-O.; Funding acquisition: P.D.-O.

Funding

P.D.-O. is funded by the Canadian Institutes of Health Research (162208, 149046
and 468633). B.N. receives salary support from the Ontario Institute for Cancer
Research through funding provided by the government of Ontario. Open Access
funding provided by The Hospital for Sick Children. Deposited in PMC for immediate
release.

Data availability
All relevant data can be found within the article and its supplementary information.

References

Aldinger, K. A, Lehmann, O. J., Hudgins, L., Chizhikov, V. V., Bassuk, A. G.,
Ades, L. C., Krantz, I. D., Dobyns, W. B. and Millen, K. J. (2009). FOXC1 is
required for normal cerebellar development and is a major contributor to
chromosome 6p25.3 Dandy-Walker malformation. Nat. Genet. 41, 1037-1042.
doi:10.1038/ng.422

Bergmann, M. W. (2010). WNT signaling in adult cardiac hypertrophy and
remodeling: lessons learned from cardiac development. Circ. Res. 107,
1198-1208. doi:10.1161/CIRCRESAHA.110.223768

Blank, M. C., Grinberg, I., Aryee, E., Laliberte, C., Chizhikov, V. V., Henkelman,
R. M. and Millen, K. J. (2011). Multiple developmental programs are altered by
loss of Zic1 and Zic4 to cause Dandy-Walker malformation cerebellar
pathogenesis. Development 138, 1207-1216. doi:10.1242/dev.054114

Bruneau, B. G. (2008). The developmental genetics of congenital heart disease.
Nature 451, 943-948. doi:10.1038/nature06801

Cai, C.-L., Liang, X., Shi, Y., Chu, P.-H., Pfaff, S. L., Chen, J. and Evans, S.
(2003). Isl1 identifies a cardiac progenitor population that proliferates prior to
differentiation and contributes a majority of cells to the heart. Dev. Cell 5, 877-889.
doi:10.1016/S1534-5807(03)00363-0

Cao, X., Pfaff, S. L. and Gage, F. H. (2007). A functional study of miR-124 in the
developing neural tube. Genes Dev. 21, 531-536. doi:10.1101/gad.1519207

Chakravarty, M. M., Steadman, P., Van Eede, M. C., Calcott, R. D., Gu, V., Shaw,
P.,Raznahan, A., Collins, D. L. and Lerch, J. P. (2013). Performing label-fusion-
based segmentation using multiple automatically generated templates. Hum.
Brain Mapp. 34, 2635-2654. doi:10.1002/hbm.22092

Chi, L., Ahmed, A., Roy, A. R., Vuong, S., Cahill, L. S., Caporiccio, L., Sled, J. G.,
Caniggia, |, Wilson, M. D. and Delgado-Olguin, P. (2017). G9a controls
placental vascular maturation by activating the Notch Pathway. Development 144,
1976-1987. doi:10.1242/dev.148916

Chung, K., Wallace, J., Kim, S.-Y., Kalyanasundaram, S., Andalman, A. S.,
Davidson, T. J., Mirzabekov, J. J., Zalocusky, K. A., Mattis, J., Denisin, A. K.
et al. (2013). Structural and molecular interrogation of intact biological systems.
Nature 497, 332-337. doi:10.1038/nature12107

Coban, D., Akin, M. A., Kurtoglu, S., Oktem, S. and Yikilmaz, A. (2010). Dandy-
Walker malformation: a rare association with hypoparathyroidism. Pediatr. Neurol.
43, 439-441. doi:10.1016/j.pediatrneurol.2010.06.006

Creuzet, S., Schuler, B., Couly, G. and Le Douarin, N. M. (2004). Reciprocal
relationships between Fgf8 and neural crest cells in facial and forebrain
development. Proc. Natl. Acad. Sci. USA 101, 4843-4847. doi:10.1073/pnas.
0400869101

Darbro, B. W., Mahajan, V. B., Gakhar, L., Skeie, J. M., Campbell, E., Wu, S.,
Bing, X., Millen, K. J., Dobyns, W. B., Kessler, J. A. et al. (2013). Mutations in
extracellular matrix genes NID1 and LAMC1 cause autosomal dominant Dandy-
Walker malformation and occipital cephaloceles. Hum. Mutat. 34, 1075-1079.
doi:10.1002/humu.22351

Deimling, S. J., Olsen, J. B. and Tropepe, V. (2017). The expanding role of the
Ehmt2/G9a complex in neurodevelopment. Neurogenesis 4, e1316888. doi:10.
1080/23262133.2017.1316888

Di Nora, A., Costanza, G., Pizzo, F., Di Mari, A., Sapuppo, A., Basile, A.,
Fiumara, A. and Pavone, P. (2022). Dandy-Walker malformation and variants:
clinical features and associated anomalies in 28 affected children-a single
retrospective study and a review of the literature. Acta. Neurol. Belg. 123, 903-909.
doi:10.1007/s13760-022-02059-z

Engleka, K. A., Manderfield, L. J., Brust, R. D., Li, L., Cohen, A., Dymecki, S. M.
and Epstein, J. A. (2012). Islet1 derivatives in the heart are of both neural crest
and second heart field origin. Circ. Res. 110, 922-926. doi:10.1161/
CIRCRESAHA.112.266510

Feldner, A., Adam, M. G., Tetzlaff, F., Moll, I., Komljenovic, D., Sahm, F.,
Bauerle, T., Ishikawa, H., Schroten, H., Korff, T. et al. (2017). Loss of Mpdz
impairs ependymal cell integrity leading to perinatal-onset hydrocephalus in mice.
EMBO Mol. Med. 9, 890-905. doi:10.15252/emmm.201606430

Fiszbein, A., Giono, L. E., Quaglino, A., Berardino, B. G., Sigaut, L., von
Bilderling, C., Schor, I. E., Steinberg, J. H., Rossi, M., Pietrasanta, L. I. et al.

(2016). Alternative splicing of G9a regulates neuronal differentiation. Cell Rep. 14,
2797-2808. doi:10.1016/j.celrep.2016.02.063

Friedel, M., Van Eede, M. C., Pipitone, J., Chakravarty, M. M. and Lerch, J. P.
(2014). Pydpiper: a flexible toolkit for constructing novel registration pipelines.
Front. Neuroinform. 8, 67. doi:10.3389/fninf.2014.00067

Garcia-Dominguez, D. J., Hajji, N., Lopez-Alemany, R., Sanchez-Molina, S.,
Figuerola-Bou, E., Moron Civanto, F. J., Rello-Varona, S., Andres-Leon, E.,
Benito, A., Keun, H. C. et al. (2022). Selective histone methyltransferase G9a
inhibition reduces metastatic development of Ewing sarcoma through the
epigenetic regulation of NEU1. Oncogene 41, 2638-2650. doi:10.1038/s41388-
022-02279-w

George, R. M., Maldonado-Velez, G. and Firulli, A. B. (2020). The heart of the
neural crest: cardiac neural crest cells in development and regeneration.
Development 147, dev188706. doi:10.1242/dev.188706

Gillnas, S., Gallini, R., He, L., Betsholtz, C. and Andrae, J. (2022). Severe
cerebellar malformations in mutant mice demonstrate a role for PDGF-C/
PDGFRalpha signalling in cerebellar development. Biol. Open 11, bio059431.
doi:10.1242/bi0.059431

Haebe, J. R., Bergin, C. J., Sandouka, T. and Benoit, Y. D. (2021). Emerging role
of G9a in cancer stemness and promises as a therapeutic target. Oncogenesis 10,
76. doi:10.1038/s41389-021-00370-7

Haldipur, P., Gillies, G. S., Janson, O. K., Chizhikov, V. V., Mithal, D. S., Miller,
R. J. and Millen, K. J. (2014). Foxc1 dependent mesenchymal signalling drives
embryonic cerebellar growth. Elife 3, €03962. doi:10.7554/eLife.03962.013

Heude, E., Bellessort, B., Fontaine, A., Hamazaki, M., Treier, A. C., Treier, M.,
Levi, G. and Narboux-Neme, N. (2015). Etiology of craniofacial malformations in
mouse models of blepharophimosis, ptosis and epicanthus inversus syndrome.
Hum. Mol. Genet. 24, 1670-1681. doi:10.1093/hmg/ddu579

Higashihori, N., Lehnertz, B., Sampaio, A., Underhill, T. M., Rossi, F. and
Richman, J. M. (2017). Methyltransferase G9A regulates osteogenesis via twist
gene repression. J. Dent. Res. 96, 1136-1144. doi:10.1177/0022034517716438

Hou, Q. Q,, Xiao, Q., Sun, X. Y., Ju, X. C. and Luo, Z. G. (2021). TBC1D3 promotes
neural progenitor proliferation by suppressing the histone methyltransferase G9a.
Sci. Adv. 7, eaba8053. doi:10.1126/sciadv.aba8053

Huong, T. T., Goldbatt, E. and Simpson, D. A. (1975). Dandy-Walker syndrome
associated with congenital heart defects: report of three cases. Dev. Med. Child
Neurol. Suppl. 35-41. doi:10.1111/j.1469-8749.1975.tb03577 .x

Ideno, H., Nakashima, K., Komatsu, K., Araki, R., Abe, M., Arai, Y., Kimura, H.,
Shinkai, Y., Tachibana, M. and Nifuji, A. (2020). G9a is involved in the regulation
of cranial bone formation through activation of Runx2 function during
development. Bone 137, 115332. doi:10.1016/j.bone.2020.115332

Inagawa, M., Nakajima, K., Makino, T., Ogawa, S., Kojima, M., Ito, S., lkenishi,
A., Hayashi, T., Schwartz, R. J., Nakamura, K. et al. (2013). Histone H3 lysine 9
methyltransferases, G9a and GLP are essential for cardiac morphogenesis.
Mech. Dev. 130, 519-531. doi:10.1016/j.mod.2013.07.002

Katoh, K., Yamazaki, R., Onishi, A., Sanuki, R. and Furukawa, T. (2012). G9a
histone methyltransferase activity in retinal progenitors is essential for proper
differentiation and survival of mouse retinal cells. J. Neurosci. 32, 17658-17670.
doi:10.1523/JNEUROSCI.1869-12.2012

Kim, H. T, Jeong, S. G. and Cho, G. W. (2016). G9a inhibition promotes neuronal
differentiation of human bone marrow mesenchymal stem cells through the
transcriptional induction of RE-1 containing neuronal specific genes. Neurochem.
Int. 96, 77-83. doi:10.1016/j.neuint.2016.03.002

Kurdi, M. E., Chamsi-Pasha, M. A., Baeesa, S. S. and Jan, M. M. (2009). Dandy
Walker malformation and hypertrophic cardiomyopathy. Unusual fatal
association. Neurosciences 14, 368-370.

Lim, B.C., Park, W. Y., Seo, E. J., Kim, K. J., Hwang, Y. S. and Chae, J. H. (2011).
De novo interstitial deletion of 3922.3-925.2 encompassing FOXL2, ATR, ZIC1,
and ZIC4 in a patient with blepharophimosis/ptosis/epicanthus inversus
syndrome, Dandy-Walker malformation, and global developmental delay.
J. Child Neurol. 26, 615-618. doi:10.1177/0883073810384996

Mabe, N. W, Garcia, N. M. G., Wolery, S. E., Newcomb, R., Meingasner, R. C.,
Vilona, B. A, Lupo, R,, Lin, C. C., Chi, J. T. and Alvarez, J. V. (2020). G9a
promotes breast cancer recurrence through repression of a pro-inflammatory
program. Cell Rep. 33, 108341. doi:10.1016/j.celrep.2020.108341

Miyamoto, M., Kannan, S., Anderson, M. J., Liu, X., Suh, D., Htet, M., Li, B.,
Kakani, T., Murphy, S., Tampakakis, E. et al. (2023). Cardiac progenitors
instruct second heart field fate through Wnts. Proc. Natl. Acad. Sci. USA 120,
€2217687120. doi:10.1073/pnas.2217687120

Moretti, A., Caron, L., Nakano, A., Lam, J. T., Bernshausen, A., Chen, Y., Qyang,
Y., Bu, L., Sasaki, M., Martin-Puig, S. et al. (2006). Multipotent embryonic isl1+
progenitor cells lead to cardiac, smooth muscle, and endothelial cell
diversification. Cell 127, 1151-1165. doi:10.1016/j.cell.2006.10.029

Muzumdar, M. D., Tasic, B., Miyamichi, K., Li, L. and Luo, L. (2007). A global
double-fluorescent Cre reporter mouse. Genesis 45, 593-605. doi:10.1002/dvg.
20335

Narkis, G., Tzchori, I., Cohen, T., Holtz, A., Wier, E. and Westphal, H. (2012). Is|1
and Ldb co-regulators of transcription are essential early determinants of mouse
limb development. Dev. Dyn. 241, 787-791. doi:10.1002/dvdy.23761

c
@
o

o)
>
(o)

i

§e

@



https://journals.biologists.com/bio/article-lookup/DOI/10.1242/bio.059894#supplementary-data
https://doi.org/10.1038/ng.422
https://doi.org/10.1038/ng.422
https://doi.org/10.1038/ng.422
https://doi.org/10.1038/ng.422
https://doi.org/10.1038/ng.422
https://doi.org/10.1161/CIRCRESAHA.110.223768
https://doi.org/10.1161/CIRCRESAHA.110.223768
https://doi.org/10.1161/CIRCRESAHA.110.223768
https://doi.org/10.1242/dev.054114
https://doi.org/10.1242/dev.054114
https://doi.org/10.1242/dev.054114
https://doi.org/10.1242/dev.054114
https://doi.org/10.1038/nature06801
https://doi.org/10.1038/nature06801
https://doi.org/10.1016/S1534-5807(03)00363-0
https://doi.org/10.1016/S1534-5807(03)00363-0
https://doi.org/10.1016/S1534-5807(03)00363-0
https://doi.org/10.1016/S1534-5807(03)00363-0
https://doi.org/10.1101/gad.1519207
https://doi.org/10.1101/gad.1519207
https://doi.org/10.1002/hbm.22092
https://doi.org/10.1002/hbm.22092
https://doi.org/10.1002/hbm.22092
https://doi.org/10.1002/hbm.22092
https://doi.org/10.1242/dev.148916
https://doi.org/10.1242/dev.148916
https://doi.org/10.1242/dev.148916
https://doi.org/10.1242/dev.148916
https://doi.org/10.1038/nature12107
https://doi.org/10.1038/nature12107
https://doi.org/10.1038/nature12107
https://doi.org/10.1038/nature12107
https://doi.org/10.1016/j.pediatrneurol.2010.06.006
https://doi.org/10.1016/j.pediatrneurol.2010.06.006
https://doi.org/10.1016/j.pediatrneurol.2010.06.006
https://doi.org/10.1073/pnas.0400869101
https://doi.org/10.1073/pnas.0400869101
https://doi.org/10.1073/pnas.0400869101
https://doi.org/10.1073/pnas.0400869101
https://doi.org/10.1002/humu.22351
https://doi.org/10.1002/humu.22351
https://doi.org/10.1002/humu.22351
https://doi.org/10.1002/humu.22351
https://doi.org/10.1002/humu.22351
https://doi.org/10.1080/23262133.2017.1316888
https://doi.org/10.1080/23262133.2017.1316888
https://doi.org/10.1080/23262133.2017.1316888
https://doi.org/10.1007/s13760-022-02059-z
https://doi.org/10.1007/s13760-022-02059-z
https://doi.org/10.1007/s13760-022-02059-z
https://doi.org/10.1007/s13760-022-02059-z
https://doi.org/10.1007/s13760-022-02059-z
https://doi.org/10.1161/CIRCRESAHA.112.266510
https://doi.org/10.1161/CIRCRESAHA.112.266510
https://doi.org/10.1161/CIRCRESAHA.112.266510
https://doi.org/10.1161/CIRCRESAHA.112.266510
https://doi.org/10.15252/emmm.201606430
https://doi.org/10.15252/emmm.201606430
https://doi.org/10.15252/emmm.201606430
https://doi.org/10.15252/emmm.201606430
https://doi.org/10.1016/j.celrep.2016.02.063
https://doi.org/10.1016/j.celrep.2016.02.063
https://doi.org/10.1016/j.celrep.2016.02.063
https://doi.org/10.1016/j.celrep.2016.02.063
https://doi.org/10.3389/fninf.2014.00067
https://doi.org/10.3389/fninf.2014.00067
https://doi.org/10.3389/fninf.2014.00067
https://doi.org/10.1038/s41388-022-02279-w
https://doi.org/10.1038/s41388-022-02279-w
https://doi.org/10.1038/s41388-022-02279-w
https://doi.org/10.1038/s41388-022-02279-w
https://doi.org/10.1038/s41388-022-02279-w
https://doi.org/10.1038/s41388-022-02279-w
https://doi.org/10.1242/dev.188706
https://doi.org/10.1242/dev.188706
https://doi.org/10.1242/dev.188706
https://doi.org/10.1242/bio.059431
https://doi.org/10.1242/bio.059431
https://doi.org/10.1242/bio.059431
https://doi.org/10.1242/bio.059431
https://doi.org/10.1038/s41389-021-00370-7
https://doi.org/10.1038/s41389-021-00370-7
https://doi.org/10.1038/s41389-021-00370-7
https://doi.org/10.7554/eLife.03962.013
https://doi.org/10.7554/eLife.03962.013
https://doi.org/10.7554/eLife.03962.013
https://doi.org/10.1093/hmg/ddu579
https://doi.org/10.1093/hmg/ddu579
https://doi.org/10.1093/hmg/ddu579
https://doi.org/10.1093/hmg/ddu579
https://doi.org/10.1177/0022034517716438
https://doi.org/10.1177/0022034517716438
https://doi.org/10.1177/0022034517716438
https://doi.org/10.1126/sciadv.aba8053
https://doi.org/10.1126/sciadv.aba8053
https://doi.org/10.1126/sciadv.aba8053
https://doi.org/10.1111/j.1469-8749.1975.tb03577.x
https://doi.org/10.1111/j.1469-8749.1975.tb03577.x
https://doi.org/10.1111/j.1469-8749.1975.tb03577.x
https://doi.org/10.1016/j.bone.2020.115332
https://doi.org/10.1016/j.bone.2020.115332
https://doi.org/10.1016/j.bone.2020.115332
https://doi.org/10.1016/j.bone.2020.115332
https://doi.org/10.1016/j.mod.2013.07.002
https://doi.org/10.1016/j.mod.2013.07.002
https://doi.org/10.1016/j.mod.2013.07.002
https://doi.org/10.1016/j.mod.2013.07.002
https://doi.org/10.1523/JNEUROSCI.1869-12.2012
https://doi.org/10.1523/JNEUROSCI.1869-12.2012
https://doi.org/10.1523/JNEUROSCI.1869-12.2012
https://doi.org/10.1523/JNEUROSCI.1869-12.2012
https://doi.org/10.1016/j.neuint.2016.03.002
https://doi.org/10.1016/j.neuint.2016.03.002
https://doi.org/10.1016/j.neuint.2016.03.002
https://doi.org/10.1016/j.neuint.2016.03.002
https://doi.org/10.1177/0883073810384996
https://doi.org/10.1177/0883073810384996
https://doi.org/10.1177/0883073810384996
https://doi.org/10.1177/0883073810384996
https://doi.org/10.1177/0883073810384996
https://doi.org/10.1016/j.celrep.2020.108341
https://doi.org/10.1016/j.celrep.2020.108341
https://doi.org/10.1016/j.celrep.2020.108341
https://doi.org/10.1016/j.celrep.2020.108341
https://doi.org/10.1073/pnas.2217687120
https://doi.org/10.1073/pnas.2217687120
https://doi.org/10.1073/pnas.2217687120
https://doi.org/10.1073/pnas.2217687120
https://doi.org/10.1016/j.cell.2006.10.029
https://doi.org/10.1016/j.cell.2006.10.029
https://doi.org/10.1016/j.cell.2006.10.029
https://doi.org/10.1016/j.cell.2006.10.029
https://doi.org/10.1002/dvg.20335
https://doi.org/10.1002/dvg.20335
https://doi.org/10.1002/dvg.20335
https://doi.org/10.1002/dvdy.23761
https://doi.org/10.1002/dvdy.23761
https://doi.org/10.1002/dvdy.23761

RESEARCH ARTICLE

Biology Open (2023) 12, bio059894. doi:10.1242/bio.059894

Nathan, E., Monovich, A., Tirosh-Finkel, L., Harrelson, Z., Rousso, T., Rinon, A.,
Harel, 1., Evans, S. M. and Tzahor, E. (2008). The contribution of Islet1-
expressing splanchnic mesoderm cells to distinct branchiomeric muscles reveals
significant heterogeneity in head muscle development. Development 135,
647-657. doi:10.1242/dev.007989

Nieman, B. J., Van Eede, M. C., Spring, S., Dazai, J., Henkelman, R. M. and
Lerch, J. P. (2018). MRI to assess neurological function. Curr. Protoc. Mouse
Biol. 8, e44. doi:10.1002/cpmo.44

Olsen, J. B., Wong, L., Deimling, S., Miles, A., Guo, H., Li, Y., Zhang, Z,,
Greenblatt, J. F., Emili, A. and Tropepe, V. (2016). G9a and ZNF644 physically
associate to suppress progenitor gene expression during neurogenesis. Stem
Cell Reports 7, 454-470. doi:10.1016/j.stemcr.2016.06.012

Olson, G. S., Halpe, D. C., Kaplan, A. M. and Spataro, J. (1981). Dandy-Walker
malformation and associated cardiac anomalies. Childs Brain 8, 173-180. doi:10.
1159/000119981

Padeken, J., Methot, S. P. and Gasser, S. M. (2022). Establishment of H3K9-
methylated heterochromatin and its functions in tissue differentiation and
maintenance. Nat. Rev. Mol. Cell Biol. 23, 623-640. doi:10.1038/s41580-022-
00483-w

Pal, A., Leung, J.Y.,Ang, G. C.K,, Rao, V. K., Pignata, L., Lim, H. J., Hebrard, M.,
Chang, K. T., Lee, V. K., Guccione, E. et al. (2020). EHMT2 epigenetically
suppresses Wnt signaling and is a potential target in embryonal
rhabdomyosarcoma. Elife 9, €57683. doi:10.7554/eLife.57683.sa2

Pan, L., Deng, M., Xie, X. and Gan, L. (2008). ISL1 and BRN3B co-regulate the
differentiation of murine retinal ganglion cells. Development 135, 1981-1990.
doi:10.1242/dev.010751

Papait, R., Serio, S., Pagiatakis, C., Rusconi, F., Carullo, P., Mazzola, M.,
Salvarani, N., Miragoli, M. and Condorelli, G. (2017). Histone methyltransferase
G9a is required for cardiomyocyte homeostasis and hypertrophy. Circulation 136,
1233-1246. doi:10.1161/CIRCULATIONAHA.117.028561

Pfaff, S. L., Mendelsohn, M., Stewart, C. L., Edlund, T. and Jessell, T. M. (1996).
Requirement for LIM homeobox gene Isl1 in motor neuron generation reveals a
motor neuron-dependent step in interneuron differentiation. Cell 84, 309-320.
doi:10.1016/S0092-8674(00)80985-X

Plouhinec, J. L., Roche, D. D., Pegoraro, C., Figueiredo, A. L., Maczkowiak, F.,
Brunet, L. J., Milet, C., Vert, J. P., Pollet, N., Harland, R. M. et al. (2014). Pax3
and Zic1 trigger the early neural crest gene regulatory network by the direct
activation of multiple key neural crest specifiers. Dev. Biol. 386, 461-472. doi:10.
1016/j.ydbio.2013.12.010

Roy, A. R., Ahmed, A, Distefano, P. V., Chi, L., Khyzha, N., Galjart, N., Wilson,
M. D., Fish, J. E. and Delgado-Olguin, P. (2018). The transcriptional regulator
CCCTC-binding factor limits oxidative stress in endothelial cells. J. Biol. Chem.
293, 8449-8461. doi:10.1074/jbc.M117.814699

Sampath, S. C., Marazzi, |., Yap, K. L., Sampath, S. C., Krutchinsky, A. N.,
Mecklenbrauker, I., Viale, A., Rudensky, E., Zhou, M.-M., Chait, B. T. et al.
(2007). Methylation of a histone mimic within the histone methyltransferase G9a
regulates protein complex assembly. Mol. Cell 27, 596-608. doi:10.1016/j.molcel.
2007.06.026

Sasaki-Adams, D., Elbabaa, S. K., Jewells, V., Carter, L., Campbell, J. W. and
Ritter, A. M. (2008). The Dandy-Walker variant: a case series of 24 pediatric
patients and evaluation of associated anomalies, incidence of hydrocephalus,
and developmental outcomes. J. Neurosurg. Pediatr. 2, 194-199. doi:10.3171/
PED/2008/2/9/194

Schaefer, A., Sampath, S. C., Intrator, A., Min, A., Gertler, T. S., Surmeier, D. J.,
Tarakhovsky, A. and Greengard, P. (2009). Control of cognition and adaptive
behavior by the GLP/G9a epigenetic suppressor complex. Neuron 64, 678-691.
doi:10.1016/j.neuron.2009.11.019

Schmidt, M. and Ondreka, N. (2019). Hydrocephalus in animals. Pediatric
Hydrocephalus 53-95. doi:10.1007/978-3-319-27250-4_36

Schulz, T. J., Glaubitz, M., Kuhlow, D., Thierbach, R., Birringer, M., Steinberg,
P., Pfeiffer, A. F. and Ristow, M. (2007). Variable expression of Cre recombinase
transgenes precludes reliable prediction of tissue-specific gene disruption by tail-
biopsy genotyping. PLoS One 2, e1013. doi:10.1371/journal.pone.0001013

Seo, S. and Kume, T. (2006). Forkhead transcription factors, Foxc1 and Foxc2, are
required for the morphogenesis of the cardiac outflow tract. Dev. Biol. 296,
421-436. doi:10.1016/j.ydbio.2006.06.012

Squires, L. A., Dieffenbach, A. Z. and Betz, B. W. (1998). Three malformation
complexes related to neural crest development. Brain Dev. 20, 183-185. doi:10.
1016/S0387-7604(98)00013-8

Stambolliu, E., loakeim-loannidou, M., Kontokostas, K., Dakoutrou, M. and
Kousoulis, A. A. (2017). The most common comorbidities in dandy-walker

syndrome patients: a systematic review of case reports. J. Child Neurol. 32,
886-902. doi:10.1177/0883073817712589

Stevens, C. A. and Lachman, R. S. (2010). New lethal skeletal dysplasia with
Dandy-Walker malformation, congenital heart defects, abnormal thumbs,
hypoplastic genitalia, and distinctive facies. Am. J. Med. Genet. A 152A,
1915-1918. doi:10.1002/ajmg.a.33488

Stoll, C., Huber, C., Alembik, Y., Terrade, E. and Maitrot, D. (1990). Dandy-Walker
variant malformation, spastic paraplegia, and mental retardation in two sibs.
Am. J. Med. Genet. 37, 124-127. doi:10.1002/ajmg.1320370129

Tachibana, M., Sugimoto, K., Fukushima, T. and Shinkai, Y. (2001). Set domain-
containing protein, G9a, is a novel lysine-preferring mammalian histone
methyltransferase with hyperactivity and specific selectivity to lysines 9 and 27
of histone H3. J. Biol. Chem. 276, 25309-25317. doi:10.1074/jbc.M101914200

Tachibana, M., Sugimoto, K., Nozaki, M., Ueda, J., Ohta, T., Ohki, M., Fukuda,
M., Takeda, N., Niida, H., Kato, H. et al. (2002). G9a histone methyltransferase
plays a dominant role in euchromatic histone H3 lysine 9 methylation and is
essential for early embryogenesis. Genes Dev. 16, 1779-1791. doi:10.1101/gad.
989402

Tachibana, M., Ueda, J., Fukuda, M., Takeda, N., Ohta, T., Iwanari, H., Sakihama,
T., Kodama, T., Hamakubo, T. and Shinkai, Y. (2005). Histone
methyltransferases G9a and GLP form heteromeric complexes and are both
crucial for methylation of euchromatin at H3-K9. Genes Dev. 19, 815-826. doi:10.
1101/gad.1284005

Takahashi, Y., Sipp, D. and Enomoto, H. (2013). Tissue interactions in neural crest
cell development and disease. Science 341, 860-863. doi:10.1126/science.
1230717

Wang, J., Xu, H., Ge, S., Xue, C., Li, H., Jing, X., Liang, K., Zhang, X. and Zhang,
C. (2021). EHMT2 (G9a) activation in mantle cell lymphoma and its associated
DNA methylation and gene expression. Cancer Biol. Med. 19, 836-849. doi:10.
20892/j.issn.2095-3941.2020.0371

Wilson, C., Giono, L. E., Rozes-Salvador, V., Fiszbein, A., Kornblihtt, A. R. and
Caceres, A. (2020). The histone methyltransferase G9a controls axon growth by
targeting the rhoa signaling pathway. Cell. Rep. 31, 107639. doi:10.1016/j.celrep.
2020.107639

Wong, M. D., Spring, S. and Henkelman, R. M. (2013). Structural stabilization of
tissue for embryo phenotyping using micro-CT with iodine staining. PLoS One 8,
e€84321. doi:10.1371/journal.pone.0084321

Xu, J., Liu, Z. and Ornitz, D. M. (2000). Temporal and spatial gradients of Fgf8 and
Fgf17 regulate proliferation and differentiation of midline cerebellar structures.
Development 127, 1833-1843. doi:10.1242/dev.127.9.1833

Yang, L., Cai, C.-L., Lin, L., Qyang, Y., Chung, C., Monteiro, R. M., Mummery,
C.L.,Fishman, G. 1., Cogen, A. and Evans, S. (2006). Is|1Cre reveals acommon
Bmp pathway in heart and limb development. Development 133, 1575-1585.
doi:10.1242/dev.02322

Yang, C.-A,, Chou, I.-C., Cho, D.-Y,, Lin, C.-Y., Huang, H.-Y., Ho, Y.-C., Liu, T.-Y.,
Li, Y.-H. and Chang, J.-G. (2018). Whole exome sequencing in Dandy-Walker
variant with intellectual disability reveals an activating CIP2A mutation as novel
genetic cause. Neurogenetics 19, 157-163. doi:10.1007/s10048-018-0548-6

Yang, J., Simonneau, C., Kilker, R., Oakley, L., Byrne, M. D., Nichtova, Z.,
Stefanescu, ., Pardeep-Kumar, F., Tripathi, S., Londin, E. et al. (2019). Murine
MPDZ-linked hydrocephalus is caused by hyperpermeability of the choroid
plexus. EMBO Mol. Med. 11, €9540. doi:10.15252/emmm.201809540

Zanni, G., Barresi, S., Travaglini, L., Bernardini, L., Rizza, T., Digilio, M. C.,
Mercuri, E., Cianfarani, S., Valeriani, M., Ferraris, A. et al. (2011). FGF17, a
gene involved in cerebellar development, is downregulated in a patient with
Dandy-Walker malformation carrying a de novo 8p deletion. Neurogenetics 12,
241-245. doi:10.1007/s10048-011-0283-8

Zhang, K., Wang, J., Yang, L., Yuan, Y.-C., Tong, T. R., Wu, J., Yun, X., Bonner,
M., Pangeni, R., Liu, Z. et al. (2018). Targeting histone methyltransferase G9a
inhibits growth and Wnt signaling pathway by epigenetically regulating HP1alpha
and APC2 gene expression in non-small cell lung cancer. Mol. Cancer 17, 153.
doi:10.1186/s12943-018-0896-8

Zhuang, S., Zhang, Q., Zhuang, T., Evans, S. M,, Liang, X. and Sun, Y. (2013).
Expression of Isl1 during mouse development. Gene Expr. Patterns 13, 407-412.
doi:10.1016/j.gep.2013.07.001

Zylicz, J. J., Borensztein, M., Wong, F. C., Huang, Y., Lee, C., Dietmann, S. and
Surani, M. A. (2018). G9a regulates temporal preimplantation developmental
program and lineage segregation in blastocyst. Elife 7, €33361. doi:10.7554/eLife.
33361.026

c
@
o

o)
>
(o)

i

§e

@



https://doi.org/10.1242/dev.007989
https://doi.org/10.1242/dev.007989
https://doi.org/10.1242/dev.007989
https://doi.org/10.1242/dev.007989
https://doi.org/10.1242/dev.007989
https://doi.org/10.1002/cpmo.44
https://doi.org/10.1002/cpmo.44
https://doi.org/10.1002/cpmo.44
https://doi.org/10.1016/j.stemcr.2016.06.012
https://doi.org/10.1016/j.stemcr.2016.06.012
https://doi.org/10.1016/j.stemcr.2016.06.012
https://doi.org/10.1016/j.stemcr.2016.06.012
https://doi.org/10.1159/000119981
https://doi.org/10.1159/000119981
https://doi.org/10.1159/000119981
https://doi.org/10.1038/s41580-022-00483-w
https://doi.org/10.1038/s41580-022-00483-w
https://doi.org/10.1038/s41580-022-00483-w
https://doi.org/10.1038/s41580-022-00483-w
https://doi.org/10.7554/eLife.57683.sa2
https://doi.org/10.7554/eLife.57683.sa2
https://doi.org/10.7554/eLife.57683.sa2
https://doi.org/10.7554/eLife.57683.sa2
https://doi.org/10.1242/dev.010751
https://doi.org/10.1242/dev.010751
https://doi.org/10.1242/dev.010751
https://doi.org/10.1161/CIRCULATIONAHA.117.028561
https://doi.org/10.1161/CIRCULATIONAHA.117.028561
https://doi.org/10.1161/CIRCULATIONAHA.117.028561
https://doi.org/10.1161/CIRCULATIONAHA.117.028561
https://doi.org/10.1016/S0092-8674(00)80985-X
https://doi.org/10.1016/S0092-8674(00)80985-X
https://doi.org/10.1016/S0092-8674(00)80985-X
https://doi.org/10.1016/S0092-8674(00)80985-X
https://doi.org/10.1016/j.ydbio.2013.12.010
https://doi.org/10.1016/j.ydbio.2013.12.010
https://doi.org/10.1016/j.ydbio.2013.12.010
https://doi.org/10.1016/j.ydbio.2013.12.010
https://doi.org/10.1016/j.ydbio.2013.12.010
https://doi.org/10.1074/jbc.M117.814699
https://doi.org/10.1074/jbc.M117.814699
https://doi.org/10.1074/jbc.M117.814699
https://doi.org/10.1074/jbc.M117.814699
https://doi.org/10.1016/j.molcel.2007.06.026
https://doi.org/10.1016/j.molcel.2007.06.026
https://doi.org/10.1016/j.molcel.2007.06.026
https://doi.org/10.1016/j.molcel.2007.06.026
https://doi.org/10.1016/j.molcel.2007.06.026
https://doi.org/10.3171/PED/2008/2/9/194
https://doi.org/10.3171/PED/2008/2/9/194
https://doi.org/10.3171/PED/2008/2/9/194
https://doi.org/10.3171/PED/2008/2/9/194
https://doi.org/10.3171/PED/2008/2/9/194
https://doi.org/10.1016/j.neuron.2009.11.019
https://doi.org/10.1016/j.neuron.2009.11.019
https://doi.org/10.1016/j.neuron.2009.11.019
https://doi.org/10.1016/j.neuron.2009.11.019
https://doi.org/10.1007/978-3-319-27250-4_36
https://doi.org/10.1007/978-3-319-27250-4_36
https://doi.org/10.1371/journal.pone.0001013
https://doi.org/10.1371/journal.pone.0001013
https://doi.org/10.1371/journal.pone.0001013
https://doi.org/10.1371/journal.pone.0001013
https://doi.org/10.1016/j.ydbio.2006.06.012
https://doi.org/10.1016/j.ydbio.2006.06.012
https://doi.org/10.1016/j.ydbio.2006.06.012
https://doi.org/10.1016/S0387-7604(98)00013-8
https://doi.org/10.1016/S0387-7604(98)00013-8
https://doi.org/10.1016/S0387-7604(98)00013-8
https://doi.org/10.1177/0883073817712589
https://doi.org/10.1177/0883073817712589
https://doi.org/10.1177/0883073817712589
https://doi.org/10.1177/0883073817712589
https://doi.org/10.1002/ajmg.a.33488
https://doi.org/10.1002/ajmg.a.33488
https://doi.org/10.1002/ajmg.a.33488
https://doi.org/10.1002/ajmg.a.33488
https://doi.org/10.1002/ajmg.1320370129
https://doi.org/10.1002/ajmg.1320370129
https://doi.org/10.1002/ajmg.1320370129
https://doi.org/10.1074/jbc.M101914200
https://doi.org/10.1074/jbc.M101914200
https://doi.org/10.1074/jbc.M101914200
https://doi.org/10.1074/jbc.M101914200
https://doi.org/10.1101/gad.989402
https://doi.org/10.1101/gad.989402
https://doi.org/10.1101/gad.989402
https://doi.org/10.1101/gad.989402
https://doi.org/10.1101/gad.989402
https://doi.org/10.1101/gad.1284005
https://doi.org/10.1101/gad.1284005
https://doi.org/10.1101/gad.1284005
https://doi.org/10.1101/gad.1284005
https://doi.org/10.1101/gad.1284005
https://doi.org/10.1126/science.1230717
https://doi.org/10.1126/science.1230717
https://doi.org/10.1126/science.1230717
https://doi.org/10.20892/j.issn.2095-3941.2020.0371
https://doi.org/10.20892/j.issn.2095-3941.2020.0371
https://doi.org/10.20892/j.issn.2095-3941.2020.0371
https://doi.org/10.20892/j.issn.2095-3941.2020.0371
https://doi.org/10.1016/j.celrep.2020.107639
https://doi.org/10.1016/j.celrep.2020.107639
https://doi.org/10.1016/j.celrep.2020.107639
https://doi.org/10.1016/j.celrep.2020.107639
https://doi.org/10.1371/journal.pone.0084321
https://doi.org/10.1371/journal.pone.0084321
https://doi.org/10.1371/journal.pone.0084321
https://doi.org/10.1242/dev.127.9.1833
https://doi.org/10.1242/dev.127.9.1833
https://doi.org/10.1242/dev.127.9.1833
https://doi.org/10.1242/dev.02322
https://doi.org/10.1242/dev.02322
https://doi.org/10.1242/dev.02322
https://doi.org/10.1242/dev.02322
https://doi.org/10.1007/s10048-018-0548-6
https://doi.org/10.1007/s10048-018-0548-6
https://doi.org/10.1007/s10048-018-0548-6
https://doi.org/10.1007/s10048-018-0548-6
https://doi.org/10.15252/emmm.201809540
https://doi.org/10.15252/emmm.201809540
https://doi.org/10.15252/emmm.201809540
https://doi.org/10.15252/emmm.201809540
https://doi.org/10.1007/s10048-011-0283-8
https://doi.org/10.1007/s10048-011-0283-8
https://doi.org/10.1007/s10048-011-0283-8
https://doi.org/10.1007/s10048-011-0283-8
https://doi.org/10.1007/s10048-011-0283-8
https://doi.org/10.1186/s12943-018-0896-8
https://doi.org/10.1186/s12943-018-0896-8
https://doi.org/10.1186/s12943-018-0896-8
https://doi.org/10.1186/s12943-018-0896-8
https://doi.org/10.1186/s12943-018-0896-8
https://doi.org/10.1016/j.gep.2013.07.001
https://doi.org/10.1016/j.gep.2013.07.001
https://doi.org/10.1016/j.gep.2013.07.001
https://doi.org/10.7554/eLife.33361.026
https://doi.org/10.7554/eLife.33361.026
https://doi.org/10.7554/eLife.33361.026
https://doi.org/10.7554/eLife.33361.026

