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Editorial on the Research Topic

17th Spanish Society for Developmental Biology Meeting: New Trends in Developmental
Biology

The Spanish Society for Developmental Biology organized its 17th meeting in November 2020. The
meeting, organized by CIC bioGUNE, the University of the Basque Country and the University of
Cantabria, gathered about 280 registrants and received 132 scientific abstracts. Participants ranged
from undergraduate to senior researchers, with a broad participation of Ph.D. students. The meeting
was organized in 8 sessions: Growth and Scaling, Self-organization, Neurodevelopment, Genomes,
Cell Biology, Development and Disease, Evo-Devo and Regeneration (Aratjo et al., 2021). These
sessions focused on the new tendencies in Developmental Biology research and, based on the science
presented there, we organized this special issue on The 17th Edition of the Spanish Society for
Developmental Biology Meeting: New Trends in Developmental Biology. This collection of articles
gathers several scientific contributions in this area, featuring collaborative and interdisciplinary
approaches among developmental biologists.

With the focus on organogenesis and gene regulation, our selected content embraces novel
discoveries on muscle development, regeneration and the transcriptional control and role of
miRNAs in development, while highlighting advances in organogenesis and gonadal development.

Original research articles include works on ear morphogenesis, where Duran-Alonso et al. show
that Meis2 is essential for inner ear formation, providing an entry point to the network underlying
proper cochlear coiling. Muscle morphogenesis is approached in a report by Pérez-Moreno et al.,
reporting that the interaction between laminins and the proteoglycan Kon-tiki/Perdido controls both
myotube migration and attachment during Drosophila myogenesis. Garcia-Padilla et al., study the
role of Bmp- and Fgf signaling in the modulation of mouse proepicardium cell fate and propose that
species-specific differences regulate proepicardial/septum transversum cardiomyogenic lineage
commitment. Muscle satellite cell origin and heterogeneity in the context of muscle regeneration
is reviewed by Rodriguez-Outeirifio et al, who summarize works supporting the different
developmental origins of satellite cells.

Planarian regeneration is tackled by Coronel-Cérdoba et al., who study the involvement of FoxK1
transcription factor in ectodermal tissues and report on its involvement neural and epidermal tissue
regeneration.

Organogenesis is the subject of more research reported in this issue. Camacho-Macorra et al.
analyze the involvement of the Hedgehog pathway in craniofacial development, by studying Mosmo,
a modulator of the pathway. Inactivation of the two zebrafish Mosmo paralogs induces craniofacial
skeleton defects, suggesting that Mosmo is a candidate to explain uncharacterized forms of human
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congenital craniofacial malformations. Appendage development
is the subject of study of Ruiz-Losada et al., who report on a
redundant role of forkhead transcription factors Fd4 and Fd5
during Drosophila leg development. The involvement of miRNAs
during early cardiac development is studied by Garcia-Padilla
et al,, who analyze the expression profiles of different miRNAs
and demonstrate their modulation of different Hox clusters. They
propose that miRNAs are involved in Hox gene modulation
during differentiation and compartmentalization of the
posterior structures of the developing venous pole of the heart.

Developmental gene regulation is explored by Giordano et al.,
who report on the relationship between two key transcription
factors, CBX4 and SALL1, showing they interact in the
nucleoplasm and uncovering a new way of SALL1-mediated
regulation of Polycomb bodies through modulation of CBX4
stability. They present a novel mechanism of regulation of a
developmental factor, which has consequences for the regulation
of its target genes.

Estermann et al. build the first comparative molecular
characterization of gonadal supporting cell differentiation in
birds, which reveals conservation of PAX2" expression and a
mesenchymal origin of gonadal supporting cells, indicating that
gonadal morphogenesis is conserved among the major bird clades.

An original research report by Barettino et al. reports on the
developmental mechanisms guiding the formation of
serotonergic sub-systems. They unveil a developmental process
acting through Erb4 in subsets of serotonergic neurons to
orchestrate a long-range circuit involved in the formation of
emotional and social memories. Nervous system development in
the context of the transcriptional control of axon guidance and
the selection of trajectories at midline structures is reviewed by
Herrera and Escalante.
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Finally, Parra-Peralbo et al., review the current knowledge on
the origin and development of the adipose tissue, focusing on this
organ in Drosophila melanogaster and identifying some gaps for
future research.

Together, manuscripts in this Research Topic (https://www.
frontiersin.org/research-topics/17566/17th-edition-of-the-spanish-
society-for-developmental-biology-meeting-new-trends-in-
developmental-bi#articles) provide an overview of the latest
research on the new trends in developmental biology, ranging
from early embryogenesis to regeneration, through gene
regulation, in a variety of systems and organs. The
contributions presented here reflect the diversity and richness
of the presentations we enjoyed at the 17th edition of the SEBD
meeting. We are looking forward to the next edition!
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8 CEXS, Universitat Pompeu Fabra, Parc de Recerca Biomédica de Barcelona, Barcelona, Spain, * Cardiovascular
Development Program, Centro Nacional de Investigaciones Cardiovasculares, CNIC, Madrid, Spain

Meis genes have been shown to control essential processes during development of the
central and peripheral nervous system. Here we have explored the roles of the Meis2
gene during vertebrate inner ear induction and the formation of the cochlea. Meis2 is
expressed in several tissues required for inner ear induction and in non-sensory tissue
of the cochlear duct. Global inactivation of Meis2 in the mouse leads to a severely
reduced size of the otic vesicle. Tissue-specific knock outs of Meis2 reveal that its
expression in the hindbrain is essential for otic vesicle formation. Inactivation of Meis2
in the inner ear itself leads to an aberrant coiling of the cochlear duct. By analyzing
transcriptomes obtained from Meis2 mutants and ChlPseq analysis of an otic cell line,
we define candidate target genes for Meis2 which may be directly or indirectly involved
in cochlear morphogenesis. Taken together, these data show that Meis2 is essential for
inner ear formation and provide an entry point to unveil the network underlying proper
coiling of the cochlear duct.

Keywords: inner ear, cochlea, Meis, organ of corti, mouse

INTRODUCTION

Development of the inner ear begins as a thickening of the ectoderm adjacent to the posterior
hindbrain termed the otic placode, which can be observed at embryonic day 8 (E 8) in the mouse. In
vertebrates, induction of the otic placode requires the interaction with neighboring tissues such as
the neural tissue of the hindbrain, the mesoderm and/or the endoderm. Members of the fibroblast
growth factor (Fgf) gene family such as Fgf3 have been shown to play a central role during otic
placode induction (Schimmang, 2007; Whitfield, 2015). After E8 in the mouse, the otic placode
invaginates and forms the otic vesicle, which undergoes a series of morphogenetic steps to form the
complex shape of the mature inner ear. Cochlear morphogenesis is initiated at the ventral portion
of the otic vesicle that elongates and coils in an anterior-medial direction until it reaches its full
one and three—quarters turns. This process is paralleled by cellular differentiation that leads to the
formation of sensory cells such as hair cells and auditory neurons, and non-sensory components
within the cochlear duct (Basch et al., 2016).
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Meis2 in Inner Ear Development

Meis genes are vertebrate orthologs of the Drosophila
homolog homothorax (hth) gene which encode for transcription
factors belonging to the superclass of TALE (three amino acid
loop extension) proteins. Meis genes play key roles during
development of the central and peripheral nervous systems, and
interact with signaling pathways such as those controlled by
Whnt, Fgf and retinoic acid (Schulte and Frank, 2014). The TALE
superclass of proteins contains an atypical homeodomain and
comprises five separate classes: Meinox, including Prep (Prepl-
2 genes) and Meis (Meis1-3 genes), Pbc (Pbx1-4 genes) and the
three more distantly related TG-interacting factors, Iroquois, and
Mohawk (Schulte and Geerts, 2019). A prominent characteristic
of Meinox proteins is their capacity to heterodimerize with
the structurally related Pbx proteins. A further group of
Meis protein-binding partners participating in these cooperative
interactions is the Hox proteins. In this case, Meis proteins often
do not interact directly with DNA (Penkov et al., 2013).

In the present work, we have analyzed the role of Meis2 during
inner ear induction and cochlear development. We show that
during inner ear induction Meis2 is prominently expressed in
the hindbrain neighboring the otic placode and to a lesser extent
in the periotic mesoderm and endoderm. Specific inactivation in
the rhombomeres flanking the otic placode, led to reduced otic
vesicles, uncovering a dominant role of hindbrain Meis2 in otic
vesicle formation. Inactivation of Meis2 within the otic placode
caused morphological defects including improper coiling of the
cochlea. Microarray analysis revealed a set of genes that were
downregulated in mutant cochleas, representing potential Meis2
target genes required for proper morphogenesis of the cochlear
duct. Finally, ChIPseq analysis in an otic cell line with the
potential to give rise to sensory and non-sensory cochlear tissue
(VOT-E36) allowed the detection of genes whose regulatory
regions bind Meis2 directly or indirectly. Our results thus show
that Meis2 is essential for otic vesicle formation and cochlear
duct morphogenesis.

RESULTS

Meis2 Expression During Inner Ear

Development
In order to define Meis2 expression throughout inner ear
development, we performed whole mount RNA in situ
hybridization and immunohistochemistry studies. During
inner ear induction around E8-8.5, high levels of mRNA were
detected in the developing hindbrain (Figure 1A). Sections of
the posterior hindbrain confirmed this expression and revealed
Meis2 transcripts in the otic placode and the neighboring
mesoderm and endoderm (Figure 1B). Immunohistochemistry
confirmed high levels of Meis2 protein in the hindbrain and
moderate to low amounts in the endoderm, mesoderm and
otic placode (Figure 1C). Upon formation of the otic vesicle
Meis2 immunoreactivity was observed in its dorsolateral domain,
accompanied by low but detectable Meis2 mRNA (Figures 1D,E).
During inner ear morphogenesis around E12, Meis2 protein
was detected in the roof of the cochlear duct, which will give rise
to non-sensory tissue (Figure 1F). Expression in this domain was

FIGURE 1 | Meis2 expression throughout inner ear development. Meis2
expression was detected via mRNA in situ hybridization (A,B,D,G) or
immunohistochemistry (C,E,F,H,) at the indicated stages. (A) At embryonic
day (E) 8.5 high levels of Meis2 are detected at the level of the hindbrain (hb)
and on corresponding sections at the level of the otic placode (op) (B). High
levels of Meis2 protein are detected in the neural tube (nt), the endoderm (e),
and weaker expression in the mesoderm (m) and the placode itself (C). (D) In
the otic vesicle low Meis2 mRNA levels are observed in its dorsal-lateral
portion (borders indicated by arrows). The orientations of the sections through
the oftic vesicles along the dorsal (d)-ventral (v) axis are indicated.

(E) Immunohistochemical detection of Meis2 protein in the dorsal-lateral
quadrant of the otic vesicle. (F) Presence of Meis2 protein in the roof of the
cochlear duct (cd), the vestibular ganglion (vg) and the ampullary cristae (ac).
(G) High levels of Meis2 mRNA are detected in the auditory nerve (an).

(H) Next to the auditory nerve, Meis2 protein is also observed in the roof of the
cochlear duct and to a lesser extent in the spiral ganglion (sg). (I) At PO Meis2
immunoreactivity is detected in Reissner's membrane (rm) and the stria
vascularis (sv). oc, organ of Corti. Scale bars in (B,C,E=H): 100 um; in (D):
200 wmand in (I): 75 pm.

maintained at E15 and was also detected in the auditory nerve at
the protein and shortly before at the mRNA level (Figures 1G,H).
Low levels of anti-Meis2 immunoreactivity were also observed
in the spiral ganglion (Figure 1H). At postnatal day 0 (PO0),
Meis2 protein was observed in Reissner’s membrane and the stria
vascularis but not in the sensory tissue corresponding to the
organ of Corti (Figure 1I). Adjacent to the cochlea, Meis2 protein
was also detected in different parts of the vestibular system such
as the ampullary cristae, the utriculus, the semicircular canals and
the vestibular ganglion (Figure 1F and data not shown).

Meis2 Is Required for Otic Vesicle

Formation

To analyze the requirement of Meis2 for inner ear formation,
we inactivated its expression throughout the epiblast by crossing
a mouse strain carrying a floxed Meis2 allele with a Sox2-Cre
deleter strain (Hayashi et al, 2002). Meis2{10%/flox; §ox2Cre/+
embryos showed a severely reduced otic vesicle at E9 as revealed
by in situ hybridization with the otic markers Pax2 and DIx5
(Figures 2A-D), confirming similar observations made in Meis2
null mutants (Machon et al., 2015). Therefore, Meis2 is required
for otic vesicle formation.
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FIGURE 2 | Global inactivation of Meis2 affects inner ear formation. (A-D)
Meis2flox/fox, Sox2Cre/+ mutants show severely reduced otic vesicles (ov) at
embryonic day 9 (E9) in comparison to controls as revealed by Pax2 and Dix5
riboprobes. (E,F) Sections reveal widespread cyclinD1 immunoreactivity in the
neural tube (nt) and the otic placode (op) of controls and mutants. Note the
reduced size of the otic placode in the mutant. (G-L) Flatmounts of the
hindbrain reveal an unaltered expression of Hoxb1, Fgf3 and MafB riboprobes
in the indicated rhombomeres (r) in Meis2/19/fox; Sox2Ce/+ mutants in
comparison to control embryos. ba, branchial arch.

Next, we were interested to determine the tissue-specific
requirements for Meis2 during otic induction. Since Meis2 was
strongly expressed in the hindbrain during otic development,
we sought to find a Cre line with a specific activity in the
hindbrain. The MafB gene is expressed in the posterior hindbrain
next to the developing otic placode and vesicle (Cordes and
Barsh, 1994). Recently, a MafB-Cre line has been employed for
lineage tracing of macrophages which are also characterized by
endogenous MafB expression (Wu et al., 2016). To assay if Cre
activity also occurred in the developing hindbrain, we crossed
MafB-Cre transgenic mice with ROSA26 reporter mice (Soriano,
1999). Cre activity was detected by X-gal staining at E8.5 in
the posterior hindbrain and in rhombomeres flanking the otic
vesicle at E9 (Figures 3A,B and Supplementary Figure 1). This
confirmed its utility for the inactivation of floxed genes during
inner ear formation. In order to study the requirement for
hindbrain Meis2 expression during otic vesicle formation, we
analyzed the effects of Meis2 conditional inactivation induced
by MafB-Cre at the otic vesicle stage. Meis2!10X/flox; pjqfBCre/+
mutants showed a severely reduced vesicle at E9 comparable
to the size observed upon global Meis2 inactivation with a
penetrance of 50% (n = 2/4; Figures 3C,D). Therefore Meis2
expression in the hindbrain is required for otic vesicle formation.
Staining with the otic markers DIx5 and Pax2 revealed that their
expression was maintained in their corresponding domains in
Meis2f1ox/Mox; MafBCre/+ mutants (Figures 3E-H). To analyze

control

Meis2MafBcreko Meis2Foxgl1<e° Meis2Foxg1eke

FIGURE 3 | Effects of tissue-specific inactivation of Meis2 on inner ear
formation. (A,B) lacZ ROSAZ26 reporter staining caused by the MafBCre driver
in the posterior hindbrain of E8.25 embryos and in rhombomeres (r) flanking
the otic vesicle at E9 (B). (C-H) Meis2flox/flox; pjafBCe/+ mutants show
reduced sized vesicles (C,D) which maintain expression of Dix5 (at E9) and
Pax2 (at E9,5), as revealed by whole mount RNA in situ hybridization (E,F)
and immunohistochemistry (G,H). The orientations of the sections through the
otic vesicles along the dorsal (d)-lateral (l) axis are indicated. (I-L) Bright field
view of otic vesicles at E11.5 and cleared inner ears at P1 from Meis2f1ox/flox.
Foxg1C™/+ mutants. Note the flask-shaped morphology of the otic vesicle
and the lack of a discernible cochlea (co) in the mutants. v, vestibule.

the influence of Meis2 expression in neighboring tissue during
otic induction, we used a FoxgI-Cre line which next to the
otic placode also drives expression in peri-otic mesoderm and
endoderm (Zelarayan et al., 2007; Supplementary Figure 1).
Conditional inactivation of Meis2 using the Foxgl-Cre line did
not affect inner ear formation until E11.5 when a reduced sized
otic vesicle with a flask-like shape was observed in Meis2!1ox/flox;
FoxgI®™/* mutants (Figures 3L)). Meis21o%/flox; FoxgCre/+
inner ears isolated at PO and cleared with methylsalicylate
revealed no discernible structures such as the cochlea or the
semicircular canals (Figures 3K,L).

With the aim to define the molecular changes underlying
defective inner ear induction, we analyzed Meis21ox/flox;
Sox2°™/+ mutants which show severely reduced sized otic
vesicles with a penetrance of 100% for alterations in gene
expression or signaling pathways known to be controlled by
Meis genes and related to inner ear formation. Formation of the
hindbrain requires Meis gene expression in lower vertebrates and
has been shown to activate Fgf3 expression which is redundantly
required together with other Fgf family members to induce the
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otic placode in vertebrates (Maroon et al., 2002; Alvarez et al.,
2003; Wright and Mansour, 2003; Ladher et al., 2005; Gutkovich
et al., 2010). Moreover, Fgf3 has been shown to participate in the
induction of MafB (Zelarayan et al., 2007), and MafB inactivation
also leads to reduced sized otic vesicles (Cordes and Barsh, 1994;
Wiellette and Sive, 2003; Hernandez et al., 2004). Lastly, Meis
proteins together with Fgf signaling have also been shown to
induce in the rhombencephalon expression of Hox genes that
belong to the paralogous group 1 (PG1) and which are likewise
required for in inner ear induction (Rossel and Capecchi, 1999;
Pasqualetti et al., 2001; Schulte and Frank, 2014). RNA in situ
hybridization with probes corresponding to Fgf3, MafB and the
PG1 gene HoxBI showed no changes in their expression pattern
within rhombomeres flanking the developing otic placode in
Meis2f1ox/Mox; §ox2Cre/+ mutants (Figures 2G-L).

Alternatively to hindbrain patterning defects, reduced
proliferation may cause the smaller sized vesicles. Meis has been
shown to regulate cyclinD1 and thereby to control eye size in
vertebrates (Bessa et al., 2008; Marcos et al., 2015). CyclinD1 was
prominently expressed in the hindbrain and the neighboring otic
placode of both controls and Meis2{1o¥/1o%; §ox2Cre/+ mutants
(Figures 2E,F).

Conditional Inactivation of Meis2 During
Inner Ear Development Affects Cochlear
Coiling

To analyze the function of Meis2 expression in the inner ear,
we generated conditional mutant mice using a Cre line driven
by Pax2 regulatory sequences which has been used to inactivate
floxed alleles throughout inner ear development (Ohyama and
Groves, 2004; Supplementary Figure 1). No morphological
defects in inner ear formation were found until E10.5 in
Meis2flo/flox; pgxpCre/+ mutants, when a reduced sized otic
vesicle was observed in comparison to controls (Figures 4A,B).

The smaller size of the otic vesicle observed in Meis2{lo%/flox;
Pax2C"¢/* mutants may be caused by a lack of proliferation. To
examine cell proliferation, we used staining with an antibody
against pH3 that labels cells in late G2 and M phase of the cell
cycle. Immunoreactivity for pH3 was observed throughout the
otic epithelium of both wild-type and Meis2{10X/flox; pgy2Cre/+
mutants (Figures 4C,D). To examine potential changes in
molecular markers in mutant otic vesicles, we first examined the
neurosensory region. This develops in an anterior-medial domain
of the otic vesicle and is characterized by the expression of
Neurogenin 1 (Ngnl) and Lunatic fringe (Lfng). Complementary
to Ngnl expression, genes like Tbx1 (T-box transcription factor 1)
stabilize the neurogenic region (for a review, see Bok et al., 2007).
No difference in the expression patterns of these markers was
observed in Meis2/1o%/flox; pgx2Cre/+ mutants when compared to
control otic vesicles (Figures 4E-]).

During normal development, Pax2 expression is localized in
the medial wall of the otic vesicle (Figure 4K) whereas the
ventral portion is characterized by a broad domain of Sox2 at
E11.5 from where the cochlear anlage derives (Basch et al., 2016;
Figure 4M). Later on, Pax2 and Sox2 label the non-sensory
and pro-sensory regions within the developing cochlear duct,

respectively (Burton et al., 2004; Mak et al., 2009; Figures 5A,C).
Pax2 showed a normal pattern of expression at the otic vesicle
stage in Meis2flox/flox, pgxoCre/+ mytants (Figure 4L) but its
domain was severely reduced at E14, pointing to a potential
truncation of the cochlear duct (Figure 5B). Sox2 staining at
E11.5 revealed a reduced expression domain that correlated with
the smaller size of the otic vesicle in Meis2{l0%/flox; pgyoCre/+
mutants (Figure 4N). At E14 we observed a small patch of
Sox2 expression at the basal portion of the cochlea, confirming
the shortening of the cochlear duct (Figure 5D). However,
sections through the cochlear duct revealed that the formation
of the prosensory region in Meis2{1°%/f10%; pax2Cre/+ mutants was
unaffected (Figures 5E,F). Sox2 staining was also unaffected in
the prosensory region of all vestibular sensory epithelia, including
the utricular and saccular maculae and posterior, lateral, and
anterior cristae (Figures 5C,D).

To further explore the cochlear abnormality in Meis
Pax2°"/* mice, we performed whole-mount B-galactosidase
staining of the inner ears from mutants which also carried
a ROSA26lacZ reporter (Soriano, 1999). Pax2-Cre is active
in the early otic placode and vesicle, and the ROSA26lacZ
reporter allows labeling of all inner ear components throughout
development (Ohyama and Groves, 2004). Beta-galactosidase
staining revealed that in control animals, the cochlea had
undertaken its one and three quarter turns (Figure 5G). In
contrast, in Meis2/19%/10%; pgx2Cre/+ mutants, instead of turning
ventrally along the anterior-medial axis, the cochlear duct
extended toward the apex but then took a U-turn toward
the base. This lead to its termination being positioned half-
way from its point of initiation (Figure 5H). This irregular
turning was also confirmed by whole mount staining with
myosin VII antibodies which label sensory hair cells within
the cochlear duct (Figures 5L)). Sections through control ears
confirmed the typical structure of the cochlear duct including
one row of inner hair cells and three rows of outer hair cells in
controls (Figures 5K,M). In contrast, sections from Meis2flox/flox,
Pax2°"¢/+ mutant cochleas revealed an extra row of outer hair
cells in the basal turn and an enlarged cochlear duct with
clusters of hair cells at the apex (Figures 5L,N). Staining with
calretinin antibodies that label spiral ganglion neurons and inner
hair cells confirmed a normally structured cochlea with the
typical appearance of basal and apical turns in control animals,
whereas sections of Meis2{1°%/fl0x; pgx2Cre/+ mutants revealed an
abnormal extension of the cochlear duct along the basal to apical
axis (Figures 50,P). In summary, these data confirm that loss of
Meis2 during inner ear development leads to a defective cochlear
coiling and extra rows of hair cells.

Zﬂox / ﬂox;

Direct and Indirect Targets of Meis2 in

the Cochlea

In order to identify potential target genes of Meis2 in the
mammalian cochlea, we performed a microarray-based screen for
differential gene expression in Meis2{10X/floX; pax2Cre/+ mutant
vs. wild-type cochleas (for details, see section “Materials and
Methods”). We used whole E15 cochleas when Meis2 expression
is detected in the cochlear duct, the spiral ganglion and the
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FIGURE 4 | Expression of otic vesicle markers in Meis210%/flox; pax2Cre/+ muytants. Expression of the indicated markers was detected via mRNA in situ hybridization
(E-H,K,L) or immunohistochemistry (C,D,l,J,M,N). (A,B) Bright field image of controls and mutants showing a reduced sized otic vesicle at E10,5. (C,D) Sections at
E10 reveal widespread pH3 immunoreactivity in the otic vesicles (circumference indicated by stippled lines) of controls and mutants. (E-L) No changes in the spatial

domains of the otic markers (borders indicated by arrows) is observed in the mutants at E9 (E-H) and E10 (I-L). (M,N) At E11 the ventral domain of Sox2 expression
is smaller in mutants correlating with the reduced sized dimensions of the otic vesicle at this stage. Scale bars in (C,E,l): 50 wm; in (K): 100 wm and in (M): 75 wm.
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FIGURE 5 | Meis2 is required for cochlear outgrowth and coiling. Expression was monitored by staining of whole mounts or on sections with the corresponding
antibodies indicated. (A-D) Staining with Pax2 and Sox2 antibodies reveals a truncation of the cochlear duct (c), indicated by an asterisk in the mutants. Note that
the prosensory regions within the vestibular system maintain Sox2 expression in the mutants. (E,F) Sections through the cochlear duct reveal that formation of the
prosensory region is unaffected in the mutants. (G,H) lacZROSAZ26 reporter staining caused by the Pax2-Cre driver reveals the abnormal coiling of the cochlear duct
in mutants. The basal (b) and apical (a) portions of the cochlea are indicated. (I-L) Staining with myosin VII antibodies labeling hair cells (indicated by arrows)
confirms the abnormal morphology of the cochlear duct in mutants. Note the increased sized patches of hair cells in the apex of mutants. (M,N) High magnification
view of the basal region (boxed in K,L) reveals the presence of an extra row of outer hair cells (indicated by arrows) in the mutants. (O,P) Sections stained with
calretinin antibodies labeling inner hair cells (arrows) and the spiral ganglion (sg). Note the presence of a normal morphology in the wild-type with the typical
appearance of basal and apical turns whereas the mutant shows an abnormal extension along the basal-apical axis. The plane of the sections shown in (K,L,0,P)
are indicated in (G,H). ac, anterior cristae; |, lateral cristae; p, posterior cristae; s, sacculus; u, utriculus; Scale bars: 50 wm in (E); 250 pm in (K,O).

auditory nerve (Figure 1E). The results of the microarrays enzyme Chd’ hasbeen described to undergo an abnormal twist at

showed that the vast majority of the 255 transcripts differentially
expressed were downregulated in mutant cochleas (Figure 6A).
Several of the downregulated genes are expressed in the cochlear
duct or the spiral ganglion (Table 1). Within this group of genes,
the cochlea of mouse mutants for the chromatin remodeling

their apex (Hurd et al., 2010). We first confirmed downregulation
of Chd7 by qPCR (Figure 6B) and then created a conditional
mouse mutants for Chd7 using the Pax2-Cre driver. Cleared
whole mounts of inner ears isolated from Chd7110%/10%; pgx2Cre/+
mutants revealed a defective phenotype in cochlear coiling
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FIGURE 6 | Targets of Meis2. (A) MA plot showing differential gene expression between Meis210x/1ox: pax2Cre/+ mutant vs. wild-type cochleas at E15. Red dots
indicate significantly regulated genes. (B) Significantly reduced expression of Chd7 is observed in the cochlea of Meis2flox/fox; pax2Cre/+ mutants (KO) by qPCR at
E15. Data were normalized to expression levels in wild-type (WT) cochleas. Student’s t-test: *o < 0.0001 (C) Meis2'0x/flox: pax2Cre/+ animals show a similar mutant
cochlear phenotype to Chd71ox/flox; pax2oCre/+ animals. The asterisk indicates the ending of the cochlear duct. (D) Distribution of Meis2 binding sites by their
position with respect to the nearest transcription start site (TSS) in VOT-E36 cells. (E) Density plots showing the distribution of Meis2 binding sites vs. input control in
VOT-E36 cells. (F) Input control and Meis2 ChlP-seq read profiles from VOT-E36 cells. Detected Meis2 binding sites within or close to the genomic regions of Pax2,

Pax8, Six1 and Six4 are boxed.

which was very similar to the one observed in Meis21°/flX;  sites in the genome and a collection of 917 genes with a
Pax2°"*/* mutants (Figure 6C). Therefore, Chd7 may be a transcription start site closest to any Meis2 binding site (GEO
crucial downstream target of Meis2. GSE166072). As previously reported for Meisl (Penkov et al.,

To identify direct targets of Meis2, we performed ChIPseq 2013; Marcos et al., 2015), most Meis2 binding sites were located
analysis (see section “Materials and Methods”) using the VOT- in regions remote from their closest associated transcription
E36 cell line derived from the ventral portion of the otic vesicle, start site (Figure 6D). Meis proteins select two main sequences
the domain that gives rise to the cochlea (Lawoko-Kerali et al., in DNA: a motif resembling the Pbx-Hox binding sequence
2004; Figure 6E). We identified a total of 2,401 Meis2 binding (A/TGATNNAT), to which it binds indirectly, and a direct
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binding site (TGACAG) (Penkov et al, 2013). Transcription
factor motif enrichment analysis using Homer and MEME suite
software (see section “Materials and Methods”) confirmed these
motifs as the most frequently detected with 15.7 and 28.9%
of peaks containing at least one of the conserved and/or the
PBX-Hox binding sites, respectively. Gene ontology analysis
revealed the presence of Meis2 binding peaks in the vicinity of
30 genes related to inner ear development, such as members
of the Pax- and Six-gene families (Figure 6F). Interestingly,
a Meis2 peak was observed in the vicinity of the OtxI gene,
whose inactivation also leads to defective cochlear coiling (Morsli
et al., 1999). A comparison between the observed peaks and
differentially expressed genes in the cochlea of Meis2flox/flox;
Pax2C"¢/* mutants at E15 revealed no Meis2 binding sites in the
vicinity of the Chd7 gene. However, an overlap in the vicinity of
7 genes including DIgl, Pnn, Nsmce2, Usf3, Zfp945, Lrrccl, Rybp
and Mras was observed. Interestingly, Digl is expressed in the
otic vesicle and its loss is associated with a shortening of cochlear
length (lizuka-Kogo et al., 2015), albeit to a lesser degree than that
observed in Meis2f10*/10%; pax2Cre/+ mutants. Therefore, loss of
Dlgl expression may, at least in part, contribute to the shortening
of the cochlear duct in Meis2!10/f10%; pax2Cre/+ mutants.

DISCUSSION

Meis2 was expressed in all three tissue layers involved in otic
induction: the endoderm, mesoderm and the neural tissue of
the hindbrain. Correlating with the highest expression levels, the
loss of Meis2 in the hindbrain led to a phenotype similar to
that observed by global inactivation at E9 (compare Figures 2A-
D with Figures 3C-H). Therefore, it may be concluded that
Meis2 expression in the hindbrain is likely to be sufficient
to account for Meis2 contribution to otic vesicle formation.
Genes required for inner ear formation, which are directly
or indirectly induced by Meis2 showed no changes in their
expression in the hindbrain, and thus so far indicate no major
defects in patterning within the hindbrain in Meis2 mutants.
However, yet unknown downstream targets for Meis2 within the
hindbrain may be involved in inner ear induction. During later
stages, otic vesicle development was also affected in Meis21ox/flox;
Foxgl®™/* mutants that lacked Meis2 expression in the otic
placode and the neighboring mesoderm and endoderm. The
otic vesicle was reduced at E11 and at the postnatal stage the
inner ear showed severe defects (Figures 3I-L). Compared to
Meis21%/flox; pax2Cre/+ mutants which show Cre activity only
in the otic placode (Supplementary Figure 1 and Figure 5),
Meis2!10¥/19%; Foxg1Cre/+ mutants show a more severe inner
ear phenotype (Figures 3K,L). Therefore, inactivation of Meis2
expression from the mesoderm and/or endoderm leads to
additional defects during inner ear development. Within the
inner ear, Meis2 initially showed expression in the dorsal portion
of the otic vesicle and was later on found in non-sensory tissue
of the cochlea and the peripheral nervous system innervating
the inner ear. Very similar patterns of expression for Meis2
have also been described during chicken inner ear development
(Sanchez-Guardado et al., 2011).

Meis2f1ox/Mox; - pgy2Cre/+  mouse mutants lacking Meis2
throughout inner ear development showed a smaller otic vesicle
at E10.5, indicating that initial expression of Meis2 in the otic
placode or vesicle is also required for its normal formation.
Nevertheless, otic markers related to neurosensory development
and formation of the cochlear anlage were unaffected. However,
by E13.5 Meis2/1oX/lox; pax2Cre/+ mutants a striking defective
outgrowth of the cochlear duct became apparent which resulted
in its abnormal coiling. The phenotype was similar to that
described in mouse mutants lacking B-catenin, required for Wnt
signaling, or the transcription factors Sox9 or Tbxl (Xu et al,,
2007; Trowe et al., 2010; Bohnenpoll et al.,, 2014). However,
in mutants lacking Sox9 or Tbxl, the observed inner ear
phenotype is caused by the inactivation of these genes in the
surrounding mesenchyme, pointing to their indirect influence
on morphogenesis. Defective turning of the cochlear duct has
also been described in a mouse mutant lacking the chromatin
remodeling enzyme Chd7 throughout inner ear development
(Hurd et al., 2010). Interestingly, we found that Chd7 expression
was reduced in the cochlea of Meis2/1oX/°%; pax2Cre/+ mutants,
suggesting that these genes may share a common pathway.
Indeed, inactivation of Chd7 using the Pax2-Cre line led to
a phenotype very similar to Meis2{1°%/19%; pgx2Cre/+ mutants.
Moreover, like Meis2, Chd7 null mutants also show severely
reduced sized otic vesicles (Hurd et al., 2007). In spite of this
functional relationship, we did not find evidence for the binding

TABLE 1 | Summary of genes downregulated in the cochlea of Meis2 mutants.

Fold
Downregulation

Gene (MGl reference) Expression pattern

Acidic nuclear phosphoprotein 32 4.1x Mesenchyme
family (5332981)

THUMP domain containing 3 3.7x Otic capsule
(1277973)

Itchy, E3 ubiquitin protein ligase 3.4x Ganglion
(4825634)

Zinc finger protein 788 (1914857) 3.1x Ganglion
Neurofilament, light polypeptide 3.1x Ganglion

(97313)

Trafficking protein particle 2.9x Ganglion
complex 4 (4480575)

Centrosome/spindle pole 2.7x Ganglion
associated protein (2681832)

FK506 binding protein 3 2.7x Mesenchyme
(56335642)

Chromodomain helicase DNA 2.6x Cochlear duct, ganglion
binding protein 7 (2444748) and mesenchyme
Craniofacial development protein 2.4x Cochlear duct and ganglion
1(1344409)

Formin binding protein 1-like 2.4x Ganglion
(1925642)

Ephrin A1 (103236) 2.4x Cochlear duct
Thymidylate synthase (98878) 2x Mesenchyme

The localization of the genes within the cochlea is annotated according to Mouse
Genome Informatics (MGI) using RNA in situ hybridization. The table shows a list of
genes which are expressed in the cochlea and down regulated by twofold or higher
in Meis2 mutants according to the results obtained by the microarrays.
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of Meis2 within the regulatory regions of Chd7 in the VOT-E36
cell line. Additionally, Chd7 mutants show reduced expression
of Ngnl, which was unaltered in Meis2 mutants in the present
study. This suggests that Chd” and Meis2 rather belong to parallel
pathways controlling cochlear coiling.

Only very few genes (Hayashi et al., 2002) from the ChIPseq
analysis showed binding close to the transcription start site of
genes. Similar findings have been recently reported for Meisl
(Penkov et al.,, 2013; Marcos et al., 2015). The most frequently
detected binding motif detected in our studies corresponded
to a site to which Meis binds indirectly to DNA. A major
group of binding partners that facilitate indirect contact with
DNA belong to the Hox gene family. Due to its rostral position
in the embryo, the inner ear is a relatively Hox-free tissue,
although the expression of PG-1 group genes like Hoxal and
its control of downstream targets have been reported in the
inner ear (Makki and Capecchi, 2010, 2011). Additionally,
Meis cooperates with a wide variety of transcription factors
containing homeodomains, such as members of the Pax, Dlx,
and Otx gene families which are also expressed in the inner ear
(Schulte and Geerts, 2019). Nevertheless, only very few genes
with Meis2 binding sites showed an overlap with differentially
expressed transcripts in the cochlea. Therefore, the VOT-E36
cell line used for the ChIPseq analysis might not reflect an
ideal model for in vivo inner ear development. Unfortunately,
ChIP analysis from isolated otic vesicles was not feasible in our
hands owing to technical limitations due to small-scale tissue
samples. Nevertheless, further analysis of the genes showing both
differential expression in Meis2{1°%/flo%; pax2Cre/+ mutants and
containing binding sites detected by the ChIPseq analysis may
reveal novel regulators of cochlear morphogenesis which are
controlled by Meis2.

MATERIALS AND METHODS

Transgenic Mice

Mice carrying a floxed Meis2 allele (Delgado et al., 2020), a floxed
Chd7 allele (Hurd et al., 2007), the Sox2-Cre (Hayashi et al,
2002), Pax2-Cre (Ohyama and Groves, 2004), Foxgl-Cre (Hebert
and McConnell, 2000) and MafB-Cre (Wu et al., 2016) transgenes
and the ROSA26 Cre reporter strain (Soriano, 1999) have been
described previously. With the exception of the Meis21ox/flox;
MafB®"¢/* mutants which showed a penetrance of 50%, all other
phenotypes were fully penetrant and observed in a minimum
of n = 3 animals for each experimental condition. Experiments
conformed to the institutional and national regulatory standards
concerning animal welfare.

p-Galactosidase Staining and in situ
Hybridization

B-Galactosidase  staining, RNA  whole-mount in situ
hybridization and sectioning of stained embryos have been
described previously (Alvarez et al., 2003). Riboprobes were
generated for detection of Meis2 (Delgado et al., 2020), LFng,
Ngnl, DIx5, (Vazquez-Echeverria et al., 2008), Fgf3, Pax2, MafB
(Alvarez et al., 2003) and HoxBI (Vendrell et al., 2013).

Immunohistochemistry

For immunohistochemistry cryostat sections were prepared and
processed using standard protocols. The following antibodies
were used: Meis-2 (Mercader et al., 2005); Pax2 (PRB-276P)
from Covance, Sox2 (sc-17320) from Santa Cruz Biotechnology;
myosin VIIA (25-6790) from Proteus; calretinin (7699/3H)
from Swant; cyclin D1 (RM-9104-S0) from Thermo Fisher
Scientific. For immunofluorescence, cryostat sections were
incubated with primary antibodies, and the corresponding
secondary antibodies used were donkey anti-goat Alexa Fluor-
488, and goat anti-rabbit Alexa Fluor-568 (all from Invitrogen).
Some of the sections were counterstained with DAPI. Whole-
mount immunolabeling, dehydration, and clearing of inner
ears was performed as described previously (MacDonald
and Rubel, 2008). Bright-field images were captured with
a DFC 490 camera (Leica) on a Labophot-2 microscope
(Nikon). Immunofluorescence images were taken with a
Nikon Eclipse 90i fluorescence microscope, or Leica SP
confocal microscope.

Screening for Differentially Regulated
Genes in Meis2flox/flox. pgxoCre/+

Mutants

RNA was isolated from E15 cochleas of wild type and
Meis2f1ox/flox; pax2Cre/+ mutants using the RNeasy Mini Kit
(Qiagen) according to the manufacturer’s instructions. RNA
integrity was assessed using Agilent 2100 Bioanalyzer (Agilent).
Labeling and hybridizations were performed according to
protocols from Affymetrix. Briefly, 100-300 ng of total RNA were
amplified and labeled using the WT Expression Kit (Ambion)
and then hybridized to Mouse Gene 1.0 ST Arrays (Affymetrix)
covering a total of 21,041 gene transcripts. Washing and
scanning were performed using the Affymetrix GeneChip System
(GeneChip Hybridization Oven 640, GeneChip Fluidics Station
450 and GeneChip Scanner 7G). The robust microarray analysis
algorithm was used for background correction, intra- and inter-
microarray normalization, and expression signal calculation.
The absolute expression signal for each gene was calculated in
each microarray and significance analysis of microarrays was
applied to calculate differential expression and find the gene
probe sets that characterized the highly metastatic samples. The
method uses permutations to provide robust statistical inference
of the most significant genes and provides > P-values adjusted
to multiple testing using false discovery rate. Probe synthesis,
hybridizations and microarray data analysis were performed by
the Genomics facility of the Centro de Investigacion del Cancer
(Salamanca, Spain). The microarray data from this screen have
been deposited at GEO with accession number GSE149916.
Genes twofold or greater were examined for their expression in
the cochlea (Visel et al., 2004; Diez-Roux et al., 2011; Agoston
et al., 2014; Bult et al., 2019) and are listed in Table 1.

Quantitative PCR

Individual RNA samples were each prepared from the cochleae
of two embryonic day (E) 15 mice (i.e., 4 cochleae were used
to generate one RNA sample). RNA was extracted following
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homogenization in TRIzol® Reagent (Invitrogen), and according
to manufacturer’s instructions. Each RNA was then reverse
transcribed into cDNA using a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Life Technologies).
cDNA samples were amplified in a LightCycler® 480 II (Roche
Molecular Diagnostics, Pleasanton, CA, United States) using
SYBR® Green PCR Master Mix (Life Technologies); duplicate
reactions were carried out with each ¢cDNA sample. The
thermocycling conditions consisted of an initial denaturation
step of 10 min at 95°C, followed by 40 cycles at 95°C for 15 s
and 60°C for 1 min. The sequences of the PCR primers used
in this work were: Gapdh, TCCTGCACCACCAACTGCTT
and GTGGCAGTGATGGCATGGAC; Chd7, GAATACCCCA
CAGAAAGTGCC and TCGCTCTTCACTAGCTGAGCG.
Data were analyzed using the Software version LCS480
1.5.0.39. Relative levels of mRNA expression were calculated
according to the 27AACt method, using Gapdh as the
housekeeping gene. The data presented are the results from
three independent experiments.

ChIP-Seq

US/VOT-E36 cells (University of Sheftield/ventral otocyst-
epithelial cell line clone 36) were used, derived from the otocyst of
Immortomice at embryonic day 10.5 (Lawoko-Kerali et al., 2004).
The cells were cultured in minimum essential medium (Gibco)
supplemented with 10% fetal bovine serum (Gibco) and 50 U/ml
y-IFN (Immunotools) in a humidified atmosphere with 10% CO,
and at a temperature of 33°C, conditions under which these cells
proliferate in the absence of differentiation.

For the ChIP assay, once the cultures had reached 85-
90% confluence, the chromatin from the cells in six 75-
cm? flasks was cross-linked in 1% formaldehyde for 10 min
at room temperature; next, the reaction was quenched by
adding glycine to a final concentration of 125 mM and
mixing during an additional 5 min. Following removal of the
medium and various washes with phosphate buffer saline, cells
were scraped off the tissue culture flasks, pelleted and lysed;
the chromatin was then sheared into 200-500 bp fragments
by sonication (using pulses of 30 s on and 30 s off in
a water-bath sonicator). Any remaining cellular debris was
subsequently removed by centrifugation and the sonicated
chromatin was pre-cleared for 4 h at 4°C with protein A agarose
beads (Roche). After this time, the beads were removed by
centrifugation; half the volume of the chromatin sample was
immunoprecipitated (IP sample) at 4°C overnight with a 1:1
mixture of an antibody against Meis2 (K846) and K830, an
antibody that recognizes both Meis la and Meis 2a isoforms
(Penkov et al, 2013). A volume that was equivalent to one
tenth of the volume used for the IP reaction was also at
that time set apart and frozen, constituting the Input control
sample. Following immunoprecipitation with the antibodies,
beads that had been pre-blocked at 4°C overnight with BSA
and a rabbit IgG isotype control (ChromPure Rabbit IgG,
Jackson ImmunoResearch Laboratories) were added to each
tube; the samples were then incubated at 4°C for 4 h.
Afterward, a series of washes using multiple buffers were
conducted in order to remove any molecule that had bound

non-specifically to the beads; the chromatin was finally eluted
from the beads and cross-linking to the antibody reversed by
incubating the IP sample in the presence of NaCl at 65°C
overnight; the Input sample that had been stored at -20°C
was also incubated in the same solution at 65°C. The next
day, both the IP and the Input chromatin were purified
using a PCR purification kit (Qiagen), following manufacturer’s
instructions. The samples were then used to carry out ChIP-
seq analysis.

0.5 ng of total DNA for both Input and IP were used to
generate barcoded libraries using the NEBNext® Ultra™ II DNA
Library Prep Kit for Illumina (New England Biolabs). Basically,
adapters were ligated to DNA followed by an amplification
and clean up. The size of the libraries was checked using the
Agilent 2100 Bioanalyzer High Sensitivity DNA chip and their
concentration was determined using the Qubit® fluorometer
(Thermo Fisher Scientific).

Libraries were sequenced on a HiSeq 2500 (Illumina) and
processed with RTA v1.18.66.3. FastQ files for each sample were
obtained using bcl2fastq v2.20.0.422 software (Illumina).

Sequencing reads were trimmed for Illumina adapter sequence
with cutadapt, aligned to the mouse reference genome (mm10
v92) with bowtie and PCR duplicates were excluded with
samtools MarkDuplicates tool.

Peaks were called with HOMER2 and params “-region
-localSize 50000 -size 150 -minDist 1000-ntagThreshold 5-
regionRes 6.” Peaks were also annotated with HOMER2 and
inspected for MOTIFs with Meme (from Meme Suite) and with
HOMER?2. Data have been deposited in the NCBI GEO database
under accession number GSE166072.
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Appendage development requires the coordinated function of signaling pathways
and transcription factors to pattern the leg along the three main axes: the antero-
posterior (AP), proximo-distal (PD), and dorso-ventral (DV). The Drosophila leg DV axis
is organized by two morphogens, Decapentaplegic (Dpp), and Wingless (Wg), which
direct dorsal and ventral cell fates, respectively. However, how these signals regulate
the differential expression of its target genes is mostly unknown. In this work, we
found that two members of the Drosophila forkhead family of transcription factors,
Fd4 and Fd5 (also known as fd96Ca and fd96Cb), are identically expressed in the
ventro-lateral domain of the leg imaginal disc in response to Dpp signaling. Here, we
analyze the expression regulation and function of these genes during leg development.
We have generated specific mutant alleles for each gene and a double fd4/fd5 mutant
chromosome to study their function during development. We highlight the redundant
role of the fd4/fd5 genes during the formation of the sex comb, a male specific structure
that appears in the ventro-lateral domain of the prothoracic leg.

Keywords: Fd4/Fd5, fd96Ca/fd96Cb, forkhead transcription factors, leg development, dorso-ventral axis, sex
comb, Drosophila

INTRODUCTION

Territorial specification depends on the ability of cells to activate a specific developmental program
depending on their position within a tissue. The positional information, often provided by extrinsic
signaling molecules, is integrated at the cis-regulatory modules (CRMs) of genes that encode for
transcription factors that instruct cells with a unique developmental fate. Appendage development
is a great model to study pattern formation, as it requires the specification of different cell fates
along three main axes: the antero-posterior (AP), the dorso-ventral (DV), and the proximo-distal
(PD) (Estella et al., 2012; Ruiz-Losada et al., 2018). More than 30 years of studies in Drosophila
have identified many of the signals and transcription factors that pattern these axes, numerous of
them conserved in vertebrates (Shubin et al., 1997; Tabin et al., 1999; Pueyo and Couso, 2005). An
important, and yet not fully understood question is how the different signaling pathways regulate
the restricted expression of the pattering genes along the three main appendage axes.

Appendages in Drosophila are derived from specialized epithelial sacs, named imaginal discs,
which are specified in the embryo and grow and pattern during larva development (reviewed
in Ruiz-Losada et al., 2018). The leg imaginal disc is divided into an anterior and posterior
compartment by the expression of the selector gene engrailed (en) in the posterior compartment. En
activates the expression of the short-range morphogene Hedgehog (Hh) in posterior compartment
cells. Hh signals to anterior cells where it induces the transcription of two signaling molecules:
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Decapentaplegic (Dpp) in dorsal anterior cells and Wingless
(Wg) in ventral anterior cells (Basler and Struhl, 1994). The
dorsal and ventral domains of dpp and wg expression are
maintained by a mutual repression, where Dpp prevents the
activation of wg in dorsal cells and vice versa (Brook and Cohen,
1996; Jiang and Struhl, 1996; Johnston and Schubiger, 1996;
Morimura et al., 1996; Penton and Hoffmann, 1996; Theisen
et al.,, 1996). However, low levels of dpp expression could still
be observed in the ventral domain of the leg disc (Figure 1D).
Both, Dpp and Wg are required for the initiation and patterning
of the PD and DV axes (Diaz-Benjumea et al., 1994; Brook and
Cohen, 1996; Lecuit and Cohen, 1997; Campbell and Tomlinson,
1998). The juxtaposition of cells expressing high levels of Wg and
Dpp in the center of the leg disc leads to the formation of the
PD axis by activating a regulatory cascade of transcription factors
that divide the leg in different domains of gene expression (Estella
et al., 2012). In addition to initiating the PD axis formation,
Wyg and Dpp play an instructive role in the distinction between
dorsal and ventral fates (Brook and Cohen, 1996; Jiang and
Struhl, 1996; Johnston and Schubiger, 1996; Morimura et al,,
1996; Penton and Hoftmann, 1996; Theisen et al., 1996). Dpp
specifies dorsal fates and represses ventral ones, while Wg
specifies ventral identities and represses dorsal fates. Therefore,
hypomorphic mutations of wg show strong derepression of Dpp
in the ventral domain and formation of ectopic dorsal structures
in place of the corresponding ventral ones in the adult leg (Held
et al., 1994). Similar phenotypes, but in the opposite direction,
were observed in dpp mutants (Held et al., 1994). Interestingly,
lateral fates are recovered in double hypomorphic mutants for
dpp and wg, suggesting that the lateral fate is the default DV
state (Held et al., 1994). The Dpp and Wg signaling molecules
depend on the activation of a specific set of transcription factors
that promote the DV fate of these cells. The family of T-box
transcription factors plays an important role in the specification
of DV identities (Brook, 2010). In the ventral domain of the leg,
Wg activates while Dpp represses the expression of the redundant
genes H15 and midline (mid) that act as selector genes for ventral
fates, promoting the acquisition of ventral identity. Accordingly,
mutants for H15/mid lack ventral leg structures or these are
transformed to dorsal, whereas when ectopically expressed in the
dorsal domain, HI5/mid induce ventral fates (Svendsen et al,,
2009, 2019). In the dorsal domain, the expression of the T-box
genes optomotor-blind (omb) and the Dorsocross (Doc) 1, 2, and
3 are able to repress ventral genes (Maves and Schubiger, 1998;
Reim et al., 2003; Svendsen et al., 2015). However, whether omb
and the Doc genes are required to specify dorsal fates is mostly
unknown. Gene expression analysis and loss of function studies
suggested that the function of the PD and DV patterning genes
is generally conserved across arthropods (Maves and Schubiger,
1998; Abzhanov and Kaufman, 2000; Prpic et al., 2001; Inoue
et al.,, 2002; Angelini and Kaufman, 2004; Ober and Jockusch,
2006; Janssen et al., 2008; Grossmann et al., 2009).

In this study we address the role of the sister genes fd4 and fd5
(also known as fd96Ca and fd696cb), members of the forkhead
family of transcription factors, during appendage development
(Hacker et al, 1992). We found that fd4/fd5 are expressed
exclusively in the ventral imaginal discs and more specifically

GMR35H08
—

3R:25083000..25095999

2 Kb

fd4 in situ

fd5-GFP

FIGURE 1 | fd4 and fd5 expression during development. (A) Schematic
representation of the fd4 and fd5 genomic locus. (B) fd4 expression pattern
by in situ hybridization. (C) fd5 expression visualized by a fd5-GFP tagged
(green) line. Wg (red) staining is also shown. (D) Expression pattern of fd5
(green), dpp-lacZ (blue), and wg (red) in the leg disc. Separate channels for
fd5 (D’) and dpp (D) are shown. The asterisk indicates the ventral most
region of the disc where low Fd5-GFP levels are detected. (E) Leg imaginal
disc stained for Fd5-GFP (green), omb-lacZ (blue), and Wg (red). Separate
channels for Fd5-GFP (green) and omb-lacZ (blue) are shown in panel (E’).
(F) Leg imaginal disc stained for Fd5-GFP (green) and H15-lacZ (red).

(G) Stage 14 embryo stained for Fd5-GFP (green) and Wg (red). (G’) A close
up view of the ventro-lateral domain of two abdominal segments. In all
confocal images, dorsal is up and anterior is left.

in the ventro-lateral domain of the leg disc. We identified a
minimal CRM that directs the expression of these genes and
characterized its regulation in the leg disc. Furthermore, using
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specific mutations generated for each gene we found that fd4/fd5
play redundant roles during the formation of the sex comb, a
characteristic ventro-lateral structure of the prothoracic male leg.
Our results highlight the function of the fd4/fd5 genes during
leg development.

RESULTS

fd4 and fd5 Expression During Leg

Development

To identify genes with a potential role in DV patterning we
searched the Flylight database for non-coding DNA elements
that have a restricted DV activity pattern in the leg disc (Jory
et al, 2012). We identified a DNA fragment that activates
the reporter gene in the ventro-lateral domain of the leg disc
(named GMR35H08 at Flylight database). This fragment is
located between the fd4 and fd5 genes, two members of the
forkhead family of transcription factors (Hacker et al., 1992;
Lee and Frasch, 2004; Figure 1A). The Fd4 and Fd5 proteins
share a 49% of aa sequence identity, suggesting they could play
similar functions. In order to investigate the expression pattern
of these genes we used an in situ hybridization probe for fd4 and
GFP-tagged versions for fd4 and fd5. Both genes are identically
expressed in the three leg imaginal discs, the antenna and the
genital imaginal discs and show no expression in the wing
or haltere discs (Figures 1B,C and Supplementary Figure 1;
Heingard et al., 2019). When compared to the dorsal and ventral
determinants, dpp and wg, fd4 and fd5 expression is restricted to
the ventro-lateral domain of the leg disc with faint expression
in the ventral most region that coincides with the highest levels
of Wg and low Dpp (Figure 1D and Supplementary Figure 1;
Heingard et al., 2019). Comparison of fd5 expression with that
of the Dpp and Wg targets, omb and HI5, confirmed that fd5
expression is complementary to omb and extends more laterally
than HI15 (Estella and Mann, 2008; Brook, 2010; Ruiz-Losada
et al., 2018; Figures 1E,F). As previously reported, these genes
are also expressed in the embryo (Archbold et al., 2014), and at
least for fd5, its expression is restricted to ectodermal segmental
ventral stripes surrounding wg expression (Figure 1G).

Fd4 and Fd5 Act Redundantly in the

Formation of the Sex Comb Structure

Next, we investigated the role of fd4 and fd5 during leg
development. To this end, we generated specific mutant
alleles for each gene and a double fd4/fd5 mutant using
CRISPR/Cas9 (Supplementary Figure 2) (see details in Materials
and Methods). The fd4°" mutant allele has a five nucleotide (nt)
deletion at the beginning of the coding region that changes the
open reading frame. fd4°" homozygous mutant flies are viable
and have normal patterned legs with the exception of a slight
reduction in the number of sex comb bristles (~10.6 in the
control vs. ~8.7 in fd45”t mutants) (Figures 2A,E). The sex comb
is a male specific structure present on the prothoracic leg (T1 leg)
that develops from modified bristles of the most distal transverse
row (TRs) on the first tarsal segment that rotate approximately
90° (Tokunaga, 1962; Tanaka et al., 2009; Kopp, 2011). The fd5!"

mutant has a reading frame shift due to a single nt deletion at
the start of the gene that completely changes the amino acid
sequence (Supplementary Figure 2). No defects were observed in
the legs of fd5!™ mutant animals (Figures 2A,E). As both genes
have identical expression patterns, and likely similar functions,
we generated a double fd4, fd5 mutant chromosome by mutating
the fd5 gene over the fd4°™ allele (Supplementary Figure 2). The
new fd5°? mutant has a nine nt sequence change and a three nt
deletion that generate a premature stop codon at the beginning
of the coding region (Supplementary Figure 2). fd4°", fd5s'°p
homozygous mutant animals reach adulthood, though they get
caught in the food where they die soon afterwards.

A detailed leg phenotypic analysis of the different DV
landmarks present in the three legs from fd4°™, fd5%F double
mutant animals revealed defects in the formation of the sex
comb and some necrotic tissue in few joints (Hannah-Alava,
1958). We also found that the pattern of transverse row bristles is
slightly altered in these mutants (Figure 2A and Supplementary
Figure 3). The number of sex comb bristles is strongly reduced in
the double mutant fd4°™, fd5% when compared to each single
mutant or the control (~10.6 in the control vs. ~4.8 in fd4°™,
fd5%°P mutants), suggesting a redundant role of these genes in
the formation of this male specific structure (Figures 2A,E). The
orientation of the remaining sex comb teeth is longitudinal as in
the control, suggesting that the 90° rotation of precursor distal
transverse row bristles have occurred properly in the mutants.
In females, we detected approximately the same number of tal
transverse rows in the control and in the double fd4°™, fd5"
mutant (Supplementary Figure 3). Importantly, the number of
sex combs bristles of fd4°™, fd5%°’ mutant animals was almost
completely rescued when a wild type copy of the fd5 gene
(BAC-fd5-GFP) was provided in the mutant background (~4.8
in fd4°™, fd5°P mutants vs. ~9 in the fd4°™, fd5""°F; fd5-GFP
rescue), confirming that these phenotypes are specific of the fd4,
fd5 mutations (Figures 2B,E).

In addition, we used specific RNAI lines for each gene that
efficiently reduced Fd4 and Fd5 protein levels (Supplementary
Figure 4). When these RNAi lines were expressed in the distal
domain of the leg with the DII-Gal4 driver (DII>) we obtained
identical phenotypes that with the mutants (Supplementary
Figure 4). These results corroborate the redundant roles of the
fd4 and fd5 genes in the formation of the sex comb.

Next, we investigated whether the requirement of the fd4/fd5
genes is restricted to the bristles precursors that will form the
sex comb teeth or to the epidermal cells of the leg imaginal disc.
To this end, we used the scabrous (sca)-Gal4 line to knock down
simultaneously Fd4 and Fd5 levels in nascent bristle cells (Shroft
et al., 2007). In addition, both RNAi lines were simultaneously
expressed with the doublesex (dsx)-Gal4 that is expressed both
in the epidermis and sensory organ precursors (SOPs) of the sex
comb (Robinett et al., 2010). While no defects were observed
in sca>fd4-RNAi, fd5-RNAi animals, a strong reduction in the
number of sex comb bristles was found in dsx> fd4-RNAi, fd5-
RNA:i flies (~11 in dsx> control animals vs. ~5.2 in dsx> fd4/fd5-
RNAi mutant animals) (Figures 2C,D,F). These results suggest
that Fd4 and Fd5 function is not restricted to late sex comb SOPs
but instead required in leg epithelium cells including those that
will be re-specified as SOPs.
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FIGURE 2 | Phenotypic analysis of fd4 and fd5 mutants. (A) Male adult leg phenotypes of a wild type, fd4°, fd51" and the double 45, fd551%P mutants.

Representative examples of the three legs (T1-T3) are shown. Close up views of the sex comb in T1, the distal tibia in T2, and the first tarsus in T3 are shown. TR,
transverse row; SC, sex comb; PAB, pre-apical bristle; AP, apical bristle and SB, spur bristles. Arrowheads indicate defective joints. Characteristic ventro-lateral
structures are the transverse rows (TRs), the sex combs (SCs), and the apical bristles (ABs). (B-D) Male first thoracic legs of the genotypes indicated. Note that the
sex comb phenotype of the double a4, fd55°P mutant is largely rescued by one copy of the fd5-GFP transgene (B). Knockdown of Fd4 and Fd5 levels with the
dsx-Gal4 (C), but not with the sca-Gal4 (D), reduced the number of sex comb bristles. (E,F) Quantification of sex comb bristles in the genotypes indicated and
presented in panels (A,B). n > 19 sex combs per genotype were counted. Error bars indicate standard deviation (SD). Statistically significant differences based on

Student’s t test are indicated: ***P < 0.0001 and not significant (ns).

In order to study the function of the fd4/fd5 genes in gain of
function experiments we have generated specific UAS lines for
each gene and ectopically expressed them in the dorsal region
(dpp-gal4) or in the entire distal domain (DII-Gal4) of the leg
imaginal disc (Figure 3). Importantly, the ectopic expression of
fd4 or fd5 did not increase the number of sex comb bristles
in any of these conditions (Figures 3A,B,D). Nevertheless, we
observed the appearance of an extra dorsal pre-apical bristle in
50% of T2 legs and a distal truncation that deletes the claw

in the DII>fd5 genotype (Figure 3B). When both genes were
expressed together with the DII-Gal4 line, a more severe distal
truncation phenotype was detected, however the number on sex
comb bristles remained close to the control (~11.4 in DIl> vs.
~10 in DII> fd4/fd5 animals) (Figures 3C,D).

In summary, all these results suggest that fd4/fd5 act
redundantly in the formation of the sex comb, however these
genes are not sufficient to generate ectopic sex comb teeth when
ectopically expressed.
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FIGURE 3 | Phenotypic analysis of fd4 and fd5 gain of function. (A,B) Male adult legs phenotypes of wild type control animals and of flies misexpressing fd4 (A) or
the fd5 (B) in the distal (DIl-Gal4) or dorsal (dpp-Gal4) domain of the legs. Representative examples of the three legs (T1-T3) are presented. Close up views of the
sex comb in T1, the distal tibia in T2, and the first tarsus in T3 are shown. Arrowheads indicate distal truncations. Arrows indicate the presence of duplicated PABs.
(C) Male adult legs of flies misexpressing fd4 and fd5 under the DIl-Gal4 driver. Note the severe truncation of the distal leg (arrowheads) and the presence of two
PABs. (D) Quantification of sex comb bristles in the genotypes indicated and presented in panels (A-C). n = 15 sex combs per genotype were counted. Error bars
indicate standard deviation (SD). Statistically significant differences based on Student’s t test are indicated: *P < 0.05, ****P < 0.0001, and not significant (ns).

Analysis of fd4/fd5 Role in the Sex Comb
Regulatory Network

The formation of the sex comb is directed by a gene regulatory
network that precisely localizes this structure in the anterior
ventro-lateral domain of the first tarsal segment of prothoracic
male legs (Kopp, 2011). PD patterning genes such as DI,
dachsound (dac), and bric a brac (bab), in combination with
HI15/mid, wg, and en regulate the prominent expression of the
Hox gene Sex comb reduced (Scr) in the tibia (ti) and first
tarsal segment (tal) of the prothoracic leg (Tokunaga, 1961;
Struhl, 1982; Couderc et al., 2002; Svendsen et al., 2009; Eksi
et al., 2018; Figures 4A,I). Scr, together with PD transcription
factors, regulate doublesex (dsx) expression in two anterior
distal crescents (tal and ta2). Dsx is a sex-specific transcription
factor that exists in two isoforms. The male isoform promotes
male-specific structures while the female isoform dictates the
corresponding female ones (Burtis and Baker, 1989). Once
activated, Dsx modulates the sexual dimorphic male-specific
expression of scr in tal segment (Kopp, 2011; Tanaka et al., 2011;
Figures 4B,I).

Initially, we analyzed the expression of wg and its target
genes H15 and mid in fd4/fd5 loss of function conditions. No
changes were observed in the expression of any of these genes
(Supplementary Figure 5). Next, as both Scr and Dsx direct
the morphogenesis of the sex comb structure, we decided to
study the functional relationship between these genes and fd4/fd5.
To monitor dsx expression we used an antibody against the
common domain shared by the male and female Dsx protein
isoforms (Sanders and Arbeitman, 2008). First, we compared

the expression of fd5-GFP with Scr and Dsx and confirmed that
both genes overlap with Fd5 in the ventro-lateral domain of the
presumptive tal in male prothoracic imaginal disc, the region
that will form the transverse row bristles and the sex comb
(Figures 4A,B). Second, we analyzed Scr and dsx expression
in leg discs from fd4°™, fd5%? double mutant animals. No
visible changes were observed in the expression of these genes
in mutants as compared to controls, or when we knockdown
Fd4/Fd5 levels in the anterior compartment using the RNAi
lines (Figures 4C-F). To confirm that the fd4/fd5 genes are
not modulating Scr or Dsx levels, we generated mosaic mitotic
fd4>nt, fd5"°P mutant clones and monitored Scr and Dsx levels in
mutant and wild type adjacent cells of the same leg imaginal disc
(Figures 4G,H). We did not detect any change on Scr and Dsx
levels in fd4°™, fd5%°P mutant clones. As fd4 and fd5 expression
is neither sexually dimorphic nor restricted to the prothoracic
legs, it is very unlikely that these genes are downstream of Scr
and Dsx regulation.

These results indicate that the fd4/fd5 genes may work in
parallel with Scr and Dsx in the regulatory network that controls
the formation of the sex comb (Figure 4I).

Identification of the Leg Disc fd4/fd5

Minimal Cis-Regulatory Module

To identify the CRMs that direct fd4/fd5 expression in the leg
imaginal disc, we searched for differentially open chromatin
regions between the leg and the wing disc in the fd4/fd5 genomic
locus (McKay and Lieb, 2013). Two regions, A and C, show a
clear open chromatin state in the leg as opposed to the wing
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FIGURE 4 | Fd4/Fd5 are not requiered for Scr and dsx expression. (A,B) Expression of fd5-GFP (green) and Scr (red, A) or dsx-C (red, B) in a male third instar
prothoracic leg imaginal disc. Single channels for Scr and Dsx-C stainings are shown. White arrows point to the tibia and first tarsal segment. (C,D) Scr (C) and
Dsx-C (D) antibody stainings in male prothoracic leg imaginal discs of fd45™, fd551°P mutant animals. (E,F) Male prothoracic leg imaginal discs stained for Hh (green)
F). The knockdown of Fd4/Fd5 levels in the anterior compartment by the expression of the fd4 and fd5 RNAI lines under the ci-Gal4
driver does not affect Scr or Dsx-C. Single channels for Scr and Dsx-C staining are shown. (G,H) fd4°™, fd551°P mitotic mutant clones visualized by the absence of
GFP (green) and by a dotted white and green line. Scr (G) and Dsx-C (H) levels (red) are not affected in fd4°"!, fd551°P mutant cells. Single channels for Scr and
Dsx-C staining are shown. (I) The sex comb integrate multiple regulatory inputs form the three axes (D-V, P-D, and A-P) and sex-specific cues to develop in a precise
location in the first tarsal segment of the male prothoracic leg. A simplified version of the gene regulatory network that directs the formation of the sex comb is
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disc (Figure 5A). Both regions and an additional sequence
(B fragment) that has been previously shown to reproduce
fd4/fd5 expression in the embryo were cloned in a GFP or lacZ
reporter vector (Figures 5A,B; Archbold et al., 2014). Of these
three elements, only fragment C, which is contained within the
GMR35H08 element, is active in the leg disc in a similar pattern
as fd4/fd5 expression (Figure 5B). However, unlike the fd4/fd5
genes, this element is also active in the wing disc (Supplementary
Figure 6). We further subdivided the C element in two non-
overlapping halves (C1 and C2) and a fragment that encompass
the peak of open chromatin in the leg (C3) (Figure 5A). As both
C2 and C3 elements reproduce fd4/fd5 expression, we tested the
activity of the 200 bp overlapping region (Cs) in the leg disc. No
reporter activity was observed for the Cs fragment, suggesting
that the C3 element contains the minimal information to drive
fd4/fd5 expression in the leg disc (Figure 5B).

Regulation of fd4/fd5 Expression in the

Leg Imaginal Disc

As the expression of the fd4/fd5 genes is restricted to the ventro-
lateral domain of the leg disc, we investigated the role of the Dpp
and Wg pathways in their regulation. We used the fd5-GFP line or
the fd4/fd5 C-CRM as readouts for fd4/fd5 expression depending
on the experimental setup. To test the idea that the fd4/fd5 genes
integrate the Wg and Dpp inputs, we generated clones expressing
a constitutive activated form of the B-catenin homolog Armadillo
(Arm*) to activate the Wg pathway, or an activated form of
the Dpp receptor Thickveins (Tkv@P), respectively (Figures 6A-
C). Most of dorsally located arm™* expressing clones show a
cell autonomous upregulation of fd5-GFP and C-GFP CRM
expression (Figures 6A,B). However, arm* clones close to the

dpp domain failed to induce the expression of these reporters
(Figures 6A,B). In contrast, activation of the Dpp pathway by
tkvQP expressing clones strongly repressed fd5-GEP expression
(Figure 6C). These results suggest that the Wg pathway activates,
while the Dpp pathway represses fd4/fd5 expression. To test
for the requirement of these pathways in the regulation of
the fd4/fd5 genes, we generated mitotic loss of function clones
for the transcriptional effectors of the Dpp pathway, Mad
and for the Wg co-receptor Arrow (Arr). C-GFP was strongly
upregulated in all dorsally located mad'? clones, while ventral
arr* mutant clones exhibit different behaviors of C-CRM activity
depending on their localization (Figures 6D-F). For example,
ventral anterior clones close to the AP compartment border
downregulate C-lacZ activity while ventral posterior clones have
no effect on it (Figures 6E,F, respectively). The regulation of
fd4/fd5 expression by the Dpp and Wg pathways is not mediated
by their target genes omb and HI15/mid, as mutant clones for
these genes have no effect on fd5-GFP expression or C activity
(Supplementary Figure 6).

Decapentaplegic and Wg transcriptionally repress each other
in the leg disc, and therefore the downregulation of one pathway
allows the activation by Hh of the other in anterior cells
(Brook and Cohen, 1996; Jiang and Struhl, 1996; Johnston and
Schubiger, 1996; Morimura et al., 1996; Penton and Hoffmann,
1996; Theisen et al., 1996). Our arr® mutant clone analysis
points to an indirect regulation of fd4/fd5 expression through the
derepression of the Dpp pathway instead of a direct requirement
of the Wg pathway for its expression. To further test this
possibility, we first generated mutant clones for Schnurri (Shn),
a transcriptional repressor downstream of Dpp activity. Shn is a
zinc finger protein that together with Mad/Med forms a complex
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FIGURE 5 | Identification of the fd4/fd5 CRM. (A) Schematic representation of the fd4 and fd5 genomic locus in which open chromatin regions, identified by FAIRE
seq for leg and wing imaginal discs are indicated by green and red peaks, respectively. Data obtained from McKay and Lieb (2013). In the upper part of the panel,
horizontal bars represent the DNA elements for which Gal4 drivers were generated by the Janelia Farm consortium (gray bars). Only the GMR35HO08 line (black bar)
reproduced fd4/fd5 expression in the leg disc. Below the genomic locus are drawn the different DNA elements cloned in this work into a reporter GFP or lacZ
construct. Only the C fragment and the C2 and C3 subfragments faithfully reproduced the expression of fd4/fd5 in the leg imaginal disc. Note that the A and C
fragments were selected because of the different chromatin accessibility profiles between the leg and wing imaginal discs. Gray bars indicate no activity and black
bars indicate activity in leg imaginal discs. (B) Leg imaginal disc activity of the different fragments cloned in this work and shown in panel (A). All elements were
cloned in a GFP or lacZ reporter vector and inserted in the same attP site. GFP (green), Wg (red), and dpp-lacz (blue).

that regulates Dpp target genes such as brinker (brk) (Arora
et al,, 1995; Grieder et al.,, 1995; Marty et al., 2000). Dorsally
located shn® mutant clones activated the expression of the C-
lacZ reporter cell autonomously and, importantly, they do so
without derepression of wg (Figure 6G). Next, we induced shn'
mutant clones that are also mutant for arr, and therefore cannot
transduce the Wg pathway. Consistently with our previous
results, these shn! arr? mutant clones still derepressed C-lacZ
activity in dorsal leg regions (Figure 6H).

Taken together, these results demonstrate that fd4/fd5
expression is repressed dorsally by the Dpp effectors Shn and Mad
and is activated independently of Wg.

fd4/fd5 are expressed in ventral (legs and antenna) but not
dorsal (wing and haltere) imaginal discs, suggesting that their
expression could be regulated by a positive input from a ventral
selector gene. The sister genes, buttonhead (btd) and SpI could
fulfill this role: in one hand, forced expression of btd or Spl in
the wing disc induces ectopic leg development and in the other,
removing btd and Sp1 completely abolish leg formation (Estella
etal,, 2003; Estella and Mann, 2010). To test this idea, we analyzed
fd5-GEP expression in wing discs where btd is ectopically induced
(Figures 7A-C). Misexpression of btd in the wing imaginal disc
with the dpp-Gal4 line activates fd5-GFP in the wing pouch
but not in the notum (Figures 7A-C). In contrast, clones for a
deficiency that deletes the btd and Sp1I genes (Df(btd,Sp1)) in the

leg disc has no effect on fd5-GFP expression, even when these
clones lose the ability to activate DIl (Figure 7D). These results
suggest that although btd is sufficient to ectopically induce fd5-
GFP expression in the wing disc, btd and Sp1 are not necessary
for endogenous fd5 expression in the leg disc.

DISCUSSION

In this work we studied the expression and function of the
forkhead family members fd4 and fd5 during leg development
in Drosophila. We found that these genes play redundant roles
during sex comb formation.

Subdivision of the DV territories is regulated in a different
manner between wing and leg appendages. For example, in
the wing imaginal disc the expression of the selector gene
apterous (ap) is activated in response to the epidermal growth
factor receptor (EGFR) pathway and it is required for the
specification of dorsal cell fates (Diaz-Benjumea and Cohen,
1993; Blair et al, 1994; Wang et al., 2000; Bieli et al., 2015).
In the leg imaginal disc, DV subdivision is controlled by Dpp
and Wyg signaling pathways that direct dorsal and ventral fates,
respectively (Brook and Cohen, 1996; Jiang and Struhl, 1996;
Johnston and Schubiger, 1996; Morimura et al., 1996; Penton
and Hoffmann, 1996; Theisen et al., 1996). As Dpp and Wg
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arm* clones arm* clones

FIGURE 6 | Wg and Dpp contribution to fd4/fd5 regulation in the leg disc. (A,B) Clones expressing arm* marked by lacZ (red) activates fd5-GFP (green, A) or C-GFP
(green, B) expression in dorso-lateral regions of the disc. Note that dorsal-most clones failed to activate fd5 or C activity. Single channels for Fd5-GFP and C-GFP
are shown separately and arm* clones are outlined with red dots. (C) Clones expressing tkve? marked by lacZ (red) repress fd5-GFP (green) expression. Single
channel for Fd5-GFP is shown and tkv@P clones are outlined with red dots. (D) mad'? clones marked by absence of lacZ (red), show C-GFP (green) derepression in
the dorso-lateral domain of the leg (white arrow). Single channel for C-GFP is shown and clones are outlined with red dots. (E,F) arr? clones marked by absence of
GFP stained for C-lacZ (red) and En (blue) to mark the posterior compartment. In panel (E), an anterior ar® mutant clones in the ventro-lateral domain of the leg
show downregulation of C-lacZ (arrow). In panel (F), the same clones located in the posterior compartment have no effect on C-lacZ activity (arrow). Single channels
for GFP and C-lacZ are shown and clones are outlined with green dots. (G) shn® mutant clones marked by the absence of GFP (green) derepress C-lacZ activity
(red) in the dorsal domain of the leg disc (arrow). Note that in these clones, wg expression (blue) is not activated. Single channels for C-lacZ and Wg are shown and
clones are outlined with green dots. (H) shn', arr®> double mutant clones marked by the absence of GFP (green) derepress C-lacZ activity (red) in the dorsal domain
of the leg disc (arrows). Wg staining is in blue. All clones were generated 48-72 h AEL.
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FIGURE 7 | fd5 regulation by btd and Sp1. (A) Control wing imaginal disc
expressing GFP (green) under the dpp-Gal4 driver and stained for Dl (red) and
Dac (blue). Separate channel for DIl is shown. (B) Wing imaginal disc from a
fd5-GFP line. Note the absence of fd5 expression (green) in the wing disc.

(C) The expression of btd under the control of the dpp-Gal4 line ectopically
activates fd5-GFP (green) expression in the wing disc. DIl (red) and Dac (blue).
Separate channels for DIl and Fd5-GFP are shown. (D) Df(btd, Sp1) mutant
clones generated 48-72 h before dissection marked by the absence of RFP
(red and arrow) and stained for Fd5-GFP (green) and DIl (blue). Single
channels for DIl and Fd5-GFP are shown. Clones are outlined with red dots.

form gradients, an interesting problem is to understand how cells
in the leg disc, which are exposed to different levels of these
morphogens are able to integrate this information and assume
dorsal, ventral, and lateral fates. This is of special interest as
the leg is a circular appendage with no clear morphological DV
distinction and no lineage restriction as opposed to the wing.
Moreover, in contrast to the PD axis, we have very limited
information of the downstream Wg and Dpp targets that controls
DV patterning in the leg.

In a search for genes with DV expression patterns in the
leg, we identified the forkhead family members fd4 and fd5
to be restricted to the ventro-lateral domain of the ventral
imaginal discs. In contrast to other known DV leg patterning
genes, the fd4/fd5 expression is extended more laterally than
the Wg target genes H15/mid. These genes are not activated
in the dorsal domain of the leg, where high levels of Dpp are
present. In addition, we identified a minimal CRM that faithfully
recapitulates fd4/fd5 expression in the leg imaginal disc. Detailed
analysis of the C element regulation reveals that this CRM
is activated by an unknown factor and repressed by the Dpp
pathway, more specifically by the transcriptional repressor Shn.

Interestingly, we found that the C element is similarly expressed
as brk, another Shn target gene (Marty et al., 2000; Estella and
Mann, 2008). However, Brk is not required for C element activity
in the leg as the C-GFP CRM is normally expressed in brk mutant
clones (Supplementary Figure 6). No consensus binding site for
the Mad/Med/Shn complex was found in the C-CRM sequence,
suggesting that either this complex is binding a non-consensus
site or that fd4/fd5 regulation by Shn is indirect (Pyrowolakis
et al., 2004). Importantly, we found that the Wg pathway is
indirectly required for C element activity through the repression
of Dpp expression.

Unlike the endogenous expression of the fd4/fd5 genes, the C
element is not restricted to the ventral imaginal discs (legs and
antenna), as activity of this CRM is also observed in the wing disc.
This result suggests that sequences outside the C and GMR35H08
elements restrict fd4/fd5 expression to the ventral imaginal discs.
We studied the potential role of the ventral selector genes Sp1 and
Btd as regulators of fd4/fd5 ventral specific expression. However,
btd/Sp1 loss of function clones still display fd5 expression in
the leg. It is possible that wing disc specific genes are required
for repressing fd4/fd5 expression in dorsal imaginal discs and
restricting its activity to ventral ones.

According to their identical expression and sequence
homology, we found that these genes play redundant roles
during leg development. Using newly generated alleles for each
gene and a double fd4/fd5 mutant, we describe a redundant
role for these genes in sex comb formation. In contrast to their
wide lateral expression in all three legs, we only found defects
on the development of this specific male structure of the first
thoracic leg. In males, the distal most transverse row of the first
tarsal segment is transformed into a sex comb. We found that
in fd4/fd5 double mutants the number of sex comb bristles is
strongly reduced but not eliminated, suggesting that these genes
contribute to sex comb development but are not completely
required. As the sex comb is formed from cells with ventral and
lateral fates (Held et al., 1994), the remaining sex comb bristles
observed in the fd4/fd5 mutants would only be formed from cells
with ventral identity.

The sex comb gene regulatory network integrates information
from the three axes (AP, DV, and PD) and sex- and segment-
specific cues by the dsx and Scr genes, respectively (Kopp, 2011).
No defects on the expression of HI15/mid, Scr, or dsx were
observed when fd4/fd5 levels were knock down, suggesting that
the fd4/fd5 act in parallel to these genes in the regulatory network
that controls sex comb formation. The sex comb is a great model
to study how the precise combination of positional and sex
specific patterning cues promote the formation of morphological
structures. Understanding the genetics of sex comb development
could help understand the origin and diversification of this
recently evolved structure.

A recent study has analyzed the expression and function of
the forkhead transcription factor FoxB in the common house
spider Parasteatoda tepidariorum (Heingard et al., 2019). This
gene is the ortholog of fd4/fd5 and the only family member in
the spider. Similar to Drosophila fd4/fd5, pt-FoxB expression is
restricted to the ventral domain of developing appendages and
it is required for DV patterning. In pt-Foxb-RNAi animals the
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expression of the ventral determinants wg and HI5 is almost
lost while the corresponding ventral expansion for the dorsal
determinants, dpp and omb, is described. It is remarkable the
different mutant phenotypes observed in the spider and the
fly after the knockdown of these genes. One possibility that
could explain these differences is that the double fd4°™, fd5°P
mutant chromosome generated in our study is not a true null
for fd5 but a strong hypomorph due to stop codon readthrough
mechanisms (Palma and Lejeune, 2021). Either way, the leg
phenotypes described here using the double fd4°™, fd5°P mutant
and the RNAi lines are almost identical. Also, in the Parasteatoda
study the authors used RNAi techniques to downregulate the
function of the Foxb gene. Another possibility is that the function
and requirement of the FoxB forkhead transcription factors have
been modified during the evolution of arthropods. Thanks to
the development of new technologies such as CRISPR/Cas9 the
function of the FoxB forkhead transcription factors could be
easily investigated in other arthropods to study how the DV gene
regulatory network has been modified in related species.

MATERIALS AND METHODS

Drosophila Strains
fd4-GFP  (P{fd96Ca-GFP.FPTB}attP40), fd5-GFP (P{fd96Ch-
GFP.FPTB}attP40), dpp'**%8-lacZ (p10368), omb-lacZ, H15-lacZ,
mid-lacZ, dpp-Gald, UAS-GFP, DIP'2-Gal4, dsx-Gal4, sca-
Gal4, UAS-fd4-RNAi, UAS-fd5-RNAi and hh-dsred, Ci-Gal4 are
described in FlyBase.

Loss-of-function clonal analysis the following genotypes were
used:

yw122; FRT82B fd45™, fd5%°P /yw122; FRT82B-ubi-GFP.

ywl122; FRT42D arr?/w122; FRT42D ubi-GFP; C-lacZ

yw122; Mad' ~2 FRT40A/arm-lacZ FRT40A; C-GFP

yw122; FRT42D shn®; C-lacZ/yw122; FRT42D ubi-GFP.

ywl22; FRT42D arr? shnl/yw122; FRT42D ubi-GFP; C-lacZ

Df(btd,Sp1) FRT19A/yw122 ubi-RFP FRT19A, fd5-GFP

omb®32 FRT19A/yw122 ubi-REP FRT19A, fd5-GFEP

ywl122; H15%* mid'%> FRT40A/ubi-GFP FRT40A; C-lacZ

brkM®® FRT19A/yw122 ubi-RFP FRT19A, C-GFP

Clones were induced by heat shocking 48-72 h AEL (after egg
laying) larvae for 1 h at 37°C.

Gain-of-function clonal analysis:

ywl122; act>STOP> Gal4, UAS-lacZ; fd5-GEP/UAS-tkv?P

ywl122; act>STOP> Gal4, UAS-lacZ; fd5-GFP/UAS-arm*

ywl22; act>STOP> Gal4, UAS-lacZ; C-GFP/UAS-arm*

Clones were induced by heat shocking 48-72 h AEL larvae for
10 min at 37°C.

At least three clones were scored for each experiment.

All fly lines listed above are described in FlyBase.

Generation of the fd4°™ fd51"t and

fd45 | fd55t°P Mutant Flies

The fd4>™, fd5'" and fd4°™, fd5*"°P mutant flies were generated
by CRISPR-Cas9 technique. Briefly, fd4 and fd5 gRNAs were
cloned in the pBFv-U6.2 and injected in y'v! P{y[ + t7.7] = nos-
phiC31\int. NLS}X;P{y[ + t7.7] = CaryP}attP40 flies. These flies

were then crossed with flies expressing Cas9 in their germinal line
cells. Candidate mutants were confirmed by sequencing. gRNAs
sequences were selected as the produced mutations (insertions
and deletions) at the beginning of the respective gene. The
following sequences were used as primers to clone the gRNAs in
the pBFv-U6.2 vector following FlyCas9 protocols':

Sense fd4 5'-CTTCGTAGGATTCTCGCGAGGGCC-3'

Asense fd4 5'- AAACGGCCCTCGCGAGAATCCTAC-3'

Sense fd5 5'-CTTCGCTGAGCGGCAGCAATCTTTG-3'

Asense fd5 5'-AAACCAAAGATTGCTGCCGCTCAGC-3

To generate the fd4°™, fd5°F double mutant we introduced
the fd5 gRNA into fd4°™ flies. The candidate mutant flies were
sequenced to verify the new mutations produced in the fd5 gene.

Generation of UAS-fd4 and UAS-fd5

Lines
Wild type fd4 and fd5 DNA was amplified from genomic DNA
and cloned in the pUAST attB vector using the following primers
(restriction sites are underlined and restriction enzyme used is
noted in brackets):

For UAS-fd4:

5-CAGTGAATTCGTAATAATGCCCCGGCCCTC
GCGAGAATCC-3 (EcoRI)

5-CAGTCTCGAGCCCTGCTTGTTGCCACTTATCTAT
ATCGTACGC-3'(Xhol)

For UAS-fd5:

5 CAGTAGATCTCTTCGCAATGCCACGCCC
ATTGAAAATGAG 3’ (BgIII)

5 CAGTGCGGCCGCTCAAAAGACGGGCAACGGGCCG
3’ (Notl)

Both UAS
attP site (86FD).

constructs were inserted into the same

Generation of GFP and lacZ Reporter

Transgenic Lines

To generate the A, B, C, Cl, C2, C3, and Cs reporter
constructs, DNA from the fd4/fd5 locus was amplified by PCR
from genomic DNA. For the GFP reporter lines, the DNA
fragments were first cloned into the pEntry/D-TOPO vector and
then swapped into the attB-pHPdesteGFP vector (Boy et al,
2010), using the LR Clonase Enzyme Mix (Thermo Fisher
Scientific). For the lacZ reporter lines, DNA fragments were
amplified with primers containing restriction enzyme sites as
overhangs, and subsequently cloned into plasmid attB-hs43-nuc-
lacZ (Giorgianni and Mann, 2011).

We cloned all the sequences in the GFP reporter vector except
for the C1 and A fragments that were cloned in the lacZ vector
and the C-CRM that was cloned in both vectors.

To carry out these experiments, we used the following primers
(restriction sites are underlined and restriction enzyme used is
noted in brackets)

A fragment in attB-hs43-nuc-lacZ vector:

5'-CAGTGCGGCCGCCCGTGGCCATATTCATATGTCCAC-
3’ (Notl)

'https://shigen.nig.ac.jp/fly/nigfly/cas9/
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5-CAGTGCGGCCGCAGGATTCTCGCGAGGGCCGGGG-
3/(Notl)

B fragment in attB-pHPdesteGEP vector:

5'CACCGCGCACCAGGCCACGCCCACCCCCG-3

5 CAGTAGATCTGGAGCCGCAGGGGCCAGATA-3

C fragment in attB-hs43-nuc-lacZ vector:

5'-CAGTGCGGCCGCGTATCTGGCCCCTGCGGCTCC-
3/(Notl)

5CAGTAGGCCTGCCCAGAGGCGGATTCGGATTCGG-
3/(Stul)

C fragment in attB-pHPdesteGFP vector:

5-CACCGTATCTGGCCCCTGCGGCTCC-3

5'-GCCCAGAGGCGGATTCGGATTCGG-3'

C2 fragment in attB-pHPdesteGFP vector:

5'-CACCCAGATCTCAGTTTCTCGGTTCG-3'

5'-GCCCAGAGGCGGATTCGGATTCGG-3'

C3 fragment in attB-pHPdesteGFP vector:

5'-CACCAGATCTCGGCTCGGGTGTTGATGC-3

5-CAGTGCGGCCGCGCCGCTAGTTGCCGGCAC-3

Cs fragment in attB-pHPdesteGFP vector:

5'-CACCCAGATCTCAGTTTCTCGG-3'

5'-CAGTGCCGCTAGTTGCCGGCAC-3'

The Cl-lacZ fragment was cloned from the C sequence
included in the attB-hs43-nuc-lacZ vector, using the restriction
site of NotI enzyme that had been included at the beginning of C
sequence, and BglII that digests in the middle of the C fragment.
The primers to clone the C2 fragment were designed to clone
from BgIII.

All  these
attP site (86Fb).

constructs were inserted into the same

Immunostaining

Embryos and larval leg imaginal discs were fixed and stained
following standard procedures described in Requena et al. (2017).
We used the following primary antibodies: rabbit anti-pGal
(1/1000; Promega), mouse anti-BGal (1/1000; MP Biomedicals),
guinea pig anti-DIl (1/2000) (Estella et al., 2008), rabbit anti-GFP
(1/1000; Thermo Fisher Scientific), mouse anti-Dac (1/50; DSHB
#mAbdacl-1), mouse anti-Wg (1/50; DSHB #4D4), rat-anti-Dsx-
C (1/200) (Sanders and Arbeitman, 2008), mouse-anti-Scr (1/50;
DSHB #6H4.1) and mouse anti-En (1/50; DSHB #4D9).

In situ Hybridization

The fd4 RNA probe used in this experiment was generated by
PCR from genomic DNA using primers with the recognition
sequences of the RNA polymerase T7 and T3:

Forward T7:

5'-TAATACGACTCACTATAGGGGGGACT
GACCAATCTGCCCGCGC-3'

Reverse: T3:

5'-ATTAACCCTCACTAAAGGGACGGGGCTCCG
ATATTGCTGCGCC-3'

The transcription to generate antisense probes was done using
the RNA polymerase T3 in the presence of DIG (DIG RNA
labeling mix, Roche) at 15°C for 2 h, and the probes were
precipitated and suspended in H,O with DEPC (Sigma).

Imaginal discs were dissected in PBS 1x and fixed in 4%
formaldehyde for 30 min at room temperature. Then, we washed
in PBS-0.1% Tween (PBT) three times, and refixed for 20 min
at room temperature in 4% formaldehyde, 0.1% Tween. The
samples were washed again in PBT.

After three washes in PBT, discs were incubated overnight
at -20°C in hybridization solution (SH; 50% formamide,
SSC 5x, 100 pg/ml salmon sperm DNA, 50 pg/ml heparin,
and 0.1% Tween).

The next day, we washed the disc in SH for 10 min at room
temperature. The discs were prehybridized for 2 h at 55°C in
SH and hybridized with digoxigenin (DIG)-labeled RNA probes
at 55°C. The probes were previously denatured at 80°C for
10 min. All the solutions used before hybridization were treated
with DEPC (Sigma). After hybridization, discs were washed in
SH and PBT and incubated for 2 h at room temperature in a
1:4000 dilution of anti-DIG antibody (Roche). After incubation,
the discs were washed in PBT and the detection of probes was
performed with 4-Nitro blue tetrazolium chloride (NBT) and 5-
Bromo-4-chloro-3-indolyl-phosphate (BCIP) solution (Roche).
The discs were mounted in 70% glycerol.
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Supplementary Figure 1 | fd4 and fd5 expression in ventral imaginal discs. Third
instar eye-antenna, genital and leg imaginal discs stained for Fd4-GFP (green) or
Fd5-GFP (green), dpp-lacZ (blue), and Wg (red).

Supplementary Figure 2 | Generation of fd4, fd5 and fd4, fd5 double mutant
alleles. Schematic representation of the different mutants generated for this study.
gRNA target sites are in red. Chromatograms, as determined by Sanger
sequencing, for the evaluation of the different mutants are presented. All
sequences were obtained from homozygous flies at the exception of the fd5't
mutant. Insertions are indicated in blue. Asterisks indicate the first stop codon
generated. Gray boxes represent alterations in the protein sequence due to stop
codons and open reading frame changes. The corresponding amino acid
sequences are shown below.

Supplementary Figure 3 | fd4 and fd5 mutant’s leg phenotypes. Adult male and
female prothoracic legs of wild type, fd4°™, fd5'" and the double fd4%™, fd551P
mutants. The tibia (tib) and the first tarsal (ta1) segment are shown. Sex comb (SC)
are indicated, and numbers mark the transverse rows in the tai.

Supplementary Figure 4 | Validation of fd4 and fad5 RNAi lines. (A-D) Third instar
leg imaginal discs stained for GFP (green) and hh-dsRED (red) of the following
genotypes: (A) ci-Gal4, hh-dsRED; Fd4-GFP, (B) ci-Gal4, hh-dsRED;
UAS-fd4-RNAi; Fd4-GFP, (C) ci-Gal4, hh-dsRED; Fd5-GFP, and (D) ci-Gal4,
hh-dsRED; UAS-fd5-RNAI; Fd5-GFP. Separate channels for GFP and Hh are
shown. Note the downregulation of Fd4 and Fd5 levels in the anterior
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During embryonic gonadal development, the supporting cell lineage is the first cell type
to differentiate, giving rise to Sertoli cells in the testis and pre-granulosa cells in the
ovary. These cells are thought to direct other gonadal cell lineages down the testis or
ovarian pathways, including the germline. Recent research has shown that, in contrast
to mouse, chicken gonadal supporting cells derive from a PAX2/OSR1/DMRT1/WNT4
positive mesenchymal cell population. These cells colonize the undifferentiated genital
ridge during early gonadogenesis, around the time that germ cells migrate into the
gonad. During the process of somatic gonadal sex differentiation, PAX2 expression is
down-regulated in embryonic chicken gonads just prior to up-regulation of testis- and
ovary-specific markers and prior to germ cell differentiation. Most research on avian
gonadal development has focused on the chicken model, and related species from
the Galloanserae clade. There is a lack of knowledge on gonadal sex differentiation
in other avian lineages. Comparative analysis in birds is required to fully understand
the mechanisms of avian sex determination and gonadal differentiation. Here we
report the first comparative molecular characterization of gonadal supporting cell
differentiation in birds from each of the three main clades, Galloanserae (chicken and
quail), Neoaves (zebra finch) and Palaeognathe (emu). Our analysis reveals conservation
of PAX2T expression and a mesenchymal origin of supporting cells in each clade.
Moreover, down-regulation of PAX2 expression precisely defines the onset of gonadal
sex differentiation in each species. Altogether, these results indicate that gonadal
morphogenesis is conserved among the major bird clades.

Keywords: PAX2, sex determination, Evo-Devo, gonadal sex differentiation, DMRT1, embryonic gonad

INTRODUCTION

Gonadal sex differentiation during embryogenesis provides an excellent model for studying the
genetic regulation of development. The somatic component of the vertebrate gonad arises from
intermediate mesoderm, while the germ cells are of extra-gonadal origin, migrating into the gonad
before somatic sex differentiation commences (Lawson, 1999; Nef et al., 2019). Among most
vertebrates, the gonadal primordium, together with its germ cells, is initially morphically identical
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in both sexes. Subsequently, the somatic cells and the germ
cells of the gonad are directed down the testicular or ovarian
pathway via a cascade of sexually dimorphic gene expression
that starts in the somatic compartment (Eggers et al., 2014;
Liu et al, 2016; Yang et al., 2018). Two distinctive structures
are initially distinguishable in the somatic compartment, an
outer coelomic epithelium and underlying medulla (Smith and
Sinclair, 2004). In the mouse, for which most data are available,
proliferation of cells in the coelomic epithelium gives rise to
so-called supporting cell progenitors, which enter the medulla.
This key cell lineage generates Sertoli cells in the testis and
pre-granulosa cells in the ovary. In both sexes, the supporting
cells are thought to direct other uncommitted progenitor cells
to the testicular or ovarian pathways, including the germline
(Piprek et al., 2017; Rotgers et al., 2018). Germ cells are
specified in the epiblast very early in development, and they
migrate into the undifferentiated gonads (via the hindgut in
mammals, via the bloodstream in birds) (Tagami et al., 2017).
The germ cells of both sexes populate the gonad but are
uncommitted to either the spermatogenesis or oogenesis pathway
until somatic gonadal cells send inductive cues. Germ cell fate
is therefore closely linked to somatic development of the gonad.
In mouse, after the germ cells have settled in the gonads,
the somatic supporting cell lineage begins to differentiate. In
female mammals, somatic, and intrinsic signals induce germ
cells to express Stra8 and enter meiosis during embryogenesis.
A large body of evidence previously pointed to retinoic acid
(RA) as the somatic indicative signal triggering meiosis in
females (Bowles et al., 2006; Koubova et al., 2006). However,
surprisingly, recent data has shown that compound mutant
mouse ovaries lacking all retinoic acid receptors or all three
RALDH2 enzymes that synthesize RA can still initiate meiosis
(Chassot et al., 2020; Vernet et al., 2020). The exact gonadal
somatic signal for female germ cell sexual development is
therefore again open to investigation. In male mammal gonads,
the germ cells do not enter meiosis during embryogenesis.
Instead, they lose pluripotency and enter mitotic arrest (Spiller
et al, 2017). These sexually dimorphic germ cell fates are
intimately linked to the development of the gonadal somatic
cells. In males, this lineage gives rise to pre-Sertoli cells and,
in females, pre-granulosa cells (Stevant and Nef, 2019). Signals
such as Fgf9 sent from the Sertoli cells act with intrinsic factors,
such as Nanos2, to antagonize meiosis and instead direct the
germ cells down the male pathway, toward spermatogenesis
(Suzuki and Saga, 2008; Bowles et al., 2010). The supporting
cell lineage also sends inductive signals to the presumptive
steroidogenic lineage, directing their differentiation into Leydig
cells (in the testis) or thecal cells (in the ovary) (Yao et al,
2002; Rebourcet et al, 2014). In the developing mammalian
ovary, proper follicle formation requires cross-talk between the
female somatic and germ cell populations (Liu et al., 2010;
Baillet and Mandon-Pepin, 2012). Hence, the sexual fate of
the gonadal soma and the germ cells hinges upon the key
supporting cell lineage.

In the mouse, the key supporting cell lineage derives from
the coelomic epithelium via asymmetric cell division and
egression into the underlying gonadal mesenchyme (Piprek et al.,

2016; Lin et al,, 2017; Stevant and Nef, 2019). Surprisingly,
recent research has shown that, in contrast to mammals, the
coelomic epithelium in the chicken embryo does not generate
the supporting cell lineage (Sertoli or pre-granulosa cells).
Rather, it gives rise to a non-steroidogenic interstitial cell
population (Estermann et al., 2020). In chicken, the supporting
cells develop from a mesenchymal source present in the gonad
during early development (Sekido and Lovell-Badge, 2007;
Estermann et al., 2020). These cells have a specific molecular
signature, expressing the transcription factors PAX2, DMRT1I
and OSRI, and the signaling molecule, WNT4. The finding
that supporting cells in chicken derive form a different source
to those in mouse was surprising, given the conservation
of overall gonadal morphogenesis among vertebrate embryos
(DeFalco and Capel, 2009). However, a major difference between
birds and mammals is the genetic gonadal sex-determining
trigger. In mouse and other mammals, the Y chromosome-
linked SRY gene operates as the master sex switch, initiating
Sertoli cell differentiation in male embryos (Koopman et al,
1990, 1991; Sinclair et al., 1990; Goodfellow and Lovell-Badge,
1993). SRY is absent outside the mammalian clade, and in
fact, birds have a different sex chromosome system. Birds
have ZZ/ZW sex chromosomes, in which male (ZZ) is the
homogametic sex and female (ZW) is heterogametic (Marshall
Graves, 2008). The Z linked gene, DMRTI operates as the
testis determining factor via a dosage mechanisms (Smith et al.,
2009; Lambeth et al., 2014; Ioannidis et al., 2021). Due to
the lack of Z sex chromosome compensation, male supporting
cells have double the dose of DMRTI compared to females
(Raymond et al., 1999; Smith et al., 2003; Ayers et al., 2015).
DMRT1I knockdown or knock out results in feminization of the
gonad. Moreover, over-expression of this gene causes gonadal
masculinization, indicating that DMRT1 is the sex-determining
gene in chicken, and presumably in all birds (Smith et al., 2009;
Lambeth et al., 2014; Toannidis et al., 2021). This would be
consistent with the deep evolutionary conservation of the Z sex
chromosome in birds, across some 60 million years (Handley
et al., 2004; Zhou et al, 2014; Xu et al., 2019). In the male
chicken embryo, DMRT1 is known to activate SOX9 expression,
which is crucial in Sertoli differentiation, and AMH, which
is important for Miillerian duct regression (Lambeth et al,
2014). In females (ZW), due to the lower levels of DMRTI
expression, supporting cells differentiate toward pre-granulosa
cells by upregulating FOXL2 and Aromatase (Lambeth et al.,
2013; Major et al, 2019). We previously characterized cell
lineage specification during chicken gonadal sex differentiation
and identified PAX2 as a novel marker of the early supporting
cell lineage (Estermann et al, 2020). During the process of
gonadal sex differentiation, PAX2 expression is down-regulated
in chicken gonads (Estermann et al., 2020). This suggests that
PAX2 down-regulation could be used to predict the onset of
gonadal sex differentiation in chicken. However, the conservation
of both the mesenchymal origin of gonadal cells and the
role of PAX2 in birds beyond the chicken have not been
previously explored.

Modern birds are classified into two main groups, the
Palacognathe, (the flightless ratites and volant tinamous) and
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Neognathae (all other birds). The Neognathae is divided into
two clades, the Galloanserae (chickens, quails, and ducks
et al.) and Neoaves, the perching birds (around 95% of all
extant avian species) (Cracraft, 2001; Hackett et al., 2008).
Most research on avian gonadal development has focused on
the chicken, or related members of the Galloanserae clade,
such as quail and duck (Takada et al, 2006; Smith et al,
2009; Ayers et al, 2015; Bai et al, 2020; Okuno et al,
2020). Additionally, these studies have focused mainly on the
conservation of mammalian genes involved in gonadal sex
differentiation. There is very little information regarding gonadal
sex differentiation among the other major avian clades (Hirst
et al, 2017a). Comparative analysis in birds is required to
fully understand the mechanism of avian sex determination and
gonadal sex differentiation.

Historically, gonadal sex differentiation has been
characterized on the basis of morphology, whereby the
condensation of Sertoli cells marks the onset of testis formation
and organization of pre-follicular cells marks the onset of ovary
formation (Wilhelm et al., 2007). In the chicken embryo, the first
morphological sign of testis formation, as in mammals, is the
appearance of Sertoli cells and their coalescence in the medullary
cords of the gonad. In the female chicken embryo, the first
overt morphological sign of sex differentiation is a thickening of
the outer coelomic epithelium into a cortex and fragmentation
of the underling medulla (Carlon and Stahl, 1985). However,
histology alone has proven to be inconsistent and inaccurate to
determine the precise time of gonadal sex differentiation onset.
A clear example is studies on Japanese quail embryos (Coturnix
japonica). Several histological hematoxylin-eosin based analyses
determined that quail gonads were sexually differentiated at
embryonic day 6 (E6) (stage 30), E7 (stage 32) or E8 (stage 35)
(Kannankeril and Domm, 1968; Intarapat and Satayalai, 2014;
Mohamed et al., 2017). However, sexual differentiation is likely
to be triggered at the genetic level prior to overt histological
differentiation. In the quail, the Sertoli cell marker SOX9 is
detectable at E5 (stage 27) (Takada et al., 2006), indicating that
sexual differentiation begins at the molecular level distinctly
prior to morphological differentiation. The development of more
accurate molecular methods to determine sexual differentiation
is required to improve knowledge of avian sex determination and
for informing methodologies targeting species conservation.

Here we report the first comparative molecular
characterization of gonadal sex differentiation in birds from
each of the three main clades, Galloanserae (chicken and quail),
Palaeognathe (emu), and Neoaves (zebra finch). Our analysis
demonstrates a conservation of the PAX2" mesenchymal origin
of supporting cells in all analyzed birds. In addition, PAX2
down-regulation immediately precedes up-regulation of male
and female supporting cell markers, and the morphological
onset of sexual differentiation. PAX2 gonadal down-regulation
precisely predicted the onset of sex differentiation in each
avian clade, more accurately than previous histological analysis.
Altogether these results indicate that the process of gonadal
sex differentiation is conserved among the major bird clades.
This research proposes PAX2 immunodetection as a new
methodology to evaluate gonadal differentiation in birds.

MATERIALS AND METHODS
Eggs

Fertilized HyLine Brown chicken eggs (Gallus gallus domesticus)
were obtained from Research Poultry Farm (Victoria, Australia).
Wild type Japanese quail eggs (Coturnix japonica) were
provided by the Monash transgenic quail facility. Fertilized
emu (Dromaius novaehollandiae) eggs were purchased from
Emu Logic (Toorahweenah, NSW). Zebra finch (Taeniopygia
guttata) embryos were obtained from wild-derived birds. The
zebra finch colony is a captive population derived from wild
caught birds under Deakin University Animal Ethics #G23-
2018. The birds used in this study were several generation-
captive birds derived from this initial population. Fresh eggs were
collected in nests in outdoor aviaries and artificially incubated
at Deakin University (Geelong, Australia). Eggs were incubated
under humid conditions at 37.5°C until collection and staged
(Hamburger and Hamilton, 1951; Ainsworth et al., 2010; Nagai
etal.,, 2011; Murray et al., 2013).

Sexing PCR

A small piece of limb tissue was digested in 30 pl of
PCR compatible digestion buffer (10 mM Tris-HCL (pH8.3);
50 mM KC; 0.1 mg/mL gelatin; 0.45% NP-40; 0.45% Tween-20
containing Proteinase K at 200 pg/mL) and incubated for 20 min
at 55°C followed by 6 min at 95°C and hold at 4°C (Clinton
et al., 2001). Chicken sexing PCR was performed as previously
described (Clinton et al., 2001; Hirst et al., 2017a).

The quail PCR sexing protocol is a modification of a
previously described method (Dickens et al., 2012). This method
relies upon specific amplification of a female (W) restricted
sequence called WPKCI. The reaction was performed in a
final volume of 10pnL containing 1x Go-Taq buffer (Promega),
1.5 mM MgCl2, 0.2 mM dNTP’s, 0.5 uM of each 185 rRNA
primers (forward: 5'-AGCTCTTTCTCGATTCCGTG-3'; reverse:
5'-GGGTAGACACAAGCTGAGCC-3) 1uM of each qWPKCI
primers (forward: 5'-TTGGGCATTTGAAGATTGTC-3'; reverse:
5'-GTCTGAAGGGTCTGAGGGT-3'), 0.5U Go Taq polymerase
(Promega) and 1 pL of the tissue digestion. The PCR program
consisted of denaturation for 2 min at 94°C followed by 25
cycles of incubation at 94°C x 10 s; 56°C x 10 s; 72°C
x 10 s and final extension at 72°C for 5 min, followed by
4°Chold.

Emu sexing PCR protocol is a modification of a previously
described method (Huynen et al, 2002). This method relies
upon sex-specific amplification of a W-linked (female) DNA
fragment. The sexing reaction was performed in a final volume
of 20 pL containing 1x Go-Taq buffer (Promega), 1.5 mM
MgCl2, 0.2 mM dNTP3s, 0.5 wM of each sexing primers
(forward: 5-CCTTTAAACAAGCTRTTAAAGCA-3'; reverse:
5-TCTCTTTTGTTCTAGACAMCCTGA-3'), 0.5U Go Taq
polymerase (Promega) and 1 L of the tissue digestion. The PCR
program consisted of denaturation for 2 min at 95°C followed by
10 cycles of incubation at 95°C x 15 s; 55°C x 20's; 72°C x 20's,
25 cycles of incubation at 95°C x 15s;47°C x 20s; 72°C x 20 s
and final extension at 72°C for 7 min, followed by 4°C hold.
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Zebra finch sexing PCR protocol is a modification of a
previously described method (Soderstrom et al., 2007). This
method relies upon specific amplification of a fragment of the
CDH gene located on the W chromosome. As an internal control,
a fragment of the CHD gene located in the Z chromosome was
amplified. The reaction was performed in a final volume
of 11 pL W1 (5-GGGTTTTGACTGACTAACTGATT-
3, w2 (5'-GTTCAAAGCTACATGAATAAACA-3),
71 (5-GTGTAGTCCGCTGCTTTTGG-3') and Z2 (5-
GTTCGTGGTCTTCCACGTTT-3') primers used at a final
concentration of 0.1 pM each. 1 pL of digestion buffer was
used with 10 pL of the sexing mix. The PCR program consisted
of denaturation for 2 min at 94°C followed by 30 cycles of
incubation at 94°C x 30 s; 56°C x 45 s; 72°C x 45 s and
final extension at 72°C for 5 min, followed by 4°C hold. PCR
products and molecular ladder (1 kb plus, Invitrogen) were run
on a 2% agarose gel for 30 min at 130 V and visualized with
gel red (Biotium).

Immunofluorescence

Whole embryos or urogenital systems were collected, briefly
fixed in 4% PFA/PBS for 15 min, cryo-protected in 30% sucrose
overnight and blocked in OCT embedding compound for
sectioning. Immunofluorescence was carried out as described
previously (Estermann et al., 2020). Briefly, 10 wm frozen sections
were cut and antigen retrieval was performed for DMRT1 and
PAX2 protein immunofluorescence using the Dako PT Link
automated system. Sections were then permeabilized in 1%
Triton X-100 in PBS for 10 min at room temperature and washed
3 times in PBS. All sections were blocked in 2% BSA in PBS for 1 h
at room temperature followed by primary antibody incubation
overnight at 4°C in 1% BSA in PBS. The following primary
antibodies were used: rabbit anti-PAX2 (Biolegend 901001,
1;500), rabbit anti-DMRT1 (in house antibody; 1:2000), rabbit
anti-AMH (Abexa ABX132175; 1:1000), rabbit anti-Aromatase
(in house antibody; 1:4000), rabbit anti-FOXL2 (in house
antibody; 1:2000), and rabbit anti-SOX9 (Millipore AB5535,
1:4000). After overnight incubation with primary antibody,
sections were then washed 3 times in PBS and incubated for 1 h
at room temperature with Alexa Fluor 488 donkey anti-Rabbit
(1:1000) and Alexa Fluor 594 donkey anti-Mouse (1:1000) in
1% BSA in PBS. Sections were counterstained in DAPI/PBS and
mounted in Fluorsave (Millipore). Images were collected on a
Zeiss Axiocam MRC5 microscope using the same exposure time
between males and females for expression comparisons.

For double immunofluorescence using primary
antibodies raised in the same species (rabbit anti-PAX2 and
rabbit anti-DMRT1), the iterative indirect immunofluorescence
imaging (4i) protocol was used on paraffin sections (Gut
et al, 2018). Dissected gonads were fixed overnight in 4%
paraformaldehyde at 4°C, paraffin-embedded and sectioned in
the transverse plane at 5pum. After deparaffinisation, antigen
retrieval was carried out using TE buffer (Moreau et al., 2019).
Sections were incubated with anti-DMRT1 antibody (1:2000,
in house) and anti-cytokeratin antibody (1:200, Novus Bio
NBP2-29429) overnight at 4°C. Sections were then washed with
1X PBS and incubated with Donkey anti-Rabbit Alexa Fluor®

two

Plus 647 (1:2000, Invitrogen) and Donkey anti-mouse Alexa
Fluor® Plus 488 (1:2000, Invitrogen) together with DAPI for
2 h at room temperature, after which the tissue was washed
with 1X PBS. Slides were mounted in imaging buffer (Gut et al,,
2018) and images were captured using a 3i Marianas spinning
disk confocal at low laser power. Sections were washed in 1X
PBS and antibodies were eluted following the 4i protocol. After
elution, sections were imaged again with the same parameters
to ensure that the first round of antibody labels were removed.
Slides were then incubated with anti-PAX2 (1:400, Biolegend
901001) and anti-cytokeratin (1:200, Novus Bio NBP2-29429)
in 5% BSA in 1X PBS overnight at 4°C with the same wash,
secondary antibody incubation and imaging parameters from
the first round of labeling. Brightness and contrast were equally
altered across all images to improve data display using Image]
(Schneider et al., 2012).

gRT-PCR

Gonadal pairs were collected in Trizol reagent (Sigma-Aldrich)
homogenized and Phenol-Chloroform RNA extraction was
performed as per the manufacturers instructions (Trizol,
Invitrogen). DNA-free™ DNA Removal Kit (Invitrogen) was
used to remove genomic DNA. 100-500 ug of RNA was converted
into cDNA using Promega Reverse Transcription System.
QuantiNova SYBR® Green PCR Kit was used to perform qRT-
PCR. PAX2 expression levels were quantified by Pfaffl method
(Pfaffl, 2001) using B-actin as internal control. Data was analyzed
using 2-way ANOVA. Statistical significance was determined by
Tukey’s post-test. PAX2 Fw: 5-GGCGAGAAGAGGAAACGTGA-
3, PAX2 Rv: 5-GAAGGTGCTTCCGCAAACTG-3, B-actin
Fw: 5-CTCTGACTGACCGCGTTACT-3' and B-actin Rv: 5'-
TACCAACCATCACACCCTGAT-3.

RESULTS

Chicken

Previous chicken single-cell RNA-seq identified the gonadal
supporting cell precursors as a mesenchymal population
expressing the transcription factors PAX2, DMRT1, OSRI1 and
the signaling molecule, WNT4 (Estermann et al., 2020). PAX2
and DMRT1 immunofluorescence was performed to evaluate
PAX2 expression pattern before, during and after gonadal
differentiation (Figure 1 and Supplementary Figure 1). At E4.5
(HH24) and E5.0 (HH26), PAX2 positive cells were detected in
the gonadal medulla in both sexes (Figure 1A). In males, from
E5.5 (HH28) to E6.0 (HH29), PAX2 expression continued to be
present in the basal region of the gonad but was absent in the
most apical (Figure 1A). In females, a similar pattern occurred at
E6.0 (Figure 1A). This data suggests that PAX2 is down-regulated
at the onset of gonadal sex differentiation.

We previously found that PAX2 mRNA was co-expressed with
DMRT1 protein in gonadal sections (Estermann et al., 2020), but
the co-localization of PAX2 and DMRT1 proteins in the same
cells/nucleus was not assessed, because both primary antibodies
were raised in rabbit. Iterative indirect immunofluorescence
imaging (4i) (Gut et al., 2018) was used here to detect DMRT1
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FIGURE 1 | PAX2 expression in bipotential supporting cells before sex differentiation. (A) PAX2 and DMRT1 protein expression in E4.5, E5.0, E5.5, and E6.0 male
and female chicken gonads. Dotted white line denotes the gonadal mesenchyme versus epithelium. Ms indicates the mesonephros. (B) PAX2 (magenta), DMRT1
(cyan), and cytokeratin (CK, white) immunofluorescence in E5.0 chicken urogenital system. Dashed white box indicates the magnification area; dotted white line
denotes the gonadal mesenchyme versus epithelium. Yellow arrows show cells expressing both DMRT1 and PAX2 at high levels; yellow arrowheads indicate
DMRT1+ cells expressing low levels of PAX2; brown arrowheads indicate DMRT1 positive PAX2 negative cells. (C) Decline in PAX2 mRNA expression during
gonadal sex differentiation. PAX2 mRNA expression by gRT-PCR in E4.5, E6.5, and E8.5 male and female gonads. Expression level is relative to p-actin and
normalized to E4.5 male. Bars represent Mean + SEM. * and ** = adjusted p value < 0.05 and <0.01, respectively. 2-way ANOVA and Tukey's post-test.
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and PAX2 proteins in the same undifferentiated chicken gonad
just prior to sexual differentiation at E5.0 (HH26) (Figure 1B and
Supplementary Figure 1A). PAX2 positive cells in the gonadal
mesenchyme were also DMRT1 positive. Interestingly, a gradient
of PAX2 expression was noted; high in some cells (basal), lower
in others (apical). This presumably reflects the gene being down-
regulated among cells. Additionally, some DMRT1 positive cells
were negative for PAX2, as expected, due to DMRT1 being
expressed in the left coelomic epithelium and in the germ cells.

To evaluate the expression pattern of PAX2 in differentiating
embryonic chicken gonads, immunofluorescence was performed
on E6.5 (HH30) and E8.5 (HH34) male and female gonads
(Supplementary Figures 1B-D). PAX2 was not expressed
in E6.5 testis (Supplementary Figure 1B), consistent with
previous reports of PAX2 down-regulation upon sexual
differentiation (Estermann et al., 2020). DMRT1, AMH, and
SOX9 immunofluorescence confirmed that these gonads were
presumptive testes (Supplementary Figure 1B). In females,
PAX2 expression was absent from the apical region of the
gonad, whereas it was still expressed in the basal region of the
gonad at E6.5 (Supplementary Figure 1C). This expression
pattern was complementary to FOXL2 expression pattern, more
strongly expressed in the gonadal apical than the basal region
(Supplementary Figure 1C). Only few aromatase positive cells
were detected in the gonad at this stage, suggesting that the
gonadal differentiation had just commenced. As for the male, the
female gonad also showed PAX2 being down-regulated after sex
differentiation, on a cell-to-cell basis. By E8.5, PAX2 expression
was excluded from the gonad in both sexes (Supplementary
Figure 1D). To quantify these changes in PAX2 expression,
qRT-PCR was performed in male and female gonads at E4.5
(HH24), E6.5 (HH30) and E8.5 (HH34). These time points
correspond to the period before, at the onset and after the onset
of morphological gonadal sex differentiation. Consistent with
the immunofluorescence data, PAX2 expression was significantly
reduced after gonadal sex differentiation in both sexes (E6.5
and E8.5) (Figure 1C). In females, expression reduction was
delayed, occurring by E8.5 (Figure 1C). This suggests that male
gonad sex differentiation commences prior to female gonadal
sex differentiation. In conclusion, PAX2 is expressed in chicken
undifferentiated gonadal supporting cells, co-localizing with
DMRT1 in the medulla, and its expression is down-regulated
during sexual differentiation.

Quail

To evaluate if the PAX2T mesenchymal origin of gonadal
supporting cells is conserved among birds or is specific to
chicken, gonads were analyzed from all three main bird
clades. The Japanese quail (Coturnix japonica) belongs to the
Galloanserae clade, the same group as chicken. This means that
gonadal differentiation is likely to be very conserved between
the two species. All previous studies on quail gonadal sex
differentiation have relied upon histology to define the onset of
sexual differentiation. Consequently, the timing of gonadal sex
differentiation in this species has been variably reported, from
between E6 (Kannankeril and Domm, 1968), E7 (Mohamed et al.,
2017), and E8 (Intarapat and Satayalai, 2014). Quail gonadal sex

differentiation was analyzed by immunofluorescence from E3.5
(stage 21) to E6.0 (stage 30), in half day incubation intervals
(Figure 2). PAX2 was used as a (presumed) undifferentiated
supporting cell precursor marker. Meanwhile, DMRT1, SOX9
and AMH were used as Sertoli cell markers in the testis
and aromatase as pre-granulosa cell marker in developing
ovary. Consistent with the chicken data, PAX2 positive cells
started colonizing the region underlying the coelomic epithelium
in both sexes of quail gonads at E3.5 (stage 21) and E4.0
(stage 24) (Figure 2). Unlike in chicken, DMRT1 was not
detected in the undifferentiated quail gonads. Instead, by E4.0,
DMRT1 expression was first detected and already sexually
dimorphic, showing higher intensity levels in males than females
(Figures 2A,B). By E4.5, PAX2 expression was turned off in
the gonadal cells and its expression was excluded from the
gonad during subsequent time points, when DMRT1 and other
markers of sexual differentiation were activated (Figure 2).
Some PAX2 positive cells were still visible in the basal region
of the gonad, adjacent to the mesonephros (Figure 2). In
addition, higher DMRT1 expression in males also suggests that
the supporting cells commenced differentiation into Sertoli cells
(Figure 2A). Some AMH positive cells were observed in the
gonadal mesenchyme at E4.5 and E5.0 (stage 27) in both male
and female gonads, but no SOX9 (Sertoli cell marker) (Figure 2A)
or aromatase (pre-granulosa cell marker) (Figure 2B). The latter
two were detected from E5.5 (stage 28). This quail data indicates
that the PAX2" mesenchymal origin of supporting cells observed
in chicken is conserved among Galliformes. In addition, PAX2
down-regulation indicates that gonads commence gonadal sex
differentiating at E4.5 in quail, much earlier than reported.
This indicates that gene expression is a better predictor than
morphological markers in defining the precise onset of gonadal
sex determination.

Zebra Finch

The other major clade of the Neoganthae is the Neoaves (perching
birds). This group contains almost 95% of all living modern
birds and is the result of early and rapid diversification around
the Cretaceous mass extinction event (Claramunt and Cracraft,
2015; Prum et al, 2015). One of the most widely studied
models in this clade is the zebra finch (Taeniopygia guttata),
primarily in the field of neurobiology. Due to its popularity,
the zebra finch genome was the second avian genome to be
sequenced (Warren et al., 2010; Mak et al., 2015; Patterson and
Fee, 2015). In addition, embryonic gonadal sex differentiation
and primordial germ cell colonization have been studied in
zebra finch, showing some differences between previous chicken
reports (Hirst et al, 2017a; Jung et al, 2019). Zebra finch
gonads have been reported to be sexually differentiated at E6.5,
evidenced by SOX9 and FOXL2 mRNA expression in males
and females, respectively (Hirst et al, 2017a). At E4.5 these
markers are not expressed, suggesting an undifferentiated state
(Hirst et al., 2017a). To evaluate if PAX2% mesenchymal origin
of supporting cells is conserved in Neoaves, PAX2, DMRT1,
FOXL2, and AMH immunofluorescence was performed in male
and female zebra finch gonads at E4.5 (stage 24), E5.5 (stage
28) and E6.5 (stage 31). PAX2 positive mesenchymal cells were
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FIGURE 2 | PAX2* mesenchymal origin of supporting cells is conserved in quails. (A) PAX2, DMRT1, AMH, and SOX9 protein expression in E3.5, E4.0, E4.5, E5.0,
E5.5, and E6.0 male quail gonads. (B) PAX2, DMRT1, and Aromatase protein expression in E3.5, E4.0, E4.5, E5.0, E5.5, and E6.0 female quail gonads. Dashed
white line denotes the gonadal epithelial versus medullary mesenchyme. Ms indicates the mesonephros. DAPI was used as counterstain.

ES5.5 (stage 28) E6.0 (stage 30)

detected in both male and female gonads at E4.5 (Figure 3).
DMRT1, AMH and FOXL2 were not detected in the gonads at
this stage. Altogether, this suggests that the zebra finch gonads are
undifferentiated at E4.5. This is consistent with previous reports
(Hirst et al., 2017a).

By E5.5, PAX2 expression was extinguished from both
male (Figure 3A) and female (Figure 3B) gonads. DMRT1
and AMH positive Sertoli cells were identified in the male
testicular medulla at E5.5 (Figure 3A). The downregulation of

PAX2 and up-regulation of supporting cell markers indicates
that gonadal sex differentiation in zebra finches commences
at E5.5. By E6.5, FOXL2 expression was detected in the
ovarian medulla (Figure 3B). In males, DMRT1 and AMH
positive testicular cords were evident in the gonadal medulla
(Figure 3A). Altogether, this data confirms the conservation
of PAX2% mesenchymal cell origin of supporting cells in
Neoaves, and in particular in zebra finch. In addition, using
PAX2 as a predictor of sex differentiation we were able to
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FIGURE 3 | PAX2* mesenchymal origin of supporting cells is conserved in Neoaves (zebra finch). (A) PAX2, DMRT1, and AMH protein expression E4.5, E5.5, and
E6.5 male zebra finch gonads. (B) PAX2, FOXL2, and DMRT1 protein expression in E4.5, E5.0, E5.5, and E6.5 female zebra finch gonads. Dashed white line
indicates the gonadal epithelial and mesenchyme limit. Ms indicates the mesonephros. DAPI was used as counterstain.
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FIGURE 4 | PAX2* mesenchymal origin of supporting cells is conserved in ratites (emu). (A) PAX2, DMRT1, and SOX9 protein expression in £9.5, E11.5, and E13.5
male emu gonads. (B) PAX2, FOXL2, and DMRT1 protein expression in E9.5, E11.5, and E13.5 female emu gonads. Dashed white line indicates the gonadal

Male
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| Female

PAX2

FOXL2
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epithelium vs. medullary mesenchyme. Ms indicates the mesonephros. DAPI was used as counterstain.
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determine that zebra finch gonadal sex differentiation begins at
E5.5 (stage 28).

Emu

The Palacognathae superorder includes the flightless ratites and
the volant neotropical tinamou. Among the ratites, gonadal sex
differentiation has only been described in the emu (Dromaius
novaehollandiae) (Hirst et al, 2017a). Previous histological
data suggested that emu gonadal differentiation commences
at E16, evidenced by the presence of seminiferous cords
in male gonads, containing DMRT1t Sertoli cells (Hirst
et al, 2017a). As noted previously, histological analysis is
not the best methodology for defining the onset of sex
differentiation. To gain insight into the specific timeframe
of gonadal sex differentiation in emu and assess if PAX2
mesenchymal origin of supporting cells is conserved in ratites,
gonadal immunofluorescence was performed at E9.5 (HH24),
E11.5 (HH27) and E13.5 (HH29). PAX2 positive cells were
detected at E9.5 in the medullary mesenchyme of both
male and female emu gonads (Figure 4). This expression
pattern is similar to the previous data shown for chicken,
quail and zebra finch. FOXL2, SOX9 and DMRT1 were not
expressed at E9.5 (HH24) (Figure 4), indicating that the
gonads were undifferentiated and bipotential. By E11.5 (HH27),
PAX2 expression was extinguished from the gonad in both
sexes. In males DMRT1 and, to a lesser extent, SOX9, were
expressed in the E11.5 (HH27) testis, indicating activation of
the testicular differentiation pathway (Figure 4A). Similarly,
in females, FOXL2 expression was up-regulated, indicating
that the ovarian differentiation program had commenced
(Figure 4B). By E13.5, in males, DMRT11/SOX9% testicular
cords were identified in the gonadal medulla (Figure 4A).
In females, FOXL2 was expressed in pre-granulosa cells in
the ovarian medulla (Figure 4B). This data indicates that
emu gonadal sex differentiation commences at E11.5 (HH27),
earlier than previous reports based on histology. In addition, a
PAX2 + mesenchymal origin of supporting cells is also conserved
in the Palaeognathae clade.

DISCUSSION

The data presented here support a conserved origin of gonadal
supporting cells in birds, distinct from that reported in the
mouse. In the mouse model, the supporting cell lineage derives
from the coelomic epithelium (Stevant et al, 2018, 2019).
The gonadal supporting cells in birds do not derive from the
coelomic epithelium but rather from a DMRT1 and PAX2 positive
mesenchymal population. In this study, we show that PAX2
is expressed in the bipotential supporting cells of the gonadal
mesenchyme in members of the Galloanserae (chicken and
quail), Neoaves (zebra finch) and Paleognathae (emu), suggesting
a conserved mechanism among all birds. In addition, this is
the first systematic evaluation of gonadal sex differentiation
in quail, emu and zebra finch using expression of gonadal
marker proteins.

Previous reports based in histological and morphological
analysis of the quail gonad have not consistently determined
an embryonic stage of gonadal sex differentiation. Previous
estimates of gonadal sex differentiation onset ranged from
E5.5 to E8.0 (Kannankeril and Domm, 1968; Intarapat and
Satayalai, 2014; Mohamed et al, 2017). The results reported
here indicate that quail gonad sex differentiation commences
at E4.5, earlier than previously suggested. This is shown by
down-regulation of the undifferentiated supporting cell marker
PAX2 and the up-regulation of DMRTI1 in male gonads
(Figure 2). These results show that gene expression analysis is
more accurate than morphological and histological analysis in
determining the onset of gonadal sex differentiation. Similarly,
previous histological analysis of emu gonads suggested that
sex differentiation commences at E16 (Hirst et al, 2017a).
The data presented here indicates that emu gonadal sex
determination commences at E11.5 (Figure 4), earlier than
previous histological data suggests. In zebra finch, previous
reports suggested the onset of sex differentiation occurs
between E4.5 (undifferentiated) and E6.5 (differentiated). Our
results agree with this data, showing that zebra finch gonadal
sex differentiation commences at E5.5 (Figure 3). Down-
regulation of PAX2 expression precisely predicted the onset
of sexual differentiation in the three avian clades, more
accurately than previous histological analysis. This research
identifies PAX2 as a new marker for evaluating gonadal
differentiation in birds.

In female chicken embryos, FOXL2 and aromatase
proteins were expressed in the apical supporting cells at
E6.5 (HH 30) (Supplementary Figure 1C), suggesting that
those are the first supporting cells to differentiate. This
apical-basal wave of differentiation is consistent with the
concentration of PAX2 positive cells in the basal region of
the gonad (Figures 1A-C). A similar pattern was observed
in male quail gonads. At E5.5 (stage 28), SOX9 and AMH
proteins were expressed in the apical testicular cords of the
quail, suggesting that those are the first supporting cells to
differentiate, and by E6.0 all Sertoli cells were SOX9, AMH and
DMRT1 positive (Figure 2A). Recently, two transcriptionally
distinctive Sertoli cell populations in E10.5 chicken testis
were identified. One expressed lower levels of SOX9 and
DMRT1 and higher levels of CBR4 and GSTA2 and was located
in the peripheral testicular cords. The second population
was located in the basal region, expressing higher levels of
SOX9 and DMRTI but no GSTA2 (Estermann et al., 2020).
This suggests that there may be two distinctive stages of
Sertoli cell maturation, inner immature and outer mature
populations. Mouse Sry is expressed as a wave across the
male gonad (Larney et al, 2014), starting from the central
region of the genital ridges, and then extending to cranial
and caudal poles (Polanco and Koopman, 2007). 3D imaging
approaches would be crucial to be understand how supporting
cell differentiation occurs in birds and to understand if
gonadal development also follows a longitudinal wave of
differentiation, as in mouse.

Despite conservation of cell types, recent single-cell RNA-
seq data from embryonic chicken gonads has shown that cell
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lineage specification in the gonad may also vary substantially
between birds and mammals (Estermann et al., 2020). This
research has shown that there are two main sources of
gonadal cells; the coelomic epithelium and the mesonephric
mesenchyme (Sekido and Lovell-Badge, 2007; Estermann et al,,
2020). The current study confirms that this is the case for
members of all three major bird clades. It is unclear why
birds exhibit this different developmental origin of the key
supporting cell lineage. A mesenchymal origin of supporting cells
could be an ancestral feature, lost in mammals, or a feature
acquired by the avian lineage. Further research is required to
evaluate if the mesenchymal origin of supporting cells also
occurs among reptiles, amphibians or fish. A key difference
between placental mammals and birds is the genetic sex-
determination system (XY vs. ZW). It would be interesting
to evaluate if the supporting cell origin is correlated with
the genetic sex-determination system (XY vs. ZW), sex
determining genes (Sry vs. DMRT1 vs. others) and if it
is also present in environmental sex determining species.
Reptiles have diverse sex determining systems, ranging from
pure GSD with either XX/XY or ZZ/ZW sex chromosome
systems, to GSD modifiable by egg temperature, through
to complete temperature dependent sex determination (TSD)
(Warner, 2011; Ge et al, 2017; Whiteley et al, 2021).
In at least one turtle species with TSD, the supporting
cell lineage has been shown to derive form the coelomic
epithelium (Yao et al, 2004). At present, there is not
observable correlation between the type of sex determining
system and the sources of gonadal supporting cells. Gonadal
epithelium lineage tracing by GFP electroporation is feasible
in oviparous reptiles, which would shed light on the origin
of gonadal cell lineages in these groups (Hirst et al., 2017b).
Among reptiles, crocodilians are the closest living clade to
birds (Green et al, 2014), making them an ideal model to
test the possible synapomorphy of gonadal PAX2 in birds
and to study the evolution of the mesenchymal epithelial
supporting cell origin. A previous ultrastructural study suggested
that the supporting cell lineage in the American alligator
(Alligator mississippiensis) may be of coelomic epithelial origin
(Smith and Joss, 1993).

In summary, this study demonstrates a conserved
gonadal PAX2 positive mesenchymal expression pattern
in representatives of all three bird clades. Analysis should
be expanded to other avian species to evaluate the degree
of conservation among birds more broadly. Among the
Galloanserae, only Galliformes have been studied in any detail
(chicken and quail). Anseriformes (ducks, geese, and swans)
could be examined. In addition, among the Neovaes, only
the zebra finch has been studied in any detail. During the
rapid diversification that characterize the Neoaves, birds
could exhibit other mechanisms of gonadal formation,
diverging from the PAX2% mesenchymal origin. It would
be interesting to expand this study to more members of
this diverse clade. Given the monophyly of birds and their
conserved ZZ/ZW sex determining system, we postulate
that the gonadal PAX2 mesenchymal expression pattern is
prevalent among avians.
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Development is orchestrated through a complex interplay of multiple transcription
factors. The comprehension of this interplay will help us to understand developmental
processes. Here we analyze the relationship between two key transcription factors:
CBX4, a member of the Polycomb Repressive Complex 1 (PRC1), and SALL1, a
member of the Spalt-like family with important roles in embryogenesis and limb
development. Both proteins localize to nuclear bodies and are modified by the small
ubiquitin-like modifier (SUMO). Our results show that CBX4 and SALL1 interact in the
nucleoplasm and that increased SALL1 expression reduces ubiquitination of CBX4,
enhancing its stability. This is accompanied by an increase in the number and size of
CBX4-containing Polycomb bodies, and by a greater repression of CBX4 target genes.
Thus, our findings uncover a new way of SALL1-mediated regulation of Polycomb
bodies through modulation of CBX4 stability, with consequences in the regulation of
its target genes, which could have an impact in cell differentiation and development.

Keywords: CBX4, SALL1, nuclear bodies, SUMO, ubiquitin

INTRODUCTION

Development of higher organisms is orchestrated by a complex interplay of regulatory networks
involving multiple signaling pathways and transcriptional regulatory factors. Two key families of
transcriptional repressor proteins involved in development are the Polycomb Group (PcG) and the
Spalt-like (SALL) proteins.

Polycomb Group proteins are involved in epigenetic regulation and control cell fate during
embryonic development. These proteins accumulate in nuclear foci called Polycomb (Pc) bodies,
which are involved in transcriptional repression (Saurin et al., 1998; Cheutin and Cavalli, 2012;
Entrevan et al., 2016; Schuettengruber et al., 2017) and form two distinct complexes: Polycomb
Repressive Complex 1 and 2 (PRC1 and PRC2), conserved from flies to human. A crucial
component of the PRC1 complex is CBX4. CBX4 is required to maintain the transcriptionally
repressive state of HOX genes during development, and has an important role in several essential
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pathways. Thus, it has been described to facilitate differentiation
of hematopoietic stem cells (Klauke et al., 2013), counteracting
cellular senescence (Ren et al, 2019) and maintaining the
epithelial lineage identity via repression of non-epidermal lineage
and cell cycle inhibitor genes (Mardaryev et al., 2016). Moreover,
CBX4 is recruited rapidly to sites of DNA damage (Ismail et al.,
2012) and has emerged as a critical component of the DNA end
resection machinery (Soria-Bretones et al., 2017).

Spalt-like family members (SALL1 to SALL4), on the other
hand, are important regulators of animal development, being
crucial for the formation of the limbs, kidneys, and the
central and peripheral nervous systems, among other organs
(de Celis and Barrio, 2009). SALL proteins are characterized
by the presence of several precisely spaced copies of the
zinc finger domain (de Celis and Barrio, 2009). They also
contain a N-terminal glutamine-rich region, which could
have a role in dimerization or protein-protein interactions
(Kohlhase et al.,, 1998; Buck et al., 2000; Sweetman et al.,
2003; Borozdin et al, 2006), and a conserved N-terminal
motif that mediates its interaction with one of the major
corepressor complexes in mammalian cells, the nucleosome
remodeling deacetylase (NuRD) complex (Kiefer et al., 2002;
Lauberth and Rauchman, 2006). Like the PcG proteins, SALL1
and its homologs localize in nuclear bodies, as it has been
reported in cultured cells and in vivo (Netzer et al, 2001;
Kiefer et al, 2002; Sdnchez et al., 2010; Abedin et al.,
2011). However, the nature and function of these bodies have
not been explored.

CBX4 and SALLI play important roles in different aspects
of human health. Dysregulation of CBX4 contributes to the
occurrence and progression of human tumors, in which it can
act as either oncogene or tumor suppressor, depending on the
cellular context (Wang et al., 2016). Mutations in SALLI, on the
other hand cause Townes-Brocks Syndrome (TBS), an autosomal
dominant syndrome characterized by renal anomalies, hearing
loss, congenital heart defects, and eye anomalies among other
symptoms (Kohlhase, 1993). TBS-causing mutations produce
truncated SALL1 proteins lacking most of the zinc finger
pairs, which aberrantly localize to the cytoplasm and interfere
with centrosomal components, resulting in the formation of
longer and more abundant primary cilia in patient-derived cells
(Bozal-Basterra et al., 2018, 2020).

As described for many other transcriptional regulatory
factors, the localization and activity of CBX4 and SALL1 can
be modulated by post-translational modifications, including
conjugation to ubiquitin or ubiquitin-like (UbL) proteins,
such as small ubiquitin-like modifier (SUMO). Thus, CBX4 is
SUMOylated and it is a substrate of the SUMO-deconjugating
enzyme SENP2 (Wotton and Merrill, 2007; Kang et al,
2010). In addition, it was identified as a SUMO substrate in
different proteomic analyses (Golebiowski et al., 2009; Galisson
et al, 2011; Hendriks et al, 2014, 2015; Lamoliatte et al.,
2014; Tammsalu et al., 2014; Xiao et al., 2015; Hendriks and
Vertegaal, 2016). Interestingly, CBX4 itself is proposed to be
a SUMO E3 ligase, and is involved in SUMOylation of the
transcriptional corepressor C-terminal-binding protein (CtBP)
(Kagey et al, 2003), the nucleocytoplasmic shuttling protein

hnRNP (Pelisch et al., 2012), the transcriptional co-activator
Prdm16 (Chen et al., 2018), and other chromatin-associated
factors including CTCE, Dnmt3a, or Bml (Li et al, 2007;
MacPherson et al., 2009; Ismail et al., 2012). CBX4 has also
been found ubiquitinated and its polyubiquitination influences
the dynamics of the PRC1 at the chromatin and the regulation
of downstream genes (Povlsen et al., 2012; Mertins et al., 2013;
Udeshi et al., 2013; Ning et al., 2017; Akimov et al., 2018;
Wang et al., 2020).

In the case of SALLI, interaction with SUMOI1 and the SUMO
E2 conjugase UBC9 has been reported using yeast two-hybrid
and in vitro assays, with SUMOylation mapped to lysine 1086
(Netzer et al.,, 2002). Subsequently, SALL1 as well as other SALL
proteins, have been confirmed as targets of SUMOylation by
proteomics analyses (Golebiowski et al.,, 2009; Galisson et al.,
2011; Hendriks et al., 2014, 2015; Schimmel et al., 2014; Xiao
et al, 2015; Hendriks and Vertegaal, 2016). In Drosophila,
SUMOylation of SALL homologs influences their role in vein
pattern formation in the wing and their transcriptional repressor
activity (Sanchez et al., 2010, 2011).

Remarkably, although different functional aspects of CBX4
and SALLI have been addressed in previous studies, a regulatory
interplay between these proteins has not been described so far.
Interestingly, we identified CBX4, as well as other PcG proteins,
as a possible interactor of SALL1 by proximity proteomics (Bozal-
Basterra et al, 2018). In addition, sall genes and Pc interact
genetically in Drosophila, as mutations in the homolog spalt-
major enhanced the phenotypical effects of Pc group mutations
during embryogenesis (Casanova, 1989; Landecker et al., 1994).
These findings, together with the localization of both proteins
to nuclear bodies, as well as the regulation by SUMO of
both proteins, prompted us to further investigate a potential
functional or regulatory interplay between SALLI and CBX4. We
report here a novel interaction between these two transcriptional
regulators in the nucleoplasm. Interestingly, SALL1 influences
the stability of CBX4 by modulating its ubiquitination, which
might be related to changes in the regulatory capacity of CBX4
over HOX genes. Overall, we present here a novel mechanism
of regulation of a crucial factor in development, which has
consequences for the regulation of its target genes.

MATERIALS AND METHODS

Cell Culture and Cell Transfection

Human U20S (ATCC HTB-96) and HEK 293FT (Invitrogen)
cells, as well as derived cell lines, were cultured at 37°C with 5%
of CO2 in DMEM (Dulbecco’s modified Eagle’s medium; Gibco)
supplemented with 10% FBS and 1% penicillin/streptomycin
(Gibco). HEK 293FT cells were transiently transfected using
calcium phosphate in 10 cm dishes with 3-10 pg of DNA
using different sets of plasmids according to each experiment.
Briefly, DNA was mixed with 500 pl of 2.5 M CaCl, and H,O
(1:10). The was added drop by drop to the same volume of
HBS (NaCl 280 mM, KCI 10 mM, Na2HPO4 1.5 mM, glucose
12 mM, HEPES 50 mM), incubated for 10-15 min, and added
to the cells. U20S cells were transiently transfected using PEI
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(Sigma Aldrich #408727), or Effectene (Qiagen) according to the
manufacturers’ instructions.

Generation of Plasmids

The following plasmids were used in this study (Table 1).
DNA fragments were amplified from the indicated plasmids by
high-fidelity PCR Platinum SuperFi (Thermo). PCR products
were purified using mi-Gel Extraction kit (Metabion), digested
if necessary using the restriction enzymes (Fermentas; NEB)
and assembled by ligation or using NEBuilder HiFi Master
Mix (NEB). All resulting plasmids were checked by sequencing.
Cloning details are available upon request.

Lentiviral Transduction

Lentiviral expression constructs were packaged using psPAX2
and pMD2.G in HEK 293FT cells, and cell culture supernatants
were used to transduce HEK 293FT cells to generate stable
cell populations expressing SALL1 (constitutive: LL-GFS-SALL1-
IRES-puro; or inducible: TripZ-SALL1-2xHA-puro). Selection
was performed using 1 pg/ml of puromycin.

Bioinformatics Analyses

SUMOylation sites and SUMO-interacting motif (SIM)
predictions were searched using SUMOplot,'! GPS-SUMO?
(Zhao et al., 2014), and JASSA programs (Beauclair et al., 2015).
Sequence search and comparison was performed using BLAST.?
Alignments were performed using Clustal.*

SUMOylation and Ubiquitination Assays

in Cultured Cells

For the isolation of SUMOylated SALLI, one 10 cm dish of HEK
293FT cells was transfected with 7 pg of CMV-SALLI-2xHA,
CMV-SALLIASUMO-2xHA, and 3 pg of CAG-bioSUMO3-T2A-
BirA%'-T2A-GFPpuro or CAG-BirA°"'-T2A-GFPpuro as control.
Isolation of SUMOylated protein was done according to
previously reported methodology (Pirone et al., 2016, 2017).

Uhttp://www.abgent.com/sumoplot
Zhttp://sumosp.biocuckoo.org
3http://blast.ncbi.nlm.nih.gov/Blast.cgi/
*https://www.ebi.ac.uk/Tools/msa/clustalo/

TABLE 1 | Plasmids used in the study.

Name of the vector References

Parental vectors

Cloning sites/notes

CAG-bioSUMO3-T2A-BirA%!-
T2A-GFPpuro

Pirone et al., 2017

CMV-CBX4-YFP This work
CMV-SALL1-YFP Pirone et al., 2017
CMV-SALLTASUMO-YFP This work
CMV-SALL1ASIM-YFP This work
CMV-SALLT-2xHA This work
CMV-SALL1826_2xHA This work

CB6-HA-N M. Way lab (CRUK, London)
CMV-EGFP-B-galactosidase This work
CB6-HA-SALL1 This work
CB6-HA-SALL1TASUMO This work
CB6-HA-CBX4 This work
CMV-SALL1-BirA* This work
CMV-Pc-BirA* This work
CMV-CBX4-BirA* This work

CMV-BirAopt-2A-puro
CMV-bioUB-2A-BirAopt-2A-puro

Pirone et al., 2017
Pirone et al., 2017

LL-CMV-GFS-SALL1-IRES-puro This work
TripZ-SALL1-2xHA-puro This work
PCDNA3 Invitrogen
Lenti-Cas9-blast vector Addgene #52962
psPAX2 Addgene #12260
pMD2.G (VSV-G envelope) Addgene #12259
PEYFP-N1, pEYFP-C Clontech

CMV-SALL1-YFP

CMV-SALL1-YFP

CMV-SALL1-YFP
CMV-SALL1(826)-YFP

CMV-SALL1-YFP
CMV-SALL1-BirA*

CMV-SALL1-BirA*

LL-CMV-GFS-IRES-puro

CMV-SALL1-2xHA; TRIPZ

PEYFP-N1
PEYFP-N1

EcoRI-Sall (KAN); CBX4 generated by high-fidelity PCR
EcoRI-Sall (KAN); SALL1 generated by high-fidelity PCR

EcoRI-Sall; mutants introduced by overlap extension PCR
(KAN); K571R; K592R; K982R; K1086R

EcoRI-Sall; mutants introduced by overlap extension PCR
(KAN); predicted SIMs mutated to AAAA; SIM71: VLIV;
SIM195: VIIE; SIM254: ILLL; SIM1252: ISVI

EYFP exchanged for 2xHA using Sall-Not| (KAN)
EYFP exchanged for 2xHA using Sall-Notl (KAN)

CB6 CB6 has CMV promoter and confers neo selection;
contains N-terminal HA epitope and MCS (AMP)
PEGFP-NT LacZ subcloned from pIND/lacZ (Invitrogen)
CB6-HA-N SALLT from CMV-SALL1-YFP
CB6-HA-N SALL1 from CMV-SALL1T ASUMO-YFP
CB6-HA-N CBX4 from CMV-CBX4-YFP

Exchanged YFP for BirA*(BiolD) by Sal1-Not1

Drosophila Pc (PCR amplified) exchanged for SALL1 using
EcoR1-Sal1 (KAN); Pc source: Addgene #1927

CBX4 (PCR amplified) exchanged for SALL1 using
EcoR1-Sal1 (KAN)

SALL1 inserted into modified version of Lentilox3.7;
expresses N-terminal GFP-FLAG-STREP tag

Inserted SALL1-2xHA amplicon into BshT1-MIiu1TRIPZ
(Dharmacon)

KAN or AMP indicate the antibiotic resistant cassette (kanamycin or ampicillin, respectively) in the vector for bacterial transformation.
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For the ubiquitination assay of CBX4, one 10 cm
dish was transfected with 5 pg of CMV-SALLI-YFP,
CMV-SALL1IASUMO-YFP, CMV-GFP-B-galactosidase, CMYV-
BirA-2A-puro, CMV-bioUB-2A-BirA-2A-puro, or CB6-HA-CBX4.
After transfection, medium was supplemented with biotin
at 50 pM. Twenty-four hours after transfection, plates were
treated with MG132 (10 wM, 12 h; Calbiochem). Transfected
cells were collected after 48-72 h, washed three times with
phosphate buffered saline (PBS) and resuspended in lysis buffer
[0.5 ml/10 cm dish; 8 M urea, 1% SDS, 50 mM N-ethylmaleimide,
1x protease inhibitor cocktail (Roche) in 1x PBS]. Sonication
was performed to reduce sample viscosity and samples were
cleared by centrifugation at room temperature (RT). High-
capacity NeutrAvidin-agarose beads (Thermo Scientific) were
equilibrated and 30-60 pl suspension was used for incubation
with extracts (12-18 h; RT; gentle agitation). Beads were
subjected to stringent washes using the following washing buffers
all prepared in 1x PBS (Franco et al, 2011): WB1 (8 M urea,
0.25% SDS); WB2 (6 M Guanidine-HCl); WB3 (6.4 M urea, 1 M
NaCl, 0.2% SDS), WB4 (4 M urea, 1 M NaCl, 10% isopropanol,
10% ethanol, and 0.2% SDS); WB5 (8 M urea, 1% SDS); and WB6
(2% SDS). Samples were eluted in 50 pl of Elution Buffer (4x
Laemmli sample buffer, 100 mM DTT) by two cycles of heating
(5 min; 99°C), with vortexing in between. Beads were separated
by centrifugation (18,000 x g, 5 min).

For the isolation of ubiquitinated endogenous CBX4 from
cells lysates, 10 cm dishes were transfected with 5 pg of CMV-
SALLI-2xHA plasmid or with pcDNA3 plasmid as control. After
48 h, cells were washed three times with 1x PBS and lysed
in 500 pl of tandem ubiquitin binding entities (TUBEs) buffer
[20 mM Phosphate bufter, pH 7.5 (Sigma), 2 mM EDTA (Sigma),
50 mM sodium fluoride (Sigma), 5 mM tetra-sodium pyro-
phosphate (Sigma), and 10 mM B-glycerol 2-phosphate (Sigma)].
The buffer was filtered through a 0.22 pm membrane and
stored at 4°C. Eighty microliters of the lysate were taken as
input. Ubiquitinated material was isolated using TUBEs based
on RAD23 Homolog A (RAD23A) ubiquitin binding domains
fused to GST and expressed in bacteria (Hjerpe et al., 2009;
Aillet et al., 2012). To eliminate proteins with binding affinity
for the beads (Glutathione Sepharose 4B, GE Healthcare), lysates
were incubated with 125 pg of GST bound to glutathione-
agarose beads for 1 h at 4°C and centrifugated for 2 min at
1000 rpm. After washing GST-TUBES beads with cold 1x PBS
twice, supernatants were added, incubated for 1 h at 4°C and
centrifugated for 2 min at 1000 rpm. The supernatants were then
removed and beads were washed three times with TUBEs buffer.
The beads were washed three times with PBS-Tween 0.5% and
twice with TUBEs buffer containing NaCl (0.5 M). Finally, the
beads were resuspended in 50 1 of Boiling buffer (50 mM Tris-
HCI pH 6.8, 10% glycerol, 2% SDS, Bromophenol Blue, 10%
B-mercaptoethanol) warmed at 60°C before use.

In vitro SUMOylation

Using PCR templates with incorporated 5 T7 priming
site +/— 3’ epitope-tags, SALL1-2xHA and CBX4 were
transcribed/translated in vitro using the TNT® Quick Coupled

Transcription/Translation System (Promega) according to the
manufacturer’s instruction and were then incubated in a buffer
containing an ATP regenerating system [(50 mM Tris pH 7.5,
10 mM MgCl2, 2 mM ATP, 10 mM creatine phosphate (Sigma),
3.5 U/ml of creatine kinase (Sigma), and 0.6 U/ml of inorganic
pyrophosphatase (Sigma)], 10 g of SUMOL1 or a combination
of 5 pg of SUMO2 and SUMO3, 0.325 g UBC9 and 0.8 g of
purified SAE1/2 (ENZO Life Sciences). SALL1 SUMOylation
was checked adding 0.5-2 .l of in vitro transcribed/translated
protein in the SUMOylation assay. Reactions were incubated at
30°C for 2 h and stopped by addition of SDS sample buffer.

GFP-Trap Co-pulildown

HEK 293FT cells were plated at 25-30% confluence. Transient
transfections were performed using calcium phosphate in a
10 cm dish with 5 pg of CMV-CBX4-YFP, CMV-SALLI1-YFP,
CMV-SALLIASUMO-YFP, CMV-SALL1ASIM-YFP, CMV-YFP,
CMV-SALLI-2xHA, CMV-SALL1-826-2xHA, CB6-HA, CB6-HA-
SALL1, CB6-HA-SALLIASUMO or CB6-HA-CBX4 in complete
medium. All steps after transfection were performed at 4°C. Two
days after transfection, cells were washed three times with cold
1x PBS and detached from the dish with a scraper. Cells of
10 cm dishes were lysed by adding 1 ml of Lysis Buffer [25 mM
Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5%
Triton X-100, 5% glycerol, protease inhibitors (Roche)] followed
by incubation on a rotating wheel for 30 min at 4°C. Lysates
were sonicated and spun down at 25,000 x g for 20 min. After
saving 40 pl of supernatant (input), the rest of the lysate was
incubated overnight with 30 1 of equilibrated GFP-Trap resin
(Chromotek) in a rotating wheel. Beads were washed five times
for 5 min each with washing buffer (25 mM Tris-HCI pH 7.5,
300 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% Triton X-100, 5%
glycerol). Beads were centrifuged at 2000 x g for 2 min after
each wash. For elution, samples were boiled for 5 min at 95°C
in 2x Laemmli buffer.

BiolD Analysis of Interactions

Proximity interaction between CBX4 or Pc proteins to SALL1 was
verified by the BioID method (Roux et al., 2013), consistent on
fusing them to a promiscuous form of the enzyme BirA (BirA*)
and to isolate the biotinylated material by streptavidin—beads
pulldowns. HEK 293FT cells were transfected with 5 jLg of CMV-
CBX4-BirA* or CMV-Pc-BirA* in combination with CMV-
SALLI-2xHA or CMV-SALL1826-2xHA. After 24 h, the medium
was supplemented with 50 mM of biotin. At 48 h, cells were
washed three times in cold 1x PBS and collected in 1 ml of lysis
buffer [8 M urea, 1% SDS, protease inhibitor cocktail (Roche) in
1x PBS]. Lysates were sonicated and cleared by centrifugation,
incubated overnight with 40 pl of equilibrated NeutrAvidin-
agarose beads (Thermo Scientific) and washed with WB1-6
as indicated in the ubiquitination protocol above. Elution was
done as previously described using 50 1 of Elution Buffer (4x
Laemmli sample buffer, 100 mM DTT) by two cycles of heating
(5 min, 99°C), with vortexing in between. Beads were separated
by centrifugation (18,000 x g, 5 min).
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Cycloheximide Assay

3 x 10° HEK 293FT cells per well were plated in six-well plates.
Four hours later, cells were transfected with 2 pug of CMV-SALLI-
YFP, CMV-SALLIASUMO-YFP, or CMV-GFP-B-galactosidase
plasmid per well using the calcium phosphate method. Twenty-
four hours after transfection, cells were treated with 50 g of
cycloheximide (CHX, 50 pg/ml) in combination or not with
MG132 (10 wM) for different time points (0, 4, 8, or 16 h). Cells
were lysed in RIPA buffer [150 mM NaCl, 1.0% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, protease
inhibitors (Roche)] and analyzed by Western blot.

Western Blot

Samples were boiled at 95° for 5 min. Proteins were
separated by SDS-PAGE (BioRad) and blotted using wet
transfer to nitrocellulose membranes (0.45 wm pore; Cytiva).
Membranes were blocked in 1x PBS with 0.1% Tween-
20 (PBS-T) and 5% non-fat dry milk (blocking buffer)
for 1 h and, for biotin detection, Casein Blocking Buffer
I1x (Sigma #B6429). After that, membranes were incubated
in blocking buffer for 1 h at RT or overnight at 4°C
with the following primary antibodies: mouse monoclonal
anti-HA (Sigma, 1:1000, #H3663), mouse monoclonal anti-
p-Actin (Sigma, 1:1000, #A2228), mouse monoclonal anti-GFP
(Roche, 1:1000, #11814460001), mouse monoclonal anti-SALL1
(R&D, 1:1000, #PP-K9814-00), rabbit polyclonal anti-CBX4
(Proteintech, 1:1000, #18544-1-AP), rabbit polyclonal anti- Avitag
(GeneScript, 1:1000, #A00674), or rabbit monoclonal Vinculin
(Cell Signaling, 1:1000, #13901S).

After three washes with PBS-T, the blots were incubated
for 1 h with secondary antibodies: HRP-conjugated anti-mouse
or anti-rabbit (1:5000, Jackson ImmunoResearch #115-035-
062 or #111-035-045, respectively), HRP-conjugated anti-biotin
(1:1000, Cell Signaling Technology #7075), HRP-conjugated anti-
tubulin (1:5000, Proteintech #66031), or HRP-conjugated anti-
GAPDH (1:5000, Proteintech #60004). Membranes were washed
three times in PBS-T, developed using Clarity Western ECL
substrate (Biorad) or Super Signal West Femto (Pierce), and
chemiluminescent signals detected using a ChemiDoc camera
system (Biorad). Quantification of bands was performed using
Fiji software and normalized to Actin, GAPDH, or Vinculin
levels, unless otherwise indicated. At least three independent
blots were quantified per experiment.

Immunostaining and Microscopy

Analysis

For immunostaining and microscopy analysis, 50,000 cells per
well were seeded in a 24 well-plate on 12 mm diameter round
acid-washed sterile coverslips. U20S cells were transfected with
2 ngof CMV-SALLI-YFP, CMV-SALL1ASUMO-YFP, or pEYFP-
C1, 1.5 pg of CMV-SALLI-YFP or HEK 293FT_TripZ-SALL1-
2xHA were used.

After 2 days cells were washed three times with cold 1x PBS,
fixed in 4% paraformaldehyde (Santa Cruz) supplemented with
0.1% Triton X-100 in 1x PBS for 20 min at RT. Then, coverslips
were washed three times with 1x PBS to remove the fixative.

Blocking was performed in blocking buffer (1% BSA, 0.3% Triton
X-100, 25 mM NaCl in 1x PBS) for 1 h at RT. Incubation with
primary antibodies diluted in blocking solution was performed
during 1 h at 37°C in a humidity chamber or overnight at 4°C.
The following primary antibodies were used: rabbit polyclonal
anti-SALL1 (1:200, Abcam #31905), mouse monoclonal anti-
GFP (1:500, Roche #11814460001), mouse monoclonal anti-PML
(Promyelocytic Leukemia Protein) (1:100, Santacruz #sc-966),
mouse monoclonal anti-SC35 (Splicing Component, 35 KDa, also
known as Serine and Arginine Rich Splicing Factor 2) (1:200,
BD Pharmingen #556363), rabbit polyclonal anti-CBX4 (1:100,
Proteintech #18544-1-AP), rabbit polyclonal anti-SUMO2/3
(1:100, Eurogentec #AV-SM23-0100), mouse monoclonal anti
SUMOI (1:100, Developmental Studies Hybridoma Bank, DSHB,
#21C7), or mouse monoclonal anti-SUMO?2 (1:100, DSHB #8A2).
Endogenous SALL1 or SALL1-2xHA in HEK 293FT_TripZ-
SALL1-2xHA cells were stained by a primary antibody against
SALL1 (R&D, 1:100, #PP-K9814-00).

After incubation with the primary antibody, cells were gently
washed three times with 1x PBS and then incubated with the
secondary antibody in the dark for 1 h at RT. The secondary
antibodies conjugated to fluorophores used were donkey anti-
mouse or anti-rabbit Alexa Fluor 488, Alexa Fluor 568, or Alexa
Fluor 647 (1:200, Molecular Probes). To visualize the nuclei, we
incubated the cells with DAPI (1:15,000, Roche #10236276001)
for 5 min at RT. Another three washes were performed to remove
unbound secondary antibody. Finally, coverslips were mounted
using Prolong Gold antifade reagent (Molecular Probes #P36930)
and stored in the dark at 4°C.

Stained cells were visualized using an Upright Fluorescent
Microscope Axioimager D1 or a Leica SP2 or SP8 confocal
microscope with 63x objective. For the quantification of Pc
bodies, Fiji software was used.

Proximity Ligation Assays

U20S cells were plated and transfected by PEI in six-well plates
with 2 pg of CMV-SALLI-2xHA or pcDNA3. After 2 days, cells
were transferred to an eight-well chamber slide (LabTek #177410)
and allowed to attach for 12 h. Proximity ligation assay (PLA) was
performed using the Duolink In Situ Red kit (Olink Bioscience;
Gullberg et al., 2004; Soderberg et al., 2006) according to the
manufacturer’s instructions. Primary antibodies used: mouse
monoclonal anti-SALLI (1:250, R&D Systems #PP-K9814-00);
rabbit polyclonal anti CBX4 (1:100, Proteintech #18544-1-AP).
Images were recorded on a Leica SP8 confocal microscope system
using 488 and 561 nm wavelengths for excitation and a 63x
lens for magnification, and were analyzed with the Leica confocal
software, Adobe Photoshop, and Image] softwares.

Reverse Transcription-Quantitative PCR
Analysis

HEK 293FT cells transfected with 5 pg of CMV-SALLI-
YPF, CMV-SALLIASUMO-YFP or CMV-GFP-B-galactosidase
plasmids, or HEK 293-TripZ-SALL1-2xHA_puro cells induced
with different concentrations of doxycycline (dox), were used
for reverse transcription-quantitative PCR (RT-qPCR) analysis.
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Forty-eight hours after transfection, or 72 h after induction, total
RNA was obtained by using EZNA Total RNA Kit (Omega)
and quantified using a NanoDrop spectrophotometry. cDNAs
were prepared using the SuperScript III First-Strand Synthesis
System (Invitrogen) using 1 mg of total RNA in 20 1 volume per
reaction. QPCR was done using PerfeCTa SYBR Green SuperMix
Low Rox (Quantabio). Reactions were performed in 20 pl, adding
5 ul of ¢cDNA and 0.5 ul of each primer (10 wM), in a CFX96
thermocycler (BioRad) using the following protocol: 95°C for
5 min and 40 cycles of 95°C for 15 s, 56 or 62°C for 30 s
and 72°C 20 s. Melting curve analysis was performed for each
pair of primers between 65 and 95°C, with 0.5°C temperature
increments every 5 s. Relative gene expression data were analyzed
using the A ACt method (Livak and Schmittgen, 2001). Reactions
were carried out in duplicate and results were derived from at
least three independent experiments, normalized to GAPDH and
presented as relative expression levels. Primer sequences are listed
in Table 2.

Statistical Analysis

Statistical analysis was performed using GraphPad 7.0 software.
Data were analyzed by Shapiro-Wilk normality test and Levene’s
test of variance. We used Mann-Whitney-U test or Unpaired
T-test for comparing two groups and one-way ANOVA for
more than two groups. P-values were represented by asterisks as
follows: *P-value < 0.05; **P-value < 0.01; ***P-value < 0.001;
% P-value < 0.0001. Differences were considered significant
when P < 0.05.

TABLE 2 | Oligonucleotide sequences used for RT-gPCR.

Name Sequence

hHoxa11_for
hHoxa11_rev

5'-AACGGGAGTTCTTCTTCAGCGTCT-3'
5-ACTTGACGATCAGTGAGGTTGAGC-3

hHoxb4_for 5-AGGTCTTGGAGCTGGAGAAGGAAT-3
hHoxb4_rev 5'-GGTGTTGGGCAACTTGTGGTCTTT-3
hHoxb7_for 5-AGACCCTGGAGCTGGAGAAAGAAT-3'
hHoxb7_rev 5'-ATGCGCCGGTTCTGAAACCAAATC-3'

hHoxb13_for
hHoxb13_rev
hHoxc6_for

hHoxc6_rev

hHoxc10_for
hHoxc10_rev
hHoxc12_for
hHoxc12_rev
hHoxd13_for
hHoxd13_rev

5'-TACGCTGATGCCTGCTGTCAACTA-3'
5'-AGTACCCGCCTCCAAAGTAACCAT-3'
5-AGGACCAGAAAGCCAGTATCCAGA-3’
5'-ATTCCTTCTCCAGTTCCAGGGTCT-3
5'-TGAAATCAAGACGGAGCAGAGCCT-3'
5-TTGCTGTCAGCCAATTTCCTGTGG-3
5-AGGGAACTCTCAGACCGCTTGAAT-3'
5-AGAGCTTGCTCCCTCAACAGAAGT-3'
5'-ATGTGGCTCTAAATCAGCCGGACA-3’
5'-AGATAGGTTCGTAGCAGCCGAGAT-3

hGata4_for 5'-TCTCAGAAGGCAGAGAGTGTGTCA-3'
hGata4_rev 5-GGTTGATGCCGTTCATCTTGTGGT-3
hGAPDH_for 5'-CATGTTCGTCATGGGTGTGAACCA-3
hGAPDH_rev 5'-AGTGATGGCATGGACTGTGGTCAT-3
hSALL1_for 5-GCTTGCACTATTTGTGGAAGAGC-3'
hSALL1 _rev 5'-GAACTTGACGGGATTGCCTCCT-3
hCBX4_for 5'-CATCGAGAAGAAGCGGATCCGCAAG-3
hCBX4_rev 5'-CTGTTCTGGAAGGCGATCAGCAGCC-3

RESULTS

SALL1 Does Not Colocalize With CBX4 in

Nuclear Bodies

In agreement with previous reports (Netzer et al., 2001; Kiefer
et al.,, 2002; Sanchez et al., 2010; Abedin et al., 2011), we detected
endogenous SALLI in discrete domains in the nucleus of U20S
human osteosarcoma cells (Supplementary Figure 1A). Similar
results were obtained in U20S cells transfected with human
SALL1-YFP (Supplementary Figures 1B,C). These SALL1 foci
were reminiscent of Pc bodies, where PRC proteins, such as CBX4
accumulate. Thus, we hypothesized that SALL1 and CBX4 could
colocalize in nuclear bodies.

To test this hypothesis, SALLI-YFP plasmid was transfected
into U20S cells, where endogenous CBX4 was visualized
by immunofluorescence using anti-CBX4 specific antibodies.
However, SALL1 and CBX4 were found to localize to different
subsets of nuclear bodies (Figure 1A).

In order to further characterize the nature of CBX4 and SALL1
bodies, we explored their possible colocalization with SUMO.
We transfected U20S cells with SALL1-YFP and examined
its localization, and that of endogenous CBX4, with SUMO
using immunofluorescence. While CBX4 did not colocalize
with SUMO1 or SUMO2/3 (Supplementary Figures 2A,B),
a partial colocalization between SALLI and SUMO proteins
was observed: some of the SALL1 bodies clearly colocalized
with SUMO1 and SUMO?2/3, while other SALL1 bodies did
not (Figure 1 and Supplementary Figure 2E). Conversely,
some SUMOI1 and SUMO2/3 bodies colocalized with SALLI,
while others did not. These results fit with the well-known
heterogenic nature of nuclear bodies (Zidovska, 2020). Neither
CBX4, nor SALLI1 colocalize with other nuclear factors, such as
PML (Supplementary Figures 2C,H) or SC35 (Supplementary
Figures 2D,I).

As shown previously, SALL1 undergoes SUMOylation in
cells (Pirone et al., 2017), which might modulate its localization.
To test this possibility, we generated a SALL] SUMO mutant
(SALL1ASUMO) by mutating four lysine residues (K571, K592,
K982, and K1086) to arginine (Supplementary Figure 3A).
These residues correspond to the four SUMOylation motifs
conserved in vertebrates, predicted by SUMOplot and
GPS-SUMO programs with highest scores (Supplementary
Figures 3C,D) and the motif IKED (K982) being previously
identified by proteomic analysis (Xiao et al., 2015; Hendriks
and Vertegaal, 2016). As predicted, the SALLIASUMO mutant
lost the capacity to be SUMOylated in cells (Supplementary
Figure 3B). Therefore, we considered SALL1ASUMO a SUMO-
deficient mutant of SALLL. Interestingly, neither the lack
of colocalization with CBX4, nor the partial colocalization
with endogenous SUMO1 and SUMO?2/3 were visibly altered
when SALL1ASUMO-YFP was analyzed (Figures 1B,E and
Supplementary Figure 2F). These results, indicating that the
localization of SALLI to a subset of SUMO bodies does not
depend on its SUMOylation status, raised the possibility that
SALL1 localization to these foci might be mediated by the
presence of SIMs in this protein.
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SALL1ASUMO

SALL1ASIM

SALL1ASIM

FIGURE 1 | SALL1 and CBX4 do not colocalize in nuclear bodies. (A-F) Confocal images of U20S cells showing expression of SALL1-YFP, SALLTASUMO-YFP, or
SALL1ASIM-YFP (green), and endogenous CBX4 (magenta in A=C) or endogenous SUMO2/3 (magenta in D=F). Nuclei were stained with DAPI. Black and white

pictures show single green or magenta channels. Green arrowheads indicate SALL1 bodies, magenta arrowheads indicate Pc bodies (A-C), or SUMO bodies (D-F)
and white arrowheads indicate colocalization of SALL1 and SUMO2/3 (D-F). Pictures were taken with a Leica DM IRE2 confocal microscope using a 63x objective.

Scale bars indicate 5 pm.

SALL1ASIM

SALL1ASIM

By analyzing the amino acid sequence of SALLI, we
noted the presence of four high-scored SIMs (Supplementary
Figures 3A,D). To investigate the role of these putative SIMs,
we generated a SALL1IASIM version in which the four motifs
were mutated to alanines. Remarkably, localization of SALL1
was unaffected by these mutations. Thus, SALL1ASIM-YFP
readily localized to nuclear bodies, and partially colocalized
with SUMOI1 and SUMOQ?2/3, but not with CBX4 (Figures 1C,F
and Supplementary Figure 2G). The lack of colocalization
between these two proteins in nuclear bodies prompted us to
re-examine the interaction results obtained previously by mass
spectrometry (MS).

SALL1 Interacts With CBX4 in a
SUMOylation-Independent Manner

Previous MS results suggested that CBX4 could interact with
full length SALL1 (Bozal-Basterra et al,, 2018). We checked
whether we could detect the CBX4-SALL1 interaction using
CBX4-BioID. HEK 293FT cells were transfected with CBX4 fused
to a promiscuous variant of the BirA biotin ligase (CBX4-BirA*)
together with either full length SALL1-2xHA or the truncated
form of SALL1326-2xHA, causative of TBS. After pulldown using
NeutrAvidin beads, the eluates were analyzed by Western blot. As
shown in Figure 2A, CBX4 was in close proximity to both the full
length and the truncated SALL1 forms (elution panel, lanes 1 and
2). Drosophila Pc (DmPc-BirA, the fly CBX4 homolog; lane 3) is
also able to interact with full-length SALL1-HA.

We further confirmed the interaction between SALL1
and CBX4 by using pulldown experiments. CBX4-YFP was
transiently overexpressed in HEK 293FT together with SALL1-
2xHA or SALL1826-2xHA, and GFP-Trap-based pulldown assays
were carried out. SALLI-YFP was used as a positive control,
since it is known to bind to the truncated mutant. As shown
in Figure 2B, CBX4-YFP interacted both with full length and
truncated SALLI (elution panel, lanes 1 and 2).

SALL1 post-translational modifications could affect its
interaction with other proteins. In this regard, SALLI
SUMOylation might be particularly relevant for its interaction
with CBX4, which contain SIM domains (Merrill et al., 2010).
In order to test whether SUMOylation could have a role in
SALL1 binding to CBX4, we analyzed the SALL1ASUMO
capability to interact with CBX4 (Figure 2C). WT SALL1-YFP
and SALLIASUMO-YFP were transiently transfected in HEK
293FT cells together with CBX4-HA (lanes 4 and 5, respectively).
A GFP-Trap pulldown was performed and analyzed by Western
blot. Our results show that the SUMOylation-deficient SALL1
mutant was still able to interact with CBX4 (elution panel,
compare lanes 4 and 5). No appreciable differences were noted
between WT SALL1 and SALL1ASUMO in their ability to
interact with CBX4.

On the other hand, since CBX4 is known to be SUMOylated
in vitro (Kagey et al., 2003; Merrill et al., 2010), we tested whether
the predicted SIMs in SALL1 could have a role in its interaction
with CBX4. As shown in Figure 2C (elution panel, compare lanes
4 and 6) SALL1 WT and SALL1 ASIM showed similar capacity to
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FIGURE 2 | SALL1 interacts with CBX4 in a SUMOylation-independent manner. (A) Validation of the interaction between human SALL1 and human CBX4 or
Drosophila melanogaster Pc proteins using BiolD-based biotin pulldown in transfected HEK 293FT cells. In the Input panel, the relative expression of the HA-tagged
SALLT proteins (the full-length protein or a TBS-related truncation mutant) is shown. One asterisk indicates SALL1-HA, while two asterisks indicate SALL1826-HA,
Negative controls (single expression of each individual protein) are shown in lanes 4-7. Anti-GAPDH was used as loading control. As shown in the Elution panel,
CBX4-BirA* interact preferentially with full-length SALL1-HA (lane 1). Anti-biotin blot shows the efficiency of the different pulldowns. (B) Validation of the interaction

YFP alone and HA empty vector were used as controls. Lanes 1 and 2 of the Elution panel, show that CBX4 interacts with SALL1 full length and the truncated form.
(C) SUMO-related SALL1 mutants interact with CBX4. Western blot analysis of proteins extracted from HEK 293FT cells transfected with the indicated plasmids.
Pulldowns were performed using GFP-Trap. As shown in the Elution panel (lanes 4,
readily detected in all blot images. (D) Graph showing that CBX4 levels increase when co-expressed with WT SALL1-YFP, SALL1 ASUMO-YFP, or SALL1ASIM-YFP.
The intensity of CBX4 bands in blots was quantified using ImageJ, normalized to b-Actin and reported as fold change relative to the YFP alone control. The mean
plus SEM of three independent experiments is plotted. P-values were calculated using Mann-Whitney test. *P-value < 0.05. (A-C) Antibodies used are indicated to
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of epitope-tagged SALL1 and CBX4 proteins in transfected HEK 293FT cells.

5, and 6), interaction between CBX4 and WT SALL1 or SALL1 mutants was

bind CBX4. While differences in the intensity of CBX4 signals
between SALL1 WT, SALLIASUMO and SALL1ASIM can be
observed, these differences were mostly due to the expression
levels of the YFP-tagged SALLI1 proteins. For example, the higher
expression levels of SALLIASUMO compared to SALL1 WT
are most likely directly related to the higher levels of CBX4-HA
detected in the pulldown.

In summary, these results confirm SALL1/CBX4 interaction,
and show that neither SALL1 SUMOylation, nor its predicted
SIM motifs are necessary for binding to CBX4 in our
experimental setting.

SALL1 and CBX4 Interact in the

Nucleoplasm

Both proteins localize to the nucleus, with non-overlapping
enrichment in nuclear bodies, so we thought that the SALL1-
CBX4 interaction might occur in the nucleoplasm where weaker
immunofluorescence signals can be observed (Supplementary
Figure 4). In order to explore this possibility, we decided to apply
the PLA, a technique that allows the detection of protein—protein
interactions in situ.

U20S cells were transfected with CMV-SALL1-2xHA or with
an empty pcDNA3 vector as negative control, and anti-SALL1 and
anti-CBX4 antibodies were used to perform PLA (Figures 3A-E;
Soderberg et al., 2006; Matic et al., 2010). The signal from each
detected pair of PLA probes is visualized as a fluorescent spot.
Our analysis of the number of spots revealed an interaction
between SALL1 and CBX4 in the nucleus (Figures 3A,E).

Combined with the SALL1/CBX4 localization analyses described
above, these results suggest that the interaction between SALL1
and CBX4 takes place most probably in the nucleoplasm instead
of in nuclear bodies.

SALL1 Post-transcriptionally Increases

the Levels of CBX4

Considering previous evidence that SALL1 can be SUMOylated
and that CBX4 can act as an E3 ligase to increase SUMOylation of
several substrates (Kagey et al., 2003; Li et al., 2007; MacPherson
et al., 2009; Ismail et al., 2012; Pelisch et al., 2012; Chen et al,,
2018), we hypothesized that the SALL1/CBX4 interaction could
drive SALL1 SUMOylation. However, our in vitro SUMOylation
assays in the presence of SUMOI1 or SUMO2/3 showed that
the SUMOylated form of SALLI did not vary in a statistically
significant manner when different amounts of CBX4 were added
to the reaction (Supplementary Figure 5).

These results suggested that CBX4 does not function as a
SUMO E3 ligase for SALLI in this experimental settings, leaving
the question of what could be the biological outcome of the
interaction between these proteins unanswered. Intriguingly,
while performing the experiments to validate the SALL1-CBX4
interaction, we had noticed that the levels of CBX4 were
higher in cells co-transfected with SALL1 proteins (SALL1
WT, SALL1 ASUMO, or SALL1ASIM) than in control cells co-
expressing YFP (Figure 2B, lanes 1 vs. 5; Figure 2C, lanes 4,
5, and 6 vs. 8 and 9). This observation was supported by a
quantitative analysis of the immunoblot results (Figure 2D),
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FIGURE 3 | SALL1 and CBX4 interact in the nucleoplasm. (A-D) Confocal
pictures of a proximity ligation assay (PLA) showing in situ interaction of
SALL1 and CBX4 in the nucleus of U20S cells, visualized as magenta spots.
Cells were transfected with SALL1-HA or with the empty pcDNA3 vector as
negative control. Antibodies used in the assay are indicated in magenta. Panel
A shows SALL1 and CBX4 interaction, while panels B-D are negative
controls. (E) Quantification of PLA signals per cell as in A=D. Bars represent
mean plus SEM of three independent experiments. P-values were calculated
using one-way ANOVA test. **P-value < 0.001.
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and was further confirmed using a transient co-expression
experiment in HEK 293FT cells. In this experiment, Western blot
analysis revealed higher levels of CBX4-HA in cells co-expressing
SALL1-YFP than in cells co-expressing YFP alone (Figure 4A).
In order to discard any potential artifact due to the transient
overexpression conditions, we generated two HEK 293FT-
derived cell lines stably expressing SALL1. On one hand, we
generated a HEK 293FT cell line constitutively expressing
a GFS (GFP-Flag-Strep)-tagged version of SALL1 at levels
moderately increased over the endogenous SALL1. Western blot
analysis showed increased levels of endogenous CBX4 in HEK
293FT_GFS-SALLI cells compared with parental HEK 293FT
cells (Figure 4B). On the other hand, we used the inducible
lentiviral vector TripZ to generate the HEK 293FT_TripZ-
SALLI1-2xHA cell line (see section “Materials and Methods”).
This vector, based on the Tet-On system, allowed us to induce
the expression of SALL1-2xHA in a doxycycline dependent

manner, while preserving the expression of endogenous SALLI.
As verified by immunofluorescence analysis (Figure 4C),
increasing concentrations of doxycycline (1 ng/ml, 10 ng/ml,
0.1 pg/ml, or 1 pg/ml), lead to a progressive increment of
the SALLI expression in HEK 293FT_TripZ-SALL1-2xHA cells.
The levels of endogenous CBX4 protein were analyzed in
these cells using Western blot (Figures 4D,E). Quantification of
three independent experiments showed that CBX4 levels were
significantly increased when the cells were treated with 1 pg/ml
of doxycycline compared to untreated cells (Figure 4E).

Since SALLI is a transcription factor, we wondered whether
the increased CBX4 levels described above could be due to
SALL1-mediated transcriptional activation of CBX4 expression,
potentially in an indirect way, as SALL1 is mostly described as
a transcriptional repressor. We tested this possibility using the
inducible HEK 293FT_TripZ-SALL1-2xHA cell model. SALL1
and CBX4 mRNA expression was analyzed by RT-qPCR)
in control or doxycycline-treated cells. As expected, SALLI
mRNA expression increased in a doxycycline-dependent manner
(Figure 4F). However, CBX4 mRNA expression levels did not
vary significantly.

Altogether these results demonstrate that increasing levels of
SALLL1 are correlated with increasing CBX4 protein levels and,
importantly, that this effect occurs at a post-transcriptional level.

SALL1 Stabilizes CBX4 Avoiding Its

Degradation via the Proteasome

Different mechanisms may contribute to increase the levels of
a given protein, including changes in subcellular localization,
solubility, or alteration in protein stability due to reduced
degradation. The results described above led us to test the
hypothesis that SALL1 could stabilize CBX4.

To this end, we analyzed the half-life of CBX4 by using a time-
course experiment with CHX. HEK 293FT cells were transfected
with WT SALL1-YFP, SALLIASUMO-YFP, or GFP-B-gal and
treated with 50 pg/ml of CHX in presence or absence of 10 uM of
the proteasome inhibitor MG132. Cells were collected at different
time points (0, 4, 8, and 16 h after initiation of treatment) and the
levels of endogenous CBX4 were analyzed by Western blot.

As shown Figure 5A, the levels of CBX4 began to decrease
after 4 h of CHX treatment in cells expressing GFP-B-gal.
However, in SALL1 WT or SALL1ASUMO-transfected cells
the reduction in CBX4 levels was slower than in control cells.
Quantification of six independent experiments is shown in
Figure 5B. When cells were co-treated with CHX and MG132
(Figure 5C), proteasome degradation was inhibited and CBX4
levels did not decline at 4 h. Consequently, as shown in the
Western blot quantification, no significant differences in the
CBX4 levels were observed between cells transfected with SALL1,
SALL1ASUMO, or control (Figure 5D). Overall, these results
show that CBX4 protein is more stable in presence of SALL1 or
SALL1ASUMO, and that degradation of CBX4 occurs through
the ubiquitin proteasome system (UPS). Therefore, we concluded
that SALLI1 stabilizes CBX4 protein slowing down its degradation
via the proteasome, and that SUMOylation of SALLI seems not
to be essential for CBX4 stabilization.
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FIGURE 4 | SALL1 influences the levels of CBX4. (A) Western blot showing protein levels of CBX4-HA when co-expressed with SALL1-YFP or YFP alone in HEK
293FT cells. Actin expression was used as loading control. (B) Western blot showing expression levels of endogenous CBX4 protein in parental HEK 293FT cells

(lane 1) or in HEK 293FT cells stably expressing GFS-SALL1 (lane 2). (C) Confocal microscopy images showing inducible expression SALL1-2xHA in HEK
293FT_TripZ-SALL1-2xHA cells. Cells were treated with different concentrations of doxycycline (Dox) to induce SALL1 expression as indicated. SALL1-2xHA was
detected using anti-SALL1 primary antibody (green). Cell nuclei were stained with DAPI (blue). (D) Western blot analysis showing expression levels of endogenous
CBX4 in HEK 293FT_TripZ-SALL1-2xHA cells treated with increasing concentrations of Dox. (E) Quantification of the expression levels of endogenous CBX4 in HEK
293FT_TripZ-SALL1-2xHA cells treated with increasing concentrations of Dox. Three independent experiments as the one shown in D were performed. The intensity
of CBX4 bands was quantified using ImageJ, and the values were normalized to the levels of Actin. P-value was calculated using one-way ANOVA test.

*P-value < 0.05. (F) RT-gPCR analysis of SALL1 and CBX4 mRNA expression in HEK 293FT_TripZ-SALL1-2xHA cells treated with increasing concentrations of Dox.
SALL1 and CBX4 expression were normalized using GAPDH expression and shown as fold change relative to untreated control. (A,B,D) Molecular weight markers
are shown to the right in KDa. Antibodies were used as indicated to the left. (E,F) The mean plus SEM of at least three independent experiments is shown.

SALL1 Influences CBX4 Ubiquitination

Previous reports have shown that CBX4 is ubiquitinated to
mediate its degradation through the proteasome (Ning et al,,
2017). To investigate a potential relationship between SALLI
expression and CBX4 ubiquitination, we used the bioUb system
(Pirone et al., 2017). First, we tested the efficiency of this system
to detect the ubiquitinated fraction of CBX4. We transiently
transfected HEK 293FT cells with CBX4-HA together with BirA-
2A-bioUb or BirA as control. Cells were treated with biotin
in presence or absence of the proteasome inhibitor MG132.
Protein lysates were processed for bioUb assay (see section
“Materials and Methods”) and results were analyzed by Western
blot (Figure 6A). Ubiquitinated CBX4 is shown in the elution
panel. A band above 100 KDa and a high molecular weight
smear, both consistent with ubiquitinated forms of CBX4, are
visible. As expected, the levels of ubiquitinated CBX4 increased

in presence of the proteasome inhibitor MG132. Anti-Avitag
antibodies detecting bioUb also showed an increase in the general
ubiquitination levels in presence of MG132, as shown in the
elution panel. These results confirmed the modification of CBX4
by ubiquitination and its degradation via UPS.

Next, to test whether SALL1 could increase CBX4 stability
by impairing its ubiquitination and subsequent proteasomal
degradation, we studied CBX4 ubiquitination in the inducible
HEK 293FT_TripZ-SALL1-2xHA cells. These cells were
transiently transfected with CBX4-YFP together with BirA-2A-
bioUb or BirA as control. The cells were treated or not with
1 ug/ml of doxycycline to induce SALLI expression, in the
presence or absence of 10 pM MGI132. Protein lysates were
processed for bioUb assay, and the results were analyzed by
Western blot (Figure 6B). A statistically significant reduction
of CBX4 ubiquitination was observed in presence of high
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FIGURE 6 | CBX4 ubiquitination is reduced in presence of SALL1. (A) Western blot analysis of HEK 293FT cells transfected with CBX4-HA together with
CMV-BirA-2A-bioUb or BirA as a negative control. Cells were treated with 50 M of biotin in the presence or absence of 10 uM MG132. Protein lysates were
subjected to pulldown with streptavidin beads and the results were analyzed by Western blot. Two asterisks indicate monoubiquitinated CBX4-HA protein and the
vertical line indicates the polyubiquitination smear. (B) Western blot analysis of HEK 293FT_TripZ-SALL1-2xHA cells transiently transfected with CBX4-YFP together
with BirA-2A-bioUb or BirA as control. The cells were treated or not with 1 wg/ml of doxycycline (Dox), in presence or absence of 10 wM of MG132. Protein lysates
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(C) The levels of ubiquitinated CBX4-YFP in Dox induced and not induced cells, in presence (right panel) or absence (left panel) of MG132, were quantified and
normalized to the CBX4 levels in the input. (D) Western blot analysis of endogenous CBX4 in HEK 293FT cells transfected with CMV-SALL1-2xHA (lanes 2 and 4) or
with pcDNA3 control plasmid (lanes 1 and 3), in presence (lanes 3 and 4) or absence (lanes 1 and 2) of 10 puM MG132. (E) Quantification of ubiquitinated CBX4 in
the elution panel normalized to the CBX4 levels in the input, in cells expressing or not SALL1-HA, in presence (right panel) or absence (left panel) of MG132. (A,B,D)
Molecular weight markers are shown to the right in KDa. Antibodies were used as indicated to the left. (C,E) Graphs represent mean plus SEM. P-values were
calculated on n = 4 using Mann-Whitney test. *P-value < 0.05.
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levels of SALL1 (Figures 6B,C, in the elution panel compare
lane 4 with lane 2). However, in the presence of MG132, no
significant differences were appreciated between induced
and not induced cells (Figure 6C, in the elution panel
compare lanes 6 and 8).

To further analyze the ubiquitination of endogenous CBX4,
we transiently expressed SALL1-2xHA or pcDNA3 as a control
in HEK 293FT cells. After lysis, total ubiquitinated material
was isolated from the cells by pulldown using TUBES (see
section “Materials and Methods”), and analyzed by Western blot
(Figures 6D,E). In presence of SALLI, the levels of ubiquitinated
CBX4 were reduced when compared with cells transfected with
the control plasmid (elution panel, compare lanes 1 and 2). No
significant differences were appreciated when cells were treated
with MG132 (elution panel, lane 4 vs. lane 3). Quantification of
ubiquitinated CBX4 in relation to the CBX4 input in shown in
Figure 6E. Taken together, these results indicated that SALLI is

able to stabilize CBX4 protein by reducing its ubiquitination and
subsequent degradation via the UPS.

SALL1 Modulates the Number and Size
of CBX4-Containing Pc Bodies, as Well

as the Expression of CBX4 Target Genes

Although SALL1 does not colocalize with CBX4 in Pc bodies, the
finding that SALL1 modulates CBX4 protein levels prompted us
to investigate a potential effect of SALL1 expression on CBX4-
containing Pc bodies. We transiently transfected SALL1-YFP or
its mutant SALLIASUMO-YFP in U20S cells. GFP-f-gal was
transfected as control. Transfected cells were stained with a
specific CBX4 primary antibody and the number and area of
CBX4-containing Pc bodies were examined in more than 100
cells per condition (Supplementary Figure 6). Using confocal
microscopy and image analysis with Fiji software (Figures 7A,B),
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FIGURE 7 | SALL1 expression increases the number and size of CBX4-containing Pc bodies and enhances downregulation of CBX4 targets. (A,B) Graphs
represent the number of CBX4-containing Pc bodies (A) and their mean area in pixels quantified using Fiji software (B) in U20S cells expressing SALL1-YFP,
SALL1ASUMO-YFP, or GFP-B-gal as a negative control. (C) Graph showing the mRNA expression levels of several CBX4 target genes in HEK 293FT cells
expressing SALL1-YFP, SALLTASUMO-YFP, or GFP-8-gal as control. Data shown correspond to the mean plus SEM of at least five independent RT-gPCR
experiments. Gene expression data were normalized to GAPDH and are shown as relative fold change over B-Gal expressing cells (magenta line). P-values were
calculated using one-way ANOVA test. *P-value < 0.05; **P-value < 0.01; **P-value < 0.001.
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we observed that Pc bodies were significantly larger and more
abundant in cells expressing SALL1 or SALLIASUMO than
in cells expressing p-Gal. No significant differences in the
number of bodies were observed between cells expressing SALL1
and SALLIASUMO. However, the area of the Pc bodies was
significantly smaller in SALLIASUMO compared to SALL1
transfected cells. These results revealed that SALL1 SUMOylation
status does not influence the increase in the number of Pc bodies,
but it may influence their size.

Finally, since SALLI increases CBX4 protein levels, as well
as the size and number of Pc bodies, and increased formation
of Pc bodies may lead to stronger transcriptional repression of
several PRC1 target genes (Gonzalez et al.,, 2014; Soshnikova,
2014; Cheutin and Cavalli, 2018), we hypothesized that SALL1
overexpression could lead to a stronger transcriptional repression
of CBX4 targets, including HOX genes.

To test this possibility, HEK 293FT cells were transiently
transfected with SALLI-YFP, SALLIASUMO-YFP, or GFP-
B-gal as control, and the expression levels of several direct
CBX4 target genes (HOXAIl, HOXB4, HOXB7, HOXBI3,
HOXC6, HOXCI0, HOXCI2, HOXD13, and GATA4) were
analyzed by RT-qPCR. Significant differences in the expression
of HOXB4, HOXBI13, HOXC6, HOXC10, and GATA4 were
observed between wild-type SALL1 and PB-Gal expressing
control cells (Figure 7C). However, no significant differences
were observed between SALL1ASUMO-transfected cells
and control cells.

Taken together, these results indicate that high SALL1 levels
modulate the transcriptional repression capacity of CBX4 on
some of its target genes. Interestingly, SUMOylation of SALL1
seemed to be necessary for this transcriptional effect.

DISCUSSION

In this work, we have confirmed that SALL1 and CBX4
proteins interact with each other. Although both proteins can be
SUMOylated and contain validated [CBX4 (Merrill et al., 2010)]
or predicted (SALL1) SIM motifs, our results suggest that the
SALL1/CBX4 interaction does not depend on the SUMOylation
status of SALLI, nor the mutation of its putative SIMs. We
note the possible contribution of the endogenous SALLLI to the
interaction, as dimers with the endogenous WT SALL1 and
exogenous mutants could be formed, bridging the interaction of
mutant SALL1 with CBX4.

Neither SALL1 WT nor the SALLIASUMO or SALL1ASIM
mutant forms showed colocalization with CBX4 in Pc bodies,
a subset of nuclear bodies that have been defined as centers
of chromatin regulation for transcriptional repression of target
genes (Entrevan et al,, 2016). This observation indicates that
the SALL1-CBX4 interaction does not occur in this specific
cellular compartment. Despite this, we demonstrate that SALLI,
as well as its SUMOylation-deficient mutant form, increase
the number and size of CBX4-containing Pc bodies. We
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speculate that a dynamic and transitory interaction with
SALL1 in the nucleoplasm may indirectly influence Pc body
formation by altering CBX4 levels. In fact, we demonstrated
that SALL1 stabilizes and increases CBX4 protein levels in
a post-translational manner, reducing its ubiquitination with
subsequent reduction of its degradation via the proteasome.

Different hypothetical scenarios could explain the SALLI-
mediated stabilization of CBX4. As a transcriptional repressor,
SALL1 could inhibit the transcription of ubiquitin E3 ligase(s)
involved in CBX4 modification or could facilitate the binding
and/or the recognition of CBX4 by DUBs (Ning et al., 2017).
Interestingly, SALL1 was found to interact with members of the
UPS, which might disrupt CBX4 homeostasis (Bozal-Basterra
et al, 2018). Importantly, we show that high SALL1 levels
increase CBX4-mediated transcriptional repression of some of its
target genes. Although SUMOylation of SALL1 does not seem
to affect its ability to regulate CBX4 protein levels, it seems
to be important for SALL1 to modulate CBX4 transcriptional
repression activity: only when SALLI is SUMOylated, the
recruitment of CBX4 on the chromatin results in a functional
effect. In a speculative scenario, one possible explanation of
these results could be the involvement of a third component.
For instance, SUMOylation of SALL1 could facilitate the
simultaneous interaction with other members of the PRC1, such
as RING1 or PHCI. Interestingly, those factors were also found as
possible SALLI interactors in the proximity proteomics analysis
that hinted initially to a possible SALL1/CBX4 interaction (Bozal-
Basterra et al., 2018). Otherwise, SUMOylation of SALL1 could
facilitate the interaction of CBX4 with co-factors required for
gene repression (Cheng et al., 2014).

These highly speculative hypotheses can be summarized into
the model shown in Figure 8. SALL1 (in its unmodified or
SUMOylated form) would interact with CBX4. This interaction
would result in less ubiquitination of CBX4 with its consequent
stabilization (Figure 8). Thus, CBX4 would be recruited on
chromatin, where it would act as a transcriptional repressor
of its target genes. In its SUMOylated form, SALL1 could
interact, not only with CBX4, but also with repression cofactors
or other components of PRC1, which could be recruited on
chromatin along with CBX4 (Figure 8, left). The recruitment
of transcriptional cofactor(s), or various components of PRCI1,
would result in the activation of the multiprotein complex with
consequent repression of the target genes.

In an alternative hypothesis, SUMOylated SALL1 could
enhance CBX4 repression capacity by facilitating its
SUMOylation. The SUMOylation of CBX4 is known to be
necessary for its repression activity on the chromatin (Kang
et al., 2010). We observed that, in the presence of high levels of
SALLLI, the SUMOylation of CBX4 increased (data not shown).
However, this was probably the result of increasing the total
levels of the protein. In addition, SALL1 was demonstrated
to interact with UBC9 and SUMOL1 in a yeast two-hybrid
system (Netzer et al, 2002). Interestingly, some members of
the SUMOylation pathway were also found in the proximity
proteomics analysis of SALL1 (Bozal-Basterra et al., 2018). In
this alternative hypothetical scenario, once SUMOylated SALL1
promotes CBX4 stabilization impairing its ubiquitination, it

would be able also to promote CBX4 SUMOylation by recruiting
an E3 SUMO ligase or other components of the SUMOylation
machinery (Figure 8, right). In this regard, the K224 residue
involved in CBX4 SUMOylation, and the adjacent K209 and
K247 residues were predicted as putative ubiquitination sites by
UbPred.” This raises the interesting possibility that modification
of CBX4 by ubiquitin and SUMO would be mutually exclusive
events. Whether this is the case, and whether SALLLI is involved
in this regulation, would require further investigation.

Additional experiments are necessary to further test the non-
mutually exclusive hypotheses for SALL1-mediated regulation of
CBX4. Our results suggest that SALL1 plays an important role in
the control of the expression of key developmental genes through
the post-transcriptional regulation of CBX4. Where and when
this regulation takes place in vivo during development deserves
further investigation.
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Supplementary Figure 1 | SALL1 localizes to nuclear bodies. Endogenous
SALL1 (A) and transiently expressed SALL1-YFP (B) localize to nuclear

bodies in U20S cells. In contrast, YFP alone, used as a control, shows a
homogenous distribution in the nucleus and cytoplasm (C). Pictures were taken
with an AxioD Fluorescent microscope using 100x objective. Scale bars
indicate 5 pm.

Supplementary Figure 2 | Characterization of CBX4 and SALL1 nuclear bodies.
(A-D) Endogenous CBX4 (green) does not colocalize with SUM2/3, SUMO1, nor
PML bodies or with SC35 (magenta) in U20S cells. (E-l) SALL1-YFP (green)
partially colocalizes with endogenous SUMO1 (magenta) in U20S cells (E). Similar
results were obtained for the SALLTASUMO and SALL1DSIM mutants (F,G).
SALL1 does not colocalize with PML (H) nor with SC35 (l). Green and magenta
channels are shown independently in black and white. Nuclei were stained with
DAPI (blue). White arrowheads indicate colocalization, green arrowheads indicate
domains where mainly CBX4 (A-D) or SALL1 (E-I) proteins are present, magenta
arrowheads indicate domains where mainly SUMO2 (A), SUMO1 (B,E-G), PML
(C,H), or SC35 (D,) are present. Pictures were taken using a Leica DM IRE2
confocal microscope with a 63x objective, except for pictures in C that were
taken using an AxioD Fluorescent microscope and objective 40x. Scale bars
indicate 5 um.

Supplementary Figure 3 | SALL1T SUMOylation sites and SIMs are conserved
throughout evolution. (A) SALL1 schematic representation. Ovals represent the
zinc fingers (ZF) distributed along the protein. Blue rectangle represents the
poly-glutamine (PQ) domain. In magenta, SUMO consensus sites mutated in
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shown in black and white. Pictures were taken using a Leica DM IRE2 confocal
microscope with a 63x objective.

Supplementary Figure 5 | SALL1 SUMOylation is independent of CBX4. In vitro
SUMOylation of SALL1 with SUMO1 or SUMO2/3 in the presence of growing
quantities of CBX4 (in l). Wheat germ was added as negative control. The vertical
bar indicates the SUMOylated forms of SALL1, the empty arrowhead indicates the
unmodified SALL1. Molecular weight markers are shown to the right in KDa.

Supplementary Figure 6 | Variation of Polycomb bodies upon SALL1
expression. Representative composition of independent U20S cells transfected
with equal amounts of SALL1-YFP, SALL1 ASUMO-YFP, or GFP-B-gal plasmids,
stained for endogenous CBX4. Nuclei were labeled with DAPI (not shown).
Pictures were taken using a Leica DM IRE2 confocal microscope with a 63 x
objective, using the same settings for all the conditions.
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Muscle regeneration is an important homeostatic process of adult skeletal muscle
that recapitulates many aspects of embryonic myogenesis. Satellite cells (SCs) are
the main muscle stem cells responsible for skeletal muscle regeneration. SCs reside
between the myofiber basal lamina and the sarcolemma of the muscle fiber in a
quiescent state. However, in response to physiological stimuli or muscle trauma,
activated SCs transiently re-enter the cell cycle to proliferate and subsequently exit
the cell cycle to differentiate or self-renew. Recent evidence has stated that SCs
display functional heterogeneity linked to regenerative capability with an undifferentiated
subgroup that is more prone to self-renewal, as well as committed progenitor cells
ready for myogenic differentiation. Several lineage tracing studies suggest that such
SC heterogeneity could be associated with different embryonic origins. Although it has
been established that SCs are derived from the central dermomyotome, how a small
subpopulation of the SCs progeny maintain their stem cell identity while most progress
through the myogenic program to construct myofibers is not well understood. In this
review, we synthesize the works supporting the different developmental origins of SCs
as the genesis of their functional heterogeneity.

Keywords: myogenic precursor cells, embryonic myogenesis, adult myogenesis, satellite cell heterogeneity,
muscle regeneration

INTRODUCTION

Muscle repair and homeostasis are mediated by resident stem cells, also called SCs. Anatomically,
SCs are located between the myofiber basal lamina and the sarcolemma of the muscle fiber
and functionally are quiescent cells. Quiescent SCs are characterized by the expression of the
transcription factor Pax7 but, upon acute injury, pathological conditions or muscle homeostasis,
they become activated and give rise to myogenic progenitors that massively proliferate, start to
express the myogenic regulatory factors (MRFs) Myf5, Myod1, Myf6 (also known as MRF4), and
Myog, differentiate and fuse to form new myofibers and restore the muscle tissue. Classically,
SCs have been considered a homogeneous population of muscle stem cells. However, a deeper
molecular characterization together with grafting experiments have revealed a certain level of
SCs heterogeneity in terms of the expression of specific markers and cellular functionality that
determine their regenerative potential. It is well known that SCs and developmental myogenic
progenitors share the transcriptional program that drives myogenic differentiation and muscle
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genesis. Several lineage tracing studies have established that SCs
originate from myogenic precursors in the dermomyotome.
Nevertheless, behavioral heterogeneity has also been observed in
myogenic precursors during development, given the differences
in proliferative rate observed in dermomyotome-derived
progenitors during embryonic myogenesis and MRF expression
patterns in fetal and perinatal stages, despite their functional
redundancy (Gros et al, 2005; Kassar-Duchossoy et al,
2005; Picard and Marcelle, 2013). Therefore, developmental
myogenesis could provide us with an appropriate scenario to
better understand satellite heterogeneity.

In this review, we summarize the latest research evidence
on SC functional heterogeneity and examine the principles
that sustain myogenic progenitor pool diversity of SCs of
somitic origin and the implications for the emergence of
SC heterogeneity.

SATELLITE CELLS IN THE CONTEXT OF
ADULT MYOGENESIS

Skeletal muscle is a heterogeneous tissue that represents
one-third of human body mass with a high capability of
regeneration throughout life (Janssen et al., 2000). This ability
resides mainly in bona fide muscle stem cells, SCs, described
by electron microscopy in Mauro (1961). The SC population
represents a quiescent cell population between the basal lamina
and the myofiber plasma membrane and is characterized by the
expression of the paired box transcription factor Pax7 (Seale
et al., 2000). Although SCs uniformly express Pax7, the role of
this gene in the context of muscle stem cell biology has been
largely controversial (Oustanina et al., 2004). Therefore, research
by Lepper et al. (2009) that conditionally inactivates Pax7 gene
expression in adult SCs in the mouse shows that Pax7 could
be dispensable for proper muscle stem cell function and muscle
regeneration in adult skeletal muscle and is only required for
myogenic function during the perinatal period. In contrast,
subsequent studies, carried out by using similar mouse models,
have demonstrated that Pax7 plays an essential role in regulating
the myogenic potential and function of satellite cells in both
neonatal and adult skeletal muscle, challenged the efficiency
for Pax7 deletion in Lepper’s study (Giinther et al., 2013; von
Maltzahn et al., 2013). Nonetheless, full ablation of Pax7 positive
cells in adult mice confirmed that Pax7-expressing cells are
essential for acute injury-induced muscle regeneration (Lepper
et al.,, 2011; Sambasivan et al., 2011). In addition, more recent
studies have highlighted that SCs are the main stem cell source
for muscle regeneration (von Maltzahn et al., 2013).

Upon muscle injury, disease, or adult skeletal muscle
homeostasis, SCs are activated to achieve appropriate
muscle repair. During this process, an embryonic myogenic
transcriptional program is recapitulated (Hernandez-Torres
etal., 2017). Pax7 is downregulated and the Myogenic Regulatory
Factors (MRFs), members of the basic-helix-loop-helix family,
are sequentially upregulated to directly activate SCs toward the
myogenic differentiation program and eventual fusion to existing
myofibers or to form new myofibers (Weintraub et al., 1991).

Myf5 is the first MRF that becomes upregulated in SCs,
followed by Myod1, which indicates the myogenic commitment
to myoblasts (Rudnicki et al, 1992, 1993). The terminal
differentiation to myocyte is regulated by the expression of
MRF Myog (Venuti et al, 1995). Along with this myogenic
specification, reciprocal inhibition between Pax7 and the MRFs’
Myodl and Myog is required for an accurate differentiation
(Olguin et al., 2007).

In the framework of SC activation, it is interesting to note that
cell proliferation takes place through symmetric or asymmetric
division. In symmetric division, two identical daughter cells
(Pax7 +) are formed, maintaining the SC pool in adult
skeletal muscle. Meanwhile, asymmetric division gives rise to
both committed (Pax7 + /Myf5 + /Myodl +) and stem cell
(Pax7+) progeny. Committed SC Pax7—/Myf5 + /Myod1 + can
also undergo symmetrical division to increase the number of
myogenic precursors during muscle regeneration (Motohashi
and Asakura, 2014; Feige et al, 2018). A correct balance
between symmetric and asymmetric SC division is needed to
keep the SC pool together and successfully complete muscle
repair throughout life. In some muscle disorders such as
Duchenne Muscle Dystrophy (DMD), a decreased asymmetric
division leads to a lack of myogenic progenitors and, therefore,
to inappropriate muscle homeostasis and flawed regeneration
(Dumont et al., 2015). A full understanding of the regulation
of the different pathways of SC activation and the mechanism
underlying muscle stem cell division decisions helps us to better
understand SC biology and function in the context of muscle
repair and disease.

BEHAVIORAL HETEROGENEITY IN THE
SATELLITE CELL POPULATION

The process by which SCs emerge from their quiescent status
and enter the myogenic program is well established; however,
several studies have highlighted the existence of different SC
responses related to their performance during the muscle
repair process (Tierney and Sacco, 2016; Cornelison, 2018). In
this section, we examine the different behaviors of SCs and
identify different SC subpopulations during their activation and
myogenic differentiation in the course of regeneration.

Different responses associated with their proliferative
capabilities have been identified in the onset of SC activation. An
initial study to analyze the cycle time for SCs in vivo, revealed
that SCs are a mixture of cell populations comprising 80%
fast-dividing cells, mainly responsible for providing myonuclei
to growing fibers, and 20% slow-dividing cells (Figure 1). The
slowest proliferative subpopulation was designed as “reserve
cells” as they are likely to undergo asymmetric division and
thus produce stem-like cells that maintain the SC pool (Schultz,
1996). According to these observations, a study of in vitro
myogenic differentiation of fresh isolated SCs performed by
Ono et al. (2012) also discriminated a minor subpopulation
of activated and undifferentiated SCs from fast-dividing cells
that divides more slowly and displays a long-term self-renewal
ability, after their passage tended to immediately differentiate
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without producing any additional proliferative progeny. The
undifferentiated very slow-dividing SC subpopulation was
characterized by a higher expression of Id1 protein, an inhibitor
of myogenic differentiation (Ono et al., 2012). Interestingly,
when slow-dividing SCs were transplanted, they also produced
regenerating myofibers in vivo (Ono et al., 2012). These authors
interpreted that, in a regenerative scenario, slow-dividing cells
have a preferential effect for engraftment.

As observed above, asymmetric division allows to preserve
the pool of SCs for any required future regeneration as one
of the two daughter cells maintains its stem cell status. In this
context, Shinin et al. (2006) revealed a non-random process
of DNA segregation during asymmetric division, in which the
cell that retains the old DNA template expresses the quiescent
SC marker Pax7. This observation connects with the hypothesis
of the immortal DNA strand proposed by Cairns et al., which
supports stem cells that segregate the original DNA and reduces
accumulated DNA replication errors in the tissue (Cairns, 1975).
Thus, non-random DNA segregation of some SCs could give
rise to a subpopulation with a robust stem-cell status. Regarding
these findings, using transgenic Tg:Pax7-nGFP mice, Rocheteau
et al. (2012) showed that quiescent SCs display different levels
of Pax7 expression linked to different stemness properties. Thus,
the Pax7"8? subpopulation is more prone to asymmetric DNA
segregation, retaining the old DNA strand, and exhibiting a low

metabolic status as dormant adult SCs (Rocheteau et al., 2012).
Nevertheless, this dormant state is reversible as, after several
transplantations, the Pax7M&" subpopulation was able to give rise
to both Pax7M&" and Pax7!°" SCs and thus allow proper muscle
repair (Rocheteau et al., 2012; Figure 1).

To study these different SC proliferative dynamics,
Chakkalakal et al. (2014) used a TetO-H2B-GFP reporter.
They found that approx. 30% of SCs retained the H2B-GFP label
(LRCs), whereas the vast majority lost it (non-LRCs). Both cell
populations are formed at birth and during the juvenile period
they set up as different populations with divergent behaviors that
will persist throughout adult life. LRCs were less differentiated
and, when transplanted, showed similar properties to stem cells,
generating self-renewal and differentiated cells. Meanwhile, non-
LRCs only undergo myogenic differentiation (Figure 1). They
found that the CIP/KIP family members p21cipl (Cdknla) and
p27kipl (Cdknlb) were responsible for maintaining these LRCs
at the stemness stage (Chakkalakal et al., 2014). Together, these
findings indicate the existence of a less common subpopulation of
SCs with a greater stem-cell status. These cells are preferably in a
dormant status, less prone to proliferate but, once activated, they
undergo asymmetric division with non-random DNA strand
segregation. So, after cell transplantation, they can produce both
progenies, the stem cells and the myogenic committed cells.
Consequently, it has been postulated that this subpopulation
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could be the true muscle stem cells responsible for maintaining
SC populations long-term throughout life.

To elucidate the mechanism underlying the diverse pattern
of activations in different SC populations, using an Myf5™2<%/+
mouse line, Zammit et al. identified the main SC subpopulation
expressing both the stem cell marker CD34 and also the
Myf5 transcription factor, thus revealing that quiescent SCs
are committed to myogenesis. Yet, a minor subpopulation
CD34-/Myf5- maintains the committed-lineage population
(Beauchamp et al, 2000). To investigate the impact of Myf5
expression on different SC populations, Gayraud-Morel et al.
(2012) studied the transcriptome and functional behavior
of SC heterozygous for Myf5 in mice. They showed that
Myf5 £+ SCs were transcriptionally committed to myogenic
differentiation, as demonstrated by the higher expression levels
for some differentiation genes such as Myodl, Myog, and/or
contractile protein genes. Interestingly, this heterozygous Myf5
SC population displays a high Tie2 expression, a marker
for SC self-renewal. In addition, when they analyzed the
functional behavior of this SC population, they found that
Myf5 £ similarly contributes to muscle regeneration after an
injury compared to wild type. Moreover, Myf5 + cells more
efficiently replenish the SC niche and, after a second injury, were
capable of contributing to new myofiber formation (Gayraud-
Morel et al., 2012; Figure 1). These findings highlight the
relevance of Myf5 expression levels in functional heterogeneity
in early committed SCs.

Satellite cell heterogeneous behavior has been also observed
during the early in vitro differentiation process of activated
SCs. In vitro experiments in the C2C12 cell line and freshly
isolated myofibers from EDL found an SC subpopulation of
reserve-like cells in activated progenitors that also expressed MRF
Myodl (Yoshida et al., 1998; Zammit et al., 2004). When kept in
culture, Pax7 + /Myodl + cells mostly downregulate Pax7 and
differentiate into myotubes, however, a minor subset of this cell
population downregulated Myod1 and remained in cell culture as
Pax7 + /Myod1- reserve cells (Figure 1). This subpopulation can
re-enter the cell cycle, upregulate Myod1 and give rise to either
myogenic committed cells (Myodl + /Myog +) or new reserve
cells (Pax7 4+ /Myod1-) (Yoshida et al., 1998; Zammit et al., 2004).
These research studies highlight the fact that a subpopulation
of committed progenitors can revert to quiescence to maintain
self-renewal of the muscle stem cell pool. Besides, it has been
shown that satellite cell-derived myoblasts isolated from adult
mice lacking the MyoD gene (MyoD~/ ~) exhibit a high resistance
to apoptosis through microRNA (miRNA)-mediated down-
regulation of Pax3; as well as a significantly higher engraftment
rate after intramuscular transplantation (Asakura et al., 2007;
Hirai et al., 2010). In addition, a subset of SCs in the adult
muscle also express the transcription factor Pitx2 and in vitro
gain and loss of function experiments indicate that Pitx2 has
an effect expanding SC-derived myogenic committed population
(Vallejo et al., 2018; Figure 1). Finally, it is interesting to note
that proximity to the blood vessels it has been associated with SC
self-renewal (Verma et al., 2018).

In terms of the gene expression profile, intriguingly, another
subset of SCs also expresses Pax3 (a paralog of Pax7) in

some muscles (Relaix et al., 2006). Importantly, it has recently
been stated that Pax3 + /Pax7 + SCs can play specific roles
under environmental stimulus. Hence, Pax7 + /Pax3 + SC
subpopulations demonstrate different behaviors when submitted
to radiation stress or environmental pollutants (der Vartanian
et al,, 2019; Scaramozza et al., 2019). By utilizing Mx1-Cre
transgenic reporter mice, which allow to trace resident stem
cells in most adult tissues, Scaramozza et al. (2019) showed that
freshly isolated Mx1 + SCs and Mx1 — SCs exhibited similar
Pax7 expression levels but only Mx1 + SCs were enriched for
Pax3. The Mx1 + /Pax7 + /Pax3 4 SCs displayed reduced
levels of reactive oxygen species (ROS) in both basal conditions
and after irradiation. Due to their relatively low abundance and
consistent with reserve stem cell (RSC) characteristics, these cells
possess important stem cell activity upon transplantation but
only make a slight contribution to muscle repair. Conversely,
an extensive clonal expansion of Mx1 + /Pax7 + /Pax3 + SCs
allows extensive muscle repair as well as niche repopulations
upon selective pressure of radiation stress. However, the lack of
Pax3 in these cells increased ROS components and diminished
cell survival and stress tolerance. These findings show that a
discrete subpopulation of radiotolerant RSCs of SCs undergo
clonal expansion under severe stress (Scaramozza et al., 2019;
Figure 1). In the same line, der Vartanian et al. (2019)
have shown a bimodal response to environmental stress for
SC subpopulations. Therefore, the exposure to a ubiquitous
and highly toxic pollutant (2,3,7,8-tetrachlorodibenzo-p-dioxin;
TCDD) leads to a specific loss of PAX3- MuSCs in adult skeletal
muscle, whereas PAX3 + MuSCs are preserved. Nevertheless,
PAX3-positive MuSCs become sensitized to environmental stress
when the PAX3 function is lost and PAX3-mediated induction of
mTORCI1 is required for protection (der Vartanian et al., 2019).
All these data highlight a functional heterogeneity of SCs related
to their response to environmental stress controlled by PAX3.

It is interesting to note that, since SC functional heterogeneity
in adult muscles is substantively based on the variability of
their cell proliferation and the expression of different myogenic
specification and/or determination genes, developmental
myogenesis could offer the potential to understand this
diversification behavior in the SC compartment.

EMBRYONIC MYOGENESIS OVERVIEW:
PROGENITOR AND MYOBLAST
POPULATIONS

Primary and Secondary Myogenesis

In vertebrates, prenatal skeletal muscle development takes place
through two rounds of myogenesis. Between embryonic day E9.5
and E14.5 in mice, a primary round (also termed embryonic
myogenesis) takes place to give rise to primary muscle fibers. This
is followed by a secondary round of myogenesis (also termed fetal
myogenesis), which gives rise to the majority of skeletal-muscle
fibers present at birth (Biressi et al., 2007a; Tajbakhsh, 2009;
Deries and Thorsteinsdottir, 2016). Each round of myogenesis
requires the proliferation, determination, and commitment of
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progenitors to myoblasts, differentiation of myocytes, and fusion
of myocytes toward multinucleate myofibers.

All muscles in the trunk and limbs derive from myogenic
precursor cells (MPCs), which are present in somites, transient
structures that form pairwise on either side of the neural
tube. The somites are initially a spherical accumulation of
cells but they soon subdivide into two compartments, the
ventral mesenchymal sclerotome (ST) and the dorsal epithelial
dermomyotome (DMT) (Hernandez-Torres et al., 2017, 2018;
Figure 2). ST contains precursor cells that will give rise to
the axial skeleton and ribs (Hernandez-Torres et al., 2017,
2018). DMT encloses proliferating progenitors of all skeletal
muscles of the trunk, brown fat, endothelial cells, and dorsal
dermis. MPCs from the dorsomedial (DML), ventrolateral (VLL)
(Figure 2), rostral (ROL), and caudal lips (CAL) of the epithelial
DMT undergo an epithelial-mesenchymal transition (EMT) and
accumulate underneath, where they differentiate to form the
myotome (MT) (Figure 2), the first muscle fibers of the embryo
(Buckingham and Relaix, 2015; Deries and Thorsteinsdéttir,
2016; Hernandez-Torres et al., 2017, 2018). Later, MPCs from
the central portion of the remaining DMT also reach the MT
and thus contribute to its growth. The epaxial MT (located in the
dorsomedial position) gives rise to the deep back muscles and the
hypaxial DMT (located in the ventrolateral position) will form the
body wall muscles, the diaphragm, and the intercostal muscles
(Buckingham and Relaix, 2015; Deries and Thorsteinsddttir,
2016; Hernandez-Torres et al., 2017, 2018). At the limb level,
MPCs from the hypaxial DMT undergo an EMT and migrate
toward the fore and hind limbs to form dorsal and ventral
muscle masses in the limb bud mesenchyme (Biressi et al., 2007a;
Deries and Thorsteinsdottir, 2016; Hernandez-Torres et al., 2017,
2018). After MPCs reach their anatomical goals, they begin to
differentiate to form primary muscle fibers that express a specific
set of proteins such as the slow MyHC and myosin light chain 1
(MyLC1, Myll) (Kelly et al., 1997).

During a later fetal or secondary phase (E14.5-17.5 in mouse)
characterized by growth and maturation of each muscle anlagen,
a group of remaining MPCs either fuse with each other or with
the primary fibers and give rise to secondary or fetal fibers
that express specific markers such as B-enolase, Nfix, or MyLC3
(Myl3) (Keller et al., 1992; Kelly et al., 1997; Fougerousse et al.,
2001; Messina et al.,, 2010). At this time, the fibers also start
to express fast MyHC isoforms (van Horn and Crow, 1989).
Throughout secondary myogenesis, muscle growth is performed
essentially by cell fusion and the addition of myonuclei from
proliferating progenitors (White et al., 2010). During this phase,
a subset of MPCs will also form the pool of adult muscle stem
cells—the SCs (Gros et al., 2005; Kassar-Duchossoy et al., 2005;
Relaix et al., 2005). Therefore, secondary myofibers form the
majority of muscle and this process is complete after birth in
mice (Relaix et al., 2005). Importantly, after birth (0-21 days
postnatally), neonatal myogenesis is necessary for proper muscle
growth and myofiber growth takes place with the rapid increase
of myonuclear cell numbers, while some neonatal progenitors
reach a unique anatomical position and locate between the
plasmalemma and basement membrane of the adult myofibers.
Thus, they are called SCs (Mauro, 1961).

In the gene regulatory cascade that regulates embryonic
myogenesis, Pax3 and Pax7 genes are indispensable upstream
regulators for specification and migration of MPCs in the trunk
(Buckingham and Relaix, 2007; Lagha et al., 2009; Buckingham
and Rigby, 2014; Mayeuf-Louchart et al., 2014, 2016). Pax3
is already expressed in presomitic mesoderm, maintaining its
expression in the epithelial somite (Tajbakhsh and Cossu, 1997).
With further development, Pax3 expression is progressively
restricted to the dermomyotome and later to the DML and
VLL of the DMT. Pax3 is also expressed in the hypaxial DMT-
derived cells during E10.5-E13.5. Pax7 expression begins later
and is restricted to the central portion of the DMT. In the
limbs, Pax7 expression begins at E11.5 in hypaxial DMT-derived

Embryonic Foetal

Neonatal Adult

Primary myogenesis

. DML

VLL

PAX3+
PITX2+

the dermomyotome.

Secondary myogenesis

FIGURE 2 | Myogenic progenitors and satellite cells. Diverse myogenic cell populations emerging in the course of developmental and neonatal myogenesis could
give rise to different subsets of SC within adult muscle. DMT, dermomyotome; MT, myotome; DML dorsomedial lip of the dermomyotome; VLL, ventrolateral lip of
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cells. Pax7 expression is maintained during fetal and neonatal
myogenesis as well as in adult SCs (Figure 2). Pax3 is not
generally expressed in muscle after E13.5. However, a few adult
SCs also are Pax3 + (Relaix et al., 2006; Figure 2). It is of
note that Pitx2 transcription factor is also present in some of
the myogenic cell progenitors in the VLL of the DMT as well
as in migrating muscle precursor cells toward the limb buds
(Hernandez-Torres et al., 2017). From a functional point of view,
Pax3 is necessary for somite segmentation and formation of the
dermomyotome lips (Schubert et al., 2001; Relaix et al., 2004).
Although primary myotome is present in Pax3 mutant mice,
limb muscles are absent, mainly due to defective pre-myoblast
cell migration (Relaix et al.,, 2004; Messina and Cossu, 2009).
However, Pax7 mutant mice show no defects in embryonic or
fetal myogenesis but Pax7 is required to maintain adult SCs and
make them function (Seale et al., 2000; Oustanina et al., 2004;
Kuang et al., 2006; Relaix et al., 2006; von Maltzahn et al., 2013).
In addition, Pax7 is sufficient to lead to myogenic specification
in vitro (Seale et al., 2004). Interestingly, Pax3/Pax7 double
mutant mice do not give rise to any limb muscle but neither does
the primary myotome initially form (Relaix et al., 2005). Overall,
all these data indicate that the gradual expression of Pax3 or Pax7
is critical for initiating the generation and survival of embryonic,
fetal, neonatal, and adult muscle progenitors.

Myogenic determination and differentiation of all MPCs are
controlled by the myogenic regulatory factor (MRF) family:
Myf5, Myodl, Myf6, and Myog (Buckingham and Rigby, 2014).
Myf5, Myodl, and Myf6 have traditionally been classified as
determining factors that regulate cell fate and lineage progression
from MPCs to myoblasts. Myog later acts to regulate myoblast
terminal differentiation, myofiber maturation, and size (Zammit,
2017). Thus, the MRFs are expressed in myoblasts, myocytes,
and myofibers at different stages of myogenesis (Buckingham and
Rigby, 2014; Comai and Tajbakhsh, 2014).

During somite maturation, Myf5 expression is activated in
the epaxial and hypaxial domains of the DM. Shortly after,
the Myf5 expressing cells move beneath the DM to form
the primary myotome (Relaix and Marcelle, 2009; Nitzan and
Kalcheim, 2013). Myodl is also present in these DM domains
(Ott et al, 1991; Tajbakhsh et al., 1997; Venters et al., 1999;
Cinnamon et al.,, 2001; Kablar et al., 2003; Kassar-Duchossoy
et al, 2004; Buckingham and Rigby, 2014). At the same
time, Myf6 expression is initiated in the DM and MT but is
downregulated at E12.5 in mice, suggesting that Myf6 could
have a function in MPC determination (Summerbell et al.,
2002; Kassar-Duchossoy et al., 2004). Curiously, around fetal
day E14.5 in mice, Myf6 transcription is reactivated in all
skeletal muscles (Bober et al., 1991; Hinterberger et al., 1991;
Summerbell et al., 2002). This first wave of Pax3 + MPCs that
progressively express Myf5, Myod1, and Myf6 rapidly gives rise
to DESMIN + myoblasts that form the MT (Kassar-Duchossoy
et al., 2005; Comai and Tajbakhsh, 2014; Figure 2). Soon after,
a second wave of Pax3/Pax7-expressing MPCs is displaced from
the central DM toward MT, activates Myf5 and Myodl, and
differentiates (Relaix et al., 2005; Buckingham and Relaix, 2007;
Figure 2). A subset of this second wave of MPCs does not
activate Myf5 and Myodl but retains a proliferative status,

thus forming a reserve of MPCs for later embryonic and fetal
development (Relaix et al., 2005; Buckingham and Relaix, 2007).
It is interesting to highlight that the Pax3 positive MPCs from
the hypaxial DM that exit their epithelial structure, begin a long-
range migration to the limbs, retain their proliferative status
and avoid MRF expression (Vasyutina and Birchmeier, 2006;
Figure 2). These migrating MPCs begin to express Myodl and
Myog after reaching the limbs buds, form ventral and dorsal cell
masses, and start to differentiate into myoblast, myocytes, and
muscle fibers (Lee et al., 2013).

Different Progenitors and Myoblast

Populations

As a result of the multiple rounds of skeletal myogenesis,
embryonic and fetal myoblasts emerge as different cell
populations. It has been shown that these distinct groups
of myoblasts display distinctive in vitro characteristics such as
different morphologies, culture media conditions, and drug
responses and give rise to myofibers with distinct morphologies.
Therefore, embryonic myoblasts are elongated cells in culture
and differentiate into mononucleated or oligonucleated
myotubes, with the highest tendency to differentiate and give
rise to smaller colonies when cultured in vitro, while fetal
myoblasts exhibit a more triangular shape (Biressi et al., 2007a).
Moreover, embryonic myoblast differentiation is not affected
by molecules such as TGFp, BMP-4, or phorbol esters and
present a different sensitivity to merocyanine 540 (Nameroff and
Rhodes, 1989). However, fetal myoblasts proliferate to a limited
extent in response to growth factors, differentiate into large
multinucleated myotubes, and their differentiation is inhibited
by TGEf, BMP-4, and phorbol esters. Moreover, genetic analyses
of Pax3/7 and Myf5/Myod1/Mrf4 transcription factors and
genome-wide expression analysis have revealed that embryonic
and fetal myoblasts are specified by different transcription factor
cocktails and express different genes (Kassar-Duchossoy et al.,
2004, 2005; Relaix et al., 2006; Biressi et al., 2007b).

An intriguing issue in the field is whether embryonic, fetal,
and adult myoblasts derive from common or different progenitor
populations. In this sense, genetic labeling and ablation of
myogenic progenitors have revealed that Pax3 + and Pax7 + cells
contribute differentially to embryonic and fetal limb myogenesis.
Consequently, Pax3 4 /Pax7 + cells contribute to muscle
and endothelium, are required for embryonic myogenesis,
and generate Pax7 + cells. Later, Pax7 + cells produce fetal
myogenesis (Hutcheson et al, 2009; Figure 2). Moreover,
these two embryonic and fetal limb myogenic populations
have autonomous genetic requirements. In the somite, Beta-
Catenin is necessary for proper dermomyotome and myotome
formation and limb progenitor delamination. However, Beta-
catenin is not required for embryonic myoblast specification or
differentiation in limbs but is important for determining fetal
progenitor number and myofiber number and type (Hutcheson
et al., 2009). On the other hand, from E5 to E17 in chicks
and E12 to E15 in mice, different myogenic progenitors have
been identified, depending on their proliferative capabilities, as
a minor Pax7 + slow-cycling less-differentiated population and a
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major Pax7 + /Myf5 + highly proliferative pool of cells further
engaged in the myogenic program (Picard and Marcelle, 2013;
Figure 2). These results add levels of complexity to cellular
heterogeneity during vertebrate skeletal muscle development.
Besides, another intriguing topic in the field is whether myoblast
diversity is due to different intrinsic changes or whether changes
in myogenic cells occur as a consequence of the extrinsic
environment (Murphy and Kardon, 2011).

DOES THE EMBRYONIC ORIGIN OF
SATELLITE CELLS UNDERLIE
FUNCTIONAL HETEROGENEITY?

Although it is well accepted that SCs arise from
Pax3/Pax7-expressing DMT-cells (Gros et al, 2005; Relaix
et al., 2005; Schienda et al., 2006; Hutcheson et al., 2009; Lepper
and Fan, 2010) the embryonic origin of SCs is still an open
issue. In this sense, a seminal lineage tracing study using a
Myf5-Cre-stop-flox-YFP reporter mouse line demonstrated the
existence of a small subpopulation of ~10% of SCs that had
never previously expressed Myf5 (Kuang et al., 2007). These
Myf5-YFP-reporter-negative cells were more prone to divide
in an asymmetrical apical-basal manner, generating a more
committed YFP-reporter-positive cell and a negative cell that
self-renewed. Moreover, this subset of Myf5-YFP-reporter-
negative cells had a much higher capacity to repopulate the
SC niche (compared to Myf5-YFP-reporter-positive SCs) when
transplanted into PAX7-null animals, indicating that these cells
could retain more robust self-renewal capabilities. Conversely,
non-Myf5 expression SCs were more prone to myogenic
differentiation in in vivo engraftment assays (Kuang et al., 2007;
Figure 1). However, other Cre/lox lineage analyses revealed
that essentially all adult SCs associated with limb and body
wall musculature and the diaphragm and extraocular muscles
originate from Myodl + progenitors (Kanisicak et al., 2009).
These data have highlighted some still unsolved questions about
the embryonic origin of SCs. For example, can SC progenitors
also constitute a heterogeneous cell pool? In other words, can SCs
originate from different dermomyotome/embryonic and/or fetal
progenitors that give rise to functionally-diverse populations
of SCs?

It is very well accepted that SCs derive from the same
embryonic “founder” cells as the muscle in which they reside.
In this context, it is interesting to highlight that during the
multiple growth phases during myogenesis, SCs arise from stem
and progenitor cells that resist differentiation throughout life and
eventually arrive at the SC compartment. To further distinguish
myogenic progenitors that form the muscle prenatally from the
juvenile and adult SC population, different rounds of founder
stem cells have been termed FSC1, FSC2, and FSC3 (Tajbakhsh,
2009). FSC1 has been defined as cells that express Pax3 and
form the myotome; FSC2 as progenitors released from the central
dermomyotome that express Pax3/Pax7, and FSC3 as progenitors
that migrate from the ventral dermomyotome to form the
skeletal muscles in the limbs, diaphragm, and tongue. FSC3
cells also express Pax3 but start to express Myf5/Myod1/(Mrf4)

once they reach their destination (Tajbakhsh, 2009). In this
regard, it has been proposed that FCS1 is exhausted early in
the embryo but FSC2 and FSC3 remain and contribute to the
majority of SCs (Tajbakhsh, 2009). On the other hand, juvenile
SCs, located beneath the basement membrane, emerge from
about 2 days before birth in mice but continue to proliferate
until about 12 days postnatally. Then, at around 2 weeks,
quiescent “adult” SCs can definitely be identified (Tajbakhsh,
2009). It has been assumed in the field that the founder
stem cells that establish the muscles before birth give rise to
juvenile SCs at postnatal stages that encourage muscle growth
and regeneration (Sambasivan and Tajbakhsh, 2007). However,
mononuclear “juvenile SCs” are heterogeneous as they include:
(1) Pax7 + /(Myf5 + /Myodl +) identified as future SCs; (2)
myoblasts that upregulate or downregulate Pax7 but express
Myf5 and Myod1 and can give rise to future SCs or differentiate,
and (3) differentiated Pax7-/Myog + (Kassar-Duchossoy et al.,
2005; Sambasivan and Tajbakhsh, 2007; Figure 2). All these
“juvenile” cells must be distinguished from those in GO and
emerge from approx. 2-3 weeks after birth as adult quiescent SCs
(Shinin et al., 2006). In this scenario, several questions need to be
addressed: How can “satellite” cells be differentiated from fetal
and/or juvenile myoblast precursors? Could the heterogeneous
cell populations emerging at the fetal and/or juvenile stages give
rise to functionally different populations with different quiescent
properties and functions? Future works in this area could help
to advance the characterization of the embryonic origin of
“different” adult SC populations.

At this point, it is interesting to recall that approx. 90%
of quiescent SCs also express Myf5 despite Pax7 expression
being present in all SCs in the adult muscle. Further analysis
of the developmental stage at which the precursors of SCs
first express muscle determination genes using the Tamoxifen-
inducible Myf5“ER mouse line revealed that a significant
number of SCs develop from cells that expressed Myf5 for
the first time at the fetal stage (~E15) in the mouse (Biressi
et al., 2013). Nevertheless, it has also been taken into account
that Pax3 is present in some SCs in several skeletal muscles
(Relaix et al, 2006) and that they retain long-term self-
renewal and proliferation as well as a better response to
stress and/or environmental injuries (Yang et al, 2016; der
Vartanian et al., 2019; Scaramozza et al., 2019). These data
generate new questions about links between SC functional
heterogeneity in adults and their embryonic/fetal origin. For
example, do Pax7 + /Myf5 + and Pax7 + /Pax3 + SC
populations in adult muscle share common fetal myogenic
progenitors that eventually downregulate Pax3 and upregulate
MRFs in some of their daughter cells? Alternatively, do
Pax7 + /Myf5 + SC populations originate from fetal progenitors
while Pax3 + /Pax7 + SCs derive from Pax3 + embryonic
progenitors that remain in fetal, juvenile, and adult muscle
as Myf5 negative cells? An additional question arises as to
whether different cell populations emerge due to intrinsic
changes or extrinsic environmental factors possibly regulating
such differences. A deeper analysis of the molecular signals that
differentially regulate the different phases of myogenesis will help
us to better address these questions.
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DISCUSSION/CONCLUDING REMARKS

Muscle regeneration is mediated by SCs that lie in close
proximity to the muscle fibers. Stem cell heterogeneity is
recognized as functionally relevant for tissue homeostasis and
repair. Muscle SCs are a heterogeneous population regarding
cell cycle progression, lineage commitment, ability to self-
renew and repopulate the niche, and response to environmental
stress. To sustain proper muscle regeneration, quiescent SCs
activate, proliferate, and recapitulate the embryonic myogenic
program to differentiate and form new myoblasts that give
rise to muscle fibers and/or fuse with pre-existing fibers. In
this scenario, it is interesting to note that these different SC
behaviors are mainly supported by diverse cell subpopulations
with different myogenic determination gene expression profiles
and proliferative capabilities. Although it is very well accepted
that SCs originate from dermomyotome progenitors, the
developmental origin of muscle stem cells has not been
fully clarified. As several previous studies have indicated that
diverse myogenic precursors emerge that also display differences
in proliferation rates and myogenic gene expression during
embryonic, fetal, and neonatal myogenesis, developmental
myogenesis could be an excellent platform to better understand
SC behavior in adult muscles. In this regard, further analysis
of the molecular mechanisms underlying the emergence of
different myoblast populations during the different rounds
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Hedgehog (Hh) signaling is a highly regulated molecular pathway implicated in
many developmental and homeostatic events. Mutations in genes encoding primary
components or regulators of the pathway cause an array of congenital malformations or
postnatal pathologies, the extent of which is not yet fully defined. Mosmo (Modulator of
Smoothened) is a modulator of the Hh pathway, which encodes a membrane tetraspan
protein. Studies in cell lines have shown that Mosmo promotes the internalization
and degradation of the Hh signaling transducer Smoothened (Smo), thereby down-
modulating pathway activation. Whether this modulation is essential for vertebrate
embryonic development remains poorly explored. Here, we have addressed this
question and show that in zebrafish embryos, the two mosmo paralogs, mosmoa and
mosmob, are expressed in the head mesenchyme and along the entire ventral neural
tube. At the cellular level, Mosmoa localizes at the plasma membrane, cytoplasmic
vesicles and primary cilium in both zebrafish and chick embryos. CRISPR/Cas9
mediated inactivation of both mosmoa and mosmob in zebrafish causes frontonasal
hypoplasia and craniofacial skeleton defects, which become evident in the adult fish.
We thus suggest that MOSMO is a candidate to explain uncharacterized forms of
human congenital craniofacial malformations, such as those present in the 16p12.1
chromosomal deletion syndrome encompassing the MOSMO locus.

Keywords: hedgehog signaling (Hh), Smoothened (Smo), tetraspan transmembrane protein, craniofacial
abnormalities, Mosmo

INTRODUCTION

Communication among cells is a fundamental mechanism for the development of multicellular
organisms. This communication is mostly mediated by elaborated signaling mechanisms, among
which the Hedgehog (Hh) pathway represents a prototypical example. This pathway is evolutionary
conserved and pleiotropically used among species (Ingham et al., 2011). Indeed, its function has
been involved in a wide variety of developmental events including cell specification, proliferation,
differentiation, migration, and axon guidance as well as in adult tissues homeostasis and
regeneration (Sanchez-Camacho and Bovolenta, 2009; Briscoe and Thérond, 2013; Petrova and
Joyner, 2014). These functions are exerted in different tissues and organs: among others, the central
nervous system (CNS), the limbs, the vascular system, and the craniofacial structures (Abramyan,
2019; Sasai et al., 2019).
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Mosmo Function in Craniofacial Formation

Hedgehog signaling relies on the widespread participation of
core components of the pathway such as the transmembrane
proteins Patched (Ptc) and Smoothened (Smo). By default, Ptc
blocks the function of Smo that remains localized in endosomes.
Upon Hh ligand binding, Ptc releases Smo inhibition, enabling
Smo localization at the primary cilium of the targeted cell,
thereby initiating the activation of specific intracellular cascades
(Murone et al., 1999). The diversification and specificity of
the signaling outputs is instead fostered by the participation
of other components that have more restricted spatio-temporal
distributions and/or can modify intracellular signaling in a
context dependent manner. These include, for example, the
ligands themselves [i.e., Sonic (Shh), Indian (Ihh), and Desert
(Dhh) hedgehog], a number of Hh binding proteins such as Boc,
Cdon, and Gasl that can act both as positive (Cole and Krauss,
2003; Allen et al., 2007, 2011) or negative signaling regulators
(Bergeron et al., 2011; Cardozo et al., 2014; Echevarria-Andino
and Allen, 2020) and transcriptional or non-transcriptional
effectors of the pathway (e.g., Glil, Gli2, Gli3, PKA, and
Src) (Jia et al., 2004; Sanchez-Camacho and Bovolenta, 2009;
Yam et al, 2009; Hui and Angers, 2011). This diversity
also explains the broad spectrum of congenital malformations
(e.g., holoprosencephaly, ciliopathies, skeletal, and craniofacial
defects) associated with mutations in gene encoding components
of the Hh pathway (Sasai et al., 2019) or its defective postnatal
function, which has been associated with a large number of cancer
types (Jeng et al., 2020).

Whether we have unveiled the full extent of the Hh pathway
complexity and of the pathologies associated to its dysfunction
is still undetermined. Indeed, a recent genome-wide screen
aimed at identifying novel modulators of Hh signaling using
CRISPR/Cas9 technology in the NIH-3T3 mouse cell line,
uncovered the existence of new pathway regulators, including
an unannotated gene, now known as MOSMO (MOdulator of
SMOothened) (Pusapati et al., 2018). In the same study, Mosmo
was demonstrated to encode a membrane tetraspan protein,
which promoted the endocytosis of the Hh transducer Smo,
thereby lowering its levels at the cell plasma membrane (Pusapati
et al,, 2018). To what extent Mosmo participates in Hh signaling
regulation in vivo, however, it is just beginning to be elucidated
(Lasser et al., 2020; Kong et al., 2021; Pizzo et al., 2021).

Here, we have addressed this question and report that in
zebrafish the two mosmo paralogs (mosmoa and mosmob)
have an overlapping distribution in embryonic ventral neural
tube and then in the larva head mesenchyme. Consistent
with the latter distribution genetic inactivation of both
paralogs causes frontonasal hypoplasia and craniofacial
skeleton defects, suggesting that MOSMO is a candidate
to explain uncharacterized forms of these type of human
congenital malformations.

METHODS

Fish Lines and Husbandry

AB/Tubingen (AB/Tue) zebrafish were maintained at 28°C
on 14/10 h light/dark cycle. Embryos were raised at 28°C,
collected and maintained in E3 medium (5 mM NaCl,

0.17 mM KCl, 0.33 mM CaCl, 0.33 mM MgSO4, 10~°%
Methylene Blue). All used procedures were approved by the
ethical committees for animal experimentation of the Consejo
Superior de Investigaciones Cientificas (CSIC) and Comunidad
Auténoma de Madrid.

Chick Embryos Maintenance

Fertilized chick embryos (Santa Isabel Farm, Cordoba,
Spain) were incubated at 38°C in a humidified incubator
until the desired stage, determined according to
Hamburger and Hamilton (1992).

Whole Mount in situ Hybridization

Total mRNA from AB/Tue zebrafish embryos was extracted
using RNeasy Mini kit (Qiagen) according to manufacturer
instructions. ¢cDNA was synthesized using Super Script kit
(Roche) following manufacturer instructions. PCR products,
obtained from cDNA amplification using specific primers
(Supplementary Table 1), were cloned in PCSA plasmid (Agilent
Technologies), as described by the manufacturer. Plasmid
DNA preparations were obtained using Genopure Plasmid
Midi kit (Roche) following kit instructions. Digoxigenin-
UTP-labeled antisense probes for in situ hybridization
(ISH) were synthesized and purified using Super Script
kit (Roche) following the manufacturer instructions. ISH
was performed by standard procedures and visualized with
NBT/BCIP (dark blue).

Cloning Procedures

The PCSA-mosmoa_pl plasmid was used as a template to
amplify by PCR mosmoa and further add an hemagglutinin
tag (HA) and restriction sites with the following primers: Fw
5-aatCTCGAGCCTGAGATGGATAAACTC-3. Rv 5-ttaGAA
TTCTCAAGCGTAATCTGGAACATCGTATGGGTAGCCAGG
AAGACACACTTC-3'. The PCR product was cloned in
PCSA plasmid (Agilent Technologies) as described by the
manufacturer. The mosmoa-HA fragment was then excised with
restriction enzymes and cloned in the pCIG vector (Megason
and McMahon, 2002) for chick embryo electroporation and in
pCS2 for cell transfection and synthesis of mRNA to be injected
in zebrafish embryos.

Chick Embryo Electroporation

The pCIG Mosmoa-HA plasmid (1 pwg/ul) was co-injected with
a pCAG-2A-Arl13b-tRFP [Arl13b-tRFP construct generated by
Schmitz et al. (2017)] (1 pg/ul) into the neural tube ventricle
of HH10 chick embryos followed by in ovo electroporation as
previously described (Cardozo et al., 2014).

Cell Transfection, Tissue Processing,

and Immunochemistry

Human embryonic kidney (HEK) cells were cultured on
glass coverslips in DMEM supplemented with 10% fetal
calf serum and glutamine (2 mM). The pCS2-mosmoa-HA
construct was transfected using lipotransfectin (Solmeglas)
following the manufacture instructions. Cells were fixed with 4%
paraformaldehyde in 0.1 M phosphate buffer pH 7.2 (wt/vol)
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at 37°C and then washed in PBS containing 0.5% Triton-X-
100. Chick embryos were fixed by immersion in 4% cold PFA
overnight at 4°C, washed, incubated in a 15% sucrose-PBS
solution (wt/vol), embedded and frozen in a 7.5% gelatine in
15% sucrose solution (wt/vol). Cryostat sections, whole embryos
or cells samples were stained with Hoechst and a-HA antibody
produced in rabbit (1:250. Sigma, H-6908) and Donkey anti-
Rabbit Alexa Fluor 488 secondary antibody (Invitrogen, A-
21206), following standard procedures.

Zebrafish Mutant Generation

Single guide RNAs (sgRNAs) targeting coding regions of mosmoa
and mosmob for CRISPR/Cas9 deletion were designed using the
tools provided by CHOPCHOP online service' searching for
potential disruption of restriction enzyme sites (Labun et al.,
2019). Oligos were designed as described in Varshney et al.
(2016) and their sequence is reported in Supplementary Table 1.
sgRNAs were transcribed and purified using Maxi Script T7
(NEB) following the manufacturer’s instructions. sgRNAs were
microinjected together with Cas9 protein (300 ng/pL; EnGen®
Spy Cas9 NLS, New England Biolabs) in 1 to 2 cell stage AB/Tue
using a Narishige microinjector. FO embryos were let grown and
outcrossed with wt AB/Tue fish. Genomic DNA from tail clips
of F1 zebrafish embryos was amplified by PCR and digested
to identify disruption of selected restriction sites. DNA from
potential mutants were sequenced, those with a disrupted and
truncated reading frame were selected to generate the fish lines.

Genotyping

DNA from embryos or adult fish was amplified by PCR using
the primers listed in Supplementary Table 1. PCR products
were digested with selected enzymes at 37°C for 2 h to
distinguish among wt, heterozygous, and mutant mosmoa and/or
mosmob fish.

Bone and Cartilage Staining

Cartilage staining of zebrafish larvae and adult fish bones was
performed with Alcian Blue and Alizarin Red, as, respectively
described in Schilling et al. (1996), Sakata-Haga et al. (2018).

Imaging and Data Processing

Embryos were immersed in 75% glycerol and whole-body
images were obtained using a Leica CTR5000 stereomicroscope
connected to a Leica DFC500 digital camera operated by
Leica software. The adult fish stained with the Alizarin
Red chromogen, which also emits red fluorescence, were
photographed under fluorescent light stimulation using a Leica
CTR5000 stereomicroscope connected to a Leica DFC350 FX
digital camera operated by Leica software. The drawings in
Figure 4G were traced in Adobe Illustrator using representative
photographs of wt and mosmoa™/ ~;mosmob™/~ adult mutants.
LSM710 confocal laser scanning coupled to an AxioObserver
inverted microscope (Zeiss) was used to obtain digital images of
cryostat sections or cells samples. Image]J (Fiji) software was used
to process and analyze images.

'http://chopchop.cbu.uib.no

Statistical Analyses

The Image] (Fiji) software employed to obtain
quantifications reported in Figure 3. Adult fish were anesthetized
with tricaine and photographed in lateral views and the distance
from the eye to the tip of the preorbital region was measured
and normalized to the eye size in each one of the analyzed
genotypes. Data were analyzed using GraphPad Prism 7
statistic software. One-way ANOVA test was used owing to the
parametric distribution of the data, followed by Tukey’s multiple
comparisons test to determine differences among groups.

was

RESULTS

Mosmo Paralogs Show a Largely
Overlapping Distribution in the
Developing Zebrafish

The zebrafish genome carries two different paralogs of the
mosmo gene: mosmoa and mosmob (ZFIN:ZDB-GENE-101203-6;
ZFIN:ZDB-GENE-060929-1030). To determine their expression
pattern during embryonic and larval development, we generated
two different specific ISH probes for each one of the two
paralogs (Figure 1A). Both mosmoa and mosmob were detected
at gastrulation and bud stages as well as during somitogenesis
(Figures 1H,I,O,P). At this stage shha, one of the ligands of
the pathway, is expressed along the midline of the entire ventral
neural tube (Figures 1B,C), from which it diffuses to pattern
the adjacent cells with a mechanism highly conserved across
vertebrates (Marti et al., 1995; Roelink et al., 1995). During
somitogenesis, mosmoa and mosmob were also found localized
along the length of the ventral neural tube (Figures 1J,Q) with
an overlapping distribution that, however, was more dorsally
extended than that of shha (Figures 1C-G). Specific expression
was also observed in the mesenchyme surrounding the neural
tube (Figures 1D-G) and in the optic vesicles (Figures 1K,R).
At 2 dpf and larval stages, mosmoa and mosmob were no longer
detected in the neural tube but strongly localized in the head
mesenchyme (Figures 1L,M,S,T), surrounding, among others,
the ethmoid plate (Figures 1N,N’,U,U’).

The reported patterns were consistently observed with both
of the probes generated for each one of the paralogs (Figure 1),
validating the reported distribution.

Mosmoa Localizes at the Plasma
Membrane, Endosomes, and Primary

Cilia

Attempts to determine the subcellular localization of the protein
showed that, at least in NIH-3T3 cells, Mosmo localizes at the
plasma membrane and endosome (Pusapati et al., 2018). To
verify if this is the subcellular distribution in the developing
embryo, we generated a human influenza hemagglutinin (HA)
tagged version of mosmoa (mosmoa-HA). We focused on this
paralog because its amino acid (aa) sequence is 100% identical
to that of its human ortholog, whereas mosmob aa sequence
has a lower homology (89.8% identity). We first verified the
efficiency of our construct by transfecting HEK cells with the
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FIGURE 1 | Mosmo paralogs show a largely overlapping distribution in zebrafish. (A) Schematic representation of mosmoa and mosmob mRNAs and probes used
for in situ hybridization (ISH). p1, probe #1. p2, probe #2. (B) Schematic representation of a frontal section of a zebrafish embryo at 20 hpf at the level of the optic
cup. Expression pattern of shha (C), mosmoa (D,E) and mosmob (F,G) at 20 hpf. Note that the two probes for mosmoa and mosmob show an identical distribution.
Note also that both paralogs have an overlapping distribution in the ventral neural tube but more dorsally extended than that of shha. (H,U) Expression pattern of
embryos hybridized with mosmoa and mosmob at 60% epiboly (H,0), bud (I,P) and 15 ss stage (J,K,Q,R), 2 dpf (L,S) as well as at 6 dpf (M,T). Note that at 60%
epiboly and bud stage the expression of both genes is localized along the ventral anterior-posterior axis of the embryos. At 15 ss, a low level expression of both
mosmoa and mosmob is detected in the optic vesicles (K,R, dashed line) and along the ventral neural tube from the diencephalon to the tail bud (J,Q). At 2 and

6 dpf, the expression of both genes localizes to the head region. The eyes were removed in panels (M,T). Frontal sections of 6 dpf embryos hybridized in toto for
mosmoa (N) or mosmob (U) and counterstained with Hoechst (N’,U’). ISH signal for both paralogs localizes around the ethmoid cartilage (N,N’,U,U’ white arrows).
D, dorsal; V, ventral; oc, optic cup; nt, neural tube; and y, yolk. Scale bars: 200 wM.

15 ss

mosmoa-HA containing plasmid followed by immunostaining
for HA. As reported for NIH-3T3 cells (Pusapati et al., 2018),
the tagged protein was detected at the plasma membrane and
endosomes (Figure 2A). When mosmoa-HA mRNA was injected
in zebrafish, HA immunosignal was similarly localized at the
blastomers’ plasma membrane and endosomes (Figure 2B).
When Hh signaling is active, Smo localizes at the primary
cilium of the targeted cells. Notably, Mosmo was also observed
in the primary cilia of NIH-3T3 cells (Pusapati et al., 2018). We
thus asked if this localization could be observed also in vivo.
The primary cilium can be easily detected in the chick neural
tube as this organelle protrudes in the rather wide ventricle
of chicken embryos. We thus co-electroporated two plasmids
carrying mosmoa-HA and arl13b-RFP, respectively. The latter is
a primary cilium specific protein, widely used to visualize this
structure (Schmitz et al., 2017). Indeed, 24 h after electroporation,

at HH14, HA, and RFP fluorescent signals co-localized in the
cilium of a subset of the electroporated cells (Figures 2C-D’).

Taken together these data indicate that in vivo Mosmoa
localizes at the plasma membrane, endosomes, and the primary
cilia, suggesting that it may favors Smo translocation to this
organelle, thus influencing signaling activation.

Mosmo Paralogs Are Required for

Zebrafish Craniofacial Formation

To explore the possible roles of mosmoa and mosmob, we
inactivated the two genes using CRISPR-Cas9 technology. We
selected founders at the F1 generation that carried frameshift
mutations in either mosmoa or mosmob gene and generated
stable mosmoa~/~ and mosmob™/~ mutant lines (Figure 3A).
Mosmoa~/~ and mosmob™/~ mutant embryos show no gross
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FIGURE 2 | Mosmoa localizes at the plasma membrane, endosomes, and
primary cilia. (A) Example of human embryonic kidney (HEK) cells transfected
with mosmoa-HA, immunostained for a-HA (green), and counterstained with
Hoechst (white). (B) Dorsal view of a zebrafish gastrula (7 hpf) injected with
mosmoa-HA mRNA and immunostained for a-HA (green). (C-D’) Transversal
sections of chick embryo neural tubes co-electroporated with mosmoa-HA
and the cilia marker arl13b-RFP. In both HEK cells and zebrafish EVL cells
Mosmoa-HA signal localizes at the plasma membrane and in endo-vesicles. In
HH14 chick embryos, neural tube Mosmoa-HA is also observed in the in the
Arl13b-positive cilia (white arrows) (D,D’). Yellow asterisk marks the neural
tube ventricle (C-D’). Scale bars: 5 pm.

morphological defects and grew to adulthood without evident
defects. This was perhaps not surprising given that both
genes share expression pattern and their respective proteins
present a high degree of sequence homology, suggesting that
the two paralogs may compensate each other activity. To
overcome this possible compensatory effect, we intercrossed
the mosmoa™/~ and mosmob™/~ mutant lines obtaining a
mosmoa~/ ~;mosmob~/~ double mutant fish. At first glance,
double mutant embryos showed no major gross alterations or
histological defects along the neural tube and their size was
similar to that of their sibling (not shown).

Other than in the neural tube, the two mosmo paralogs are
expressed with a largely overlapping pattern also in different
regions of the larva head. We thus used Alcian blue staining
to label the cranio-facial cartilage of the larva. There were
no obvious differences in the cartilaginous elements when
wt, mosmoa™/ ~;mosmob~/ T and mosmoa™/ ~;mosmob~/~ were
compared (Figures 3B-G), although the rostral tip of the head
appeared flatter at least in part of the double mutants (Figure 3F,
arrowhead). To determine if this abnormality was only transient,
we analyzed the morphology of the head in the adult fish.
Mosmoa~/~;mosmob™/~ double mutants consistently exhibited
a significantly shorter frontonasal region (Figures 3H,I), which
was not observed in their sibling of other genotypes (Figure 3]J).
Furthermore, the operculum was reduced in size, leaving the gills
exposed (Figure 3I).

Hedgehog signaling is essential for the development of the
anterior neurocranium (Wada et al., 2005) and disruption of smo
activity in zebrafish affects the craniofacial skeleton (Eberhart
et al., 2006; Swartz et al., 2012). Thus, the frontonasal hypoplasia
observed in the double mutants could be the consequence
of alterations in the osseous components of the craniofacial
skeleton. To determine this possibility, we stained the skeleton
of wt, mosmoa™;mosmob™ and mosmoa™/ ~;mosmob™/~ adult
fish with Alizarin red (Figures 4A-F). The bones of the
frontonasal region, especially the maxillary and premaxillary
bones of mosmoa™/~;mosmob™/~ double mutants were altered
as compared to those of wt or heterozygous fish (Figures 4A-
F) as highlighted in the schematic drawings reporting the
phenotypes (Figure 4G).

Taken together these data indicate that mosmoa and mosmob
have an overlapping function, which is required for the
acquisition of a proper craniofacial structure in zebrafish.

DISCUSSION

Modulators of Hh signaling play crucial roles in diversifying
the output of Hh signaling (Gallardo and Bovolenta, 2018).
The present study reinforces this idea and shows that in
zebrafish the combined activity of the two mosmo paralogs,
mosmoa and mosmob, are required for the proper craniofacial
formation in zebrafish.

This apparently restricted effect is somewhat surprising as
both mosmoa and mosmob are expressed with an overlapping
pattern not only in the craniofacial mesenchyme of the larvae
but also along the ventral region of the embryonic neural tube.
The latter distribution overlaps with that of a number of Hh
signaling components, including the ligand shha, shhb (Ekker
et al., 1995), or the receptor ptch2 (Concordet et al., 1996), and
the transducer smo (Varga et al., 2001). In line with the idea
that Mosmo acts on Smo promoting its endocytosis (Pusapati
et al,, 2018), we found Mosmoa localized in endocytic vesicles
and the plasma membrane as well as the primary cilium, where
Smo translocate when Hh signaling is activated. Thus and
as previously proposed (Pusapati et al., 2018), the combined
activity of the two mosmo paralogs could modulate Hh signaling
activation in different contexts during development. However,
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FIGURE 3 | mosmoa~/~;mosmob™~/~ double mutants display facial abnormalities. (A) Schematic representation of the strategy used to inactivate mosmoa and
mosmob zebrafish genes using CRISPR-Cas9 technology and sequence of the selected mutants. (B-G) Lateral and ventral views of 5 dpf wild type (B,C),
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mosmoa~/~;mosmob™* (D,E) and mosmoa~/~;mosmob~/~ (F,G) zebrafish larvae stained with Alcian Blue to detect cartilage head organization. The rostral tip of the
head appeared flatter in some of the double mutants (F, arrowhead). Eyes were removed for better staining visualization. The number of animals analyzed for each
genotype is indicated in the right bottom corner in panels (C,E,G). Scale bar 150 wm. (H,l) Lateral view of adult mosmoa™/~;mosmob* (H) and
mosmoa™/~;mosmob~/~ double mutants (I). Note that in double mutants the head is flatter and shorter (I, red brackets) than in mosmoa™/~;mosmob¥ fish and the
operculum is abnormal exposing the gills (1, red arrow). (J) Quantification of the distance from the eye to the tip of the preorbital region (x) in relation to the eye size (y)

in adult fish of different genotypes. mosmoa™/~;mosmob~/~ double mutants show a shorter fronto-nasal length than their siblings. One-way ANOVA followed by
Tukey’s multiple comparison tests to analyze differences among groups. **P < 0.01, **P < 0.001, and ***P < 0.0001. Scale bar 20 mm.

loss of mosmo function in zebrafish seems to be mostly linked
to the formation of the cranio-facial skeleton, with an evident
head hypoplasia in the adult mutant fish but no other obvious
defects. Indeed, Mosmo double mutants grow to adulthood and
do not seem to have obvious behavioral problems, supporting
a non-essential role of mosmo paralogs for zebrafish growth,
survival, and reproduction. Consistent with this idea, we have
not observed neural tube defects or gross abnormalities in
other organs of the mutants at least upon histological analysis.
Nevertheless, we cannot rule out the possibility that subtle defects
may be found with a more in-depth analysis. Indeed, a recent
study shows that, in mouse, Mosmo contributes to embryonic
development and its loss of function causes skeletal, heart, and
lung anomalies leading to embryonic lethality (Kong et al,
2021). However, coinciding with our observations, no defects in
neural tube patterning were, however, found (Kong et al., 2021).
Knock-down of mosmo in Xenopus instead shows a craniofacial
phenotype in which both craniofacial and cartilage development
appears affected, in association with alteration of neural crest cell
proliferation and migration (Lasser et al., 2020). Interestingly,

the coexistence of neurodevelopmental and craniofacial defects
were observed in experiments performed in both Drosophila
and Xenopus aimed at testing the importance of “a two-hit
model” as trigger of neurodevelopmental disorders (Pizzo et al.,
2021). Notably the study demonstrated a synergistic interaction
between mutated mosmo and setd5 (Pizzo et al., 2021), a gene
encoding a histone methyltransferase, which has been associated
with intellectual disability (Grozeva et al., 2014). This functional
interaction observed in both Drosophila and Xenopus seems to
be present also in humans (Pizzo et al., 2021). In this respect the
mosmoa~/ ~;mosmob~/~ double mutants, could be an additional
model in which to explore how setd5 and mosmo synergize
causing more severe congenital malformations.

The Hh ligands Shh and Ihh are osteogenic regulators and
both are expressed in craniofacial elements (Chiang et al., 1996;
Pan et al., 2013). In both mouse and zebrafish, Thh secreted
by chondrocytes stimulates the ossification of the perichondrial
cell layer that surrounds the developing cartilage (St-Jacques
et al, 1999; Hammond and Schulte-Merker, 2009). In mice,
conditional inactivation of ihh in cranial neural crest cells
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FIGURE 4 | Mosmo paralogs are required for head bone formation in zebrafish. (A-F) Lateral (A,C,E) and dorsal (B,D,F) views of the head of wt (A,B),
mosmoa*;mosmob?* (C,D) and mosmoa~/~;mosmob~/~ (E,F) adult zebrafish stained with alizarin red to label bone tissue. Note the bone malformation in the
frontonasal region of mosmoa™/~;mosmob~/~ double mutants (E, arrow) in comparison to heterozygous and wt fish (A,C). (G) Cartoons of the craniofacial
appearance of wt and mosmoa™/~;mosmob~/~ adult mutants, from lateral and dorsal views, highlighting the maxillary (yellow) and premaxillary (red) bones. The
number of animals analyzed for each genotype is indicated in the left bottom corner in panels (A,C,E). d, dentary; e, ethmoid; f, frontal; ia, infraorbital; k, kinethmoid;
le, lateral ethmoid; mx, maxillary; n, nasal; pe, pre-ethmoid; pm, premaxillary; g, quadrate; se, supraethmoid; and so, supraorbital. Scale bar, 2 mm.

wild type

causes skeletal malformations, including a markedly hypoplastic
nasomaxillary complex (Amano et al., 2020). Furthermore,
zebrafish mutants lacking enzymes involved in proteoglycans
synthesis (fam20b~/~ and xylt1~/~) exhibit an accelerated ihh
expression and premature bone formation, resulting in an adult
fish with midface hypoplasia among other malformations (Eames
et al., 2011). These features resemble those we observe in the
mosmoa~/ ~; mosmob~/~ double mutants. Thus, it is tempting
to speculate that mosmo paralogs may participate in signaling
response triggered by ihh during osteogenesis, perhaps with an
accelerated bone formation in the absence of Mosmo activity.

Intraflagellar proteins (IFTs) in the primary cilia, such as
IFT80, affect Hh signaling and are required for osteoblast
differentiation (Yuan et al., 2016). The craniofacial/skeletal
abnormalities linked to Mosmo function in Xenopus (Lasser
et al., 2020; Pizzo et al,, 2021), mouse (Kong et al., 2021), and
zebrafish (this study) together with MOSMO protein subcellular
localization, suggest that MOSMO homologs could be key
controllers of SMO translocation to the primary cilia during
osteogenesis, thereby modulating signal transduction. Although
worthwhile testing, this possibility remains at the moment a
speculation, given the lack appropriate genetic tools that enable
following protein movements within the cilium.

Independently of the precise pathway components with which
Mosmo may function, the coincidence of some phenotypic

features observed upon inactivation of Mosmo in Xenopus (Lasser
et al., 2020; Pizzo et al,, 2021), mouse (Kong et al., 2021), and
zebrafish (this study) suggests that defective function of the
human MOSMO may have similar consequences. Notably, a
deletion in chromosome 16, encompassing the human MOSMO
among others genes, causes a rare disease known as recurrent
16p12.1 deletion syndrome. Patients present developmental
delay, intellectual disability, and other anomalies which may
vary from individual to individual. Among these anomalies,
craniofacial and skeletal are among the most frequently
found defects (Girirajan et al.,, 2010), including microcephaly
and flat face (Ballif et al., 2007; Girirajan et al, 2010),
resembling, at some point, the phenotype observed in adult
mosmoa~/ ~;mosmob™/~ mutants.

CONCLUSION

In conclusion, our study shows a restricted and overlapping
distribution of mosmo genes in zebrafish revealing the subcellular
localization of the Mosmoa protein during development
in endosomes, plasma membrane, and primary cilia. More
importantly, the generation of mosmoa~/~;mosmob™/~
zebrafish mutants provides support for the idea that the human
MOSMO might be a candidate gene underlying uncharacterized
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forms of rare congenital craniofacial malformations. The
double mutants further provide the opportunity to dissect the
contribution of MOSMO to the phenotype associated with the
human 16p12.1 deletion syndrome.
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The serotonergic system of mammals innervates virtually all the central nervous system
and regulates a broad spectrum of behavioral and physiological functions. In mammals,
serotonergic neurons located in the rostral raphe nuclei encompass diverse sub-systems
characterized by specific circuitry and functional features. Substantial evidence suggest
that functional diversity of serotonergic circuits has a molecular and connectivity basis.
However, the landscape of intrinsic developmental mechanisms guiding the formation of
serotonergic sub-systems is unclear. Here, we employed developmental disruption of
gene expression specific to serotonergic subsets to probe the contribution of the tyrosine
kinase receptor ErbB4 to serotonergic circuit formation and function. Through an in vivo
loss-of-function approach, we found that ErbB4 expression occurring in a subset of
serotonergic neurons, is necessary for axonal arborization of defined long-range
projections to the forebrain but is dispensable for the innervation of other targets of
the serotonergic system. We also found that Erbb4-deletion does not change the global
excitability or the number of neurons with serotonin content in the dorsal raphe nuclei. In
addition, ErbB4-deficiency in serotonergic neurons leads to specific behavioral deficits in
memory processing that involve aversive or social components. Altogether, our work
unveils a developmental mechanism intrinsically acting through ErbB4 in subsets of
serotonergic neurons to orchestrate a precise long-range circuit and ultimately involved
in the formation of emotional and social memories.

Keywords: serotonin, ErbB4, NRG, memory, neuromodulation, neurodevelopmental disorders

1 INTRODUCTION

Serotonin (also known as 5-hydroxytryptamine (5HT)) is a phylogenetically conserved signaling
molecule (Hay-Schmidt, 2000) regulating diverse emotional, cognitive and neurovegetative
functions. In mammals, serotonergic neurons distributed in the raphe nuclei of the brainstem
are clustered in different groups topographically classified as B1-B9 (Dahlstrom and Fuxe, 1964).
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The largest group of serotonergic neurons allocate within the
dorsal (B7 and B6) and median raphe (B8) nuclei (DRN and
MRN, respectively) and develop exuberant axonal projections
targeting almost every brain region.

A functionally diverse competence of DRN and MRN
serotonergic circuits is thought to result from the development
of extensive axonal projections reaching multiple brain targets.
DRN and MRN serotonergic circuit formation is guided by
intrinsic and extrinsic factors. For instance, general
transcriptional mechanisms involved in serotonergic fate
specification, i.e. Lmxlb, act at subsequent developmental
stages to promote axon outgrowth from most serotonergic
neurons (Donovan et al, 2019). Additional findings suggest
that cell adhesion molecules (Cadherin 13) molecules and
guidance cues (Eph5/ephrinA5) are involved in the negative
regulation of axon outgrowth and/or pathfinding in addition
to neuron proliferation of serotonergic neurons (Forero et al,
2017; Teng et al,, 2017). In particular, high levels of ephrinA5
receptor expression in DRN has been described to repel axon
growth in the hypothalamus and regulate proper arborization of
serotonergic fibers in the olfactory bulb through repulsion by
ephrinA5 (Teng et al., 2017).

Recent findings from multiscale analysis support the idea of a
molecular, circuit and functional heterogeneity even within the DRN
and MRN neurons. Electrophysiological, neuroanatomical and
transcriptomic profiling suggest that DRN and MRN serotonergic
neurons are highly heterogeneous (Okaty et al., 2015; Ren et al,
2019; Okaty et al,, 2020; Sentft et al., 2021). For example, neurons
within the DRN have been described to segregate between circuits
expressing the vesicular glutamate transporter 3 (Vglut3)
preferentially innervating cortical areas and circuits expressing
thyrotropin-releasing hormone (Trh) preferentially innervating
subcortical nuclei (Ren et al, 2019) and regulating different
behavioral demands (Ren et al.,, 2018). Additional studies showed
restricted expression of the neuropeptide galanin in serotonergic
neurons innervating the medial prefrontal cortex (Fernandez et al,
2016). However, although these findings were fundamental to parse
out molecular profiles and assign them to projection-specificity,
serotonergic neurons expressing Vglut3, Trh and/or galanin do not
account for all DRN serotonergic circuits projecting to the forebrain.
Thus, the molecular profiles of projection-defined serotonergic sub-
systems targeting specific forebrain regions such as the thalamic sub-
areas remain unresolved (Ren et al, 2019). Moreover, specific
molecular mechanisms underlying sub-circuit development within
the DRN or MRN are largely unknown.

NRG/ErbB4 signaling pathway has been thoroughly studied
for its influence on the development of cortical GABAergic
(Flames et al., 2004; Fazzari et al., 2010; Ting et al., 2011; Del
Pino et al., 2013; Batista-Brito et al., 2017; Del Pino et al., 2017)
and thalamocortical circuits (Lopez-Bendito et al., 2006) as well
as in dopaminergic circuit function (Skirzewski et al., 2018).
Genetic targeting previously revealed that ErbB4 is also expressed
in subsets of serotonergic neurons (Bean et al, 2014).
Nevertheless, whether ErbB4 is an intrinsic factor contributing
to projection-defined serotonergic circuit development is unclear.
Therefore, to gain a better understanding of the mechanisms
underlying serotonergic circuit organization, we interrogate the

ErbB4 Controls Serotonergic Circuit Formation

functional relevance of Erbb4-expression for serotonergic circuit
development and function. Here, we show that ErbB4 is co-
expressed in subsets of adult 5HT neurons expressing the
transcription factor Pet]l required for serotonergic fate. We
further demonstrate that ErbB4 is required for the axonal
arborization of serotonergic projections in specific postsynaptic
targets while dispensable for 5HT expression and global
excitability in the DRN. Finally, we revealed that
developmental deficiency of ErbB4 in serotonergic circuits
impairs cognitive function related to specific types of memory
in adult mice without affecting other emotional behaviors such as
anxiety or coping behavior. Altogether, our findings link, for the
first time, the NRG/ErbB4 signaling pathway with the
organization of serotonergic sub-systems and unveils the
specific role of this link in memory formation.

2 MATERIALS AND METHODS

2.1 Animals

Erbb4/FPeti-CraAiSf+ ywere generated by breeding Petl-Cre (Fev-
Cre) lines (JAX stock #012712; RRID:MGI:3696982) (Scott et al.,
2005) with mice carrying the loxP-flanked (f) Erbb4 alleles (Golub
et al., 2004) and Ai9/tdTomato lines (JAX stock #007909; RRID:
MGI:J:155793) (Madisen et al., 2010). Control mice included
mice carrying Pet1-Cre or Erbb4” alleles. All animal procedures
were approved by the Ethics Committee (CIPF, Spain) and
complied with the Spanish and European regulations for the
use of laboratory animals.

2.2 Immunohistochemistry and Imaging

Analysis
Mice (postnatal day P60-90) were transcardially perfused with
4% PFA, post-fixed for 2h and sectioned with a freezing
microtome. Immunohistochemistry for 5HT, ErbB4 and
tdTomato was performed in 40 pm-thick sections using the
following primary antibodies: rabbit anti-ErbB4 (0618
produced by Cary Lai), goat anti-5HT (Abcam 66047 (1:
1,000), rabbit anti-5HT (1:5,000, Sigma #S5545, RRID:AB_
477522) and rabbit anti-RFP (1:2,000, Rockland Cat# 600-401-
379, RRID:AB_2209751). Secondary antibodies and Alexa555-
conjugated streptavidin were purchased from Molecular Probes.
Subsequently, sections were counterstained with DAPI and
mounted with Mowiol. For the reconstruction of biocytin-
filled neurons during ex vivo electrophysiology, 300 pm-thick
brain sections were fixed overnight in 4% PFA at 4°C and
incubated with Alexa488-conjugated streptavidin  (1:500,
Thermo Fisher Scientific Cat# S11223, RRID:AB_2336881).
Imaging of fluorescently labelled axonal arbors in target
regions of the serotonergic system was performed with 20X
0.80NA objective in an Aperio Versa slide scanner (Leica
Biosystems) or with the DMI-4 SP8 confocal microscope
(Leica Biosystems). Following the neuroanatomical features
(Franklin and Paxinos, 2008) in DAPI counterstained brain
sections, images of 1,500 x 1,500 pixels (for the lateral
hypothalamus, periventricular nucleus of the thalamus or
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corpus callosum) or manually delimited brain regions (for the
dentate gyrus, CA3 and CAl) were extracted from two single
z-planes per area and from 3 areas per mouse in ImageScope
(Leica Biosystems). The percentage of area occupied by
fluorescent signal was performed in Fiji/Image] (RRID:SCR_
002285) applying the same threshold over the background for
all genotypes. For analysis of relative density of fluorescently
labeled fibers, a threshold of 30 and 50 arbitrary units of intensity
over the background was applied in images acquired with
AperioVersa and with the confocal microscope, respectively.
Background signal was quantified from 3 different regions of
the field of view without tdTomato+ neuropil labelling. For cell
counting,  colocalization  analysis and  morphological
reconstruction of biocytin-filled neurons, images were acquired
with a 20X 0.75NA objective in a DMI-4 SP8 confocal microscope
(Leica Biosystems). Colocalization was quantified from two
different optical planes per section. For analysis of
fluorescence intensity, images were acquired at 16bit depth.
For neural tracing and morphological reconstruction, stacks
were acquired at 1 pm step size and the SNT 3.1.109 tool of
Fiji/Image] was employed (Arshadi et al., 2021).

2.3 Ex Vivo Electrophysiology
Erbb4+/+;Pet1-Cre;Ai9f/+ and Erbb4f/ﬁPet1-Cre;Ai9j7+ male mice
(12-13 weeks-old) were used. First, mice were anaesthetized
with isoflurane and perfused with ice-cold artificial
cerebrospinal fluid (aCSF) medium containing (in mM): 87
NacCl, 25 NaHCO3, 5 D-(+)-glucose, 65 sucrose, 2.5 KCl, 1.25
NaH,P04, 0.5 CaCl,, 7 MgCl,, 5 ascorbic acid and 3.1 pyruvic
acid saturated with 95% CO, and 5% O,(pH 7.4). Then, mice
were decapitated and brain was removed and placed in
oxygenated aCSF. 300-um coronal slices were obtained with
a vibratome (Microm HM 650 V) and transferred to a chamber
with aCSF solution consisting of: 125 NaCl, 25 NaHCOj3, 25 D-
(+)-glucose, 2.5 KCl, 1.25 NaH,PO,, 2 CaCl,, 1 MgCl,, 1
ascorbic acid and 4 pyruvic acid saturated with 95% CO,
and 5% O, (pH 7.4). Slices were allowed to recover at 35°C
for 30 min. Patch clamp recordings in whole-cell configuration
were performed at 25°C using a potassium gluconate-based
intracellular solution containing (in mM): 135 K-gluconate, 10
HEPES, 10 Na-phosphocreatinine, 4 KCI, 4 MgATP, 0.3
NaGTP and adjusted to 290mosmol/l and pH7.2-7.4.
Biocytin was added to the internal solution at a
concentration  of  1.5-2.5mg/ml  for  post  hoc
immunohistochemistry. tdTomato expressing neurons were
visualized with an upright microscope (Olympus BX51WI;
RRID:SCR_018949) equipped with an ORCA-ER CCD
Camera (Hamamatsu), a 40X/0.8nA water-immersion
objective (Olympus), a X-Cite 120Q fluorescence lamp and
infrared-differential interference optics contrast for bright
field imaging. Micro-pipettes of 10-12 MQ were pulled from
borosilicate glass using a vertical P-10 puller (Narishige). Data
was acquired and sampled at 20 kHz using a MultiClamp 700B
(Molecular Devices, RRID:SCR_018455), a digitizer Digidata
1440A (Molecular Devices, RRID:SCR_021038) and pClamp
software (Molecular Devices, RRID:SCR_011323).
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Intrinsic electrophysiological properties were calculated using
different current-clamp protocols. Resting Membrane Potential
(V1est) was measured after breaking into the cell. Input Resistance
(Ryn) was obtained using 500 ms hyperpolarizing current steps of
A5 pA from -20 to 0 pA. Rheobase, action potential kinetics and
input-output function were measured by applying 500 ms
depolarizing current steps of A 10 pA from 0 to +180 pA in
neurons held at -70mV. EasyElectrophysiology software
(EasyElectrophysiology Ltd., RRID:SCR_021190) (Garcia et al.,
2014) was used for the analysis of electrophysiological properties.
Threshold potential was defined as dV/dt = 10 mV/ms using first
derivative method. AP threshold was defined in a region of 10 ms
before peak. Rise and decay time were determined in a minimum-
maximum cutoff percentage of 10-90%. Half-width is calculated
as the time between rise and decay at half amplitude. fAHP was
detected in a search region of 0-9 ms after peak and mAHP in a
region of 30-70 ms. Both values were calculated as baseline minus
the minimum value within each region. Rheobase was defined as
the minimum current injected to obtain the first AP from
neurons held at -70 mV. Maximum firing frequency was
obtained from spike frequency discharge upon +190pA
current injected. Inter-spike interval (ISI) was calculated as the
difference between first and second AP at first step with >2AP.
Spike frequency adaptation was obtained by dividing the first ISI
by the final ISI of the trace with >4AP. Input-output curve was
plotted averaging the number of AP detected for each neuron at
each current step.

2.4 Mouse Behavioral Analysis

Adult Erbb4” and Erbb4"*'"“" male and female littermates
(P60) were used for behavioral tests. Mice were maintained under
standard housing conditions in 12 h dark/light cycles with food
and water ad libitum. All different tests were implemented during
the light phase blind to the genotype. Mice were handled and
habituated to the experimenter for 3 days before the behavioral
assays. All behavioral tests were separated at least by 24 h. The
order of tests was as follows: open field, habituation to open field,
Y-maze, sociability test, elevated plus maze (EPM), dark-light box
and nest building test. Contextual fear conditioning, prepulse
inhibition of the startle response (PPI), forced swimming and tail
suspension test were performed in separated batches of animals.
Testing apparatuses were cleaned with a solution of 70% ethanol
in water after each trial to avoid olfactory cues. Behavioral tasks
were recorded with a Logitech C270 webcam HD camera and
analysed using Ethovision® XT software (Noldus, RRID:SCR_
000441) unless otherwise stated.

2.4.1 Open Field

Spontaneous locomotor activity was measured in an open field
apparatus. It consisted of a rectangular chamber of 48 x 48 x
48 cm that was made of plastic under uniform light conditions
(70 lux). Mice were allowed to explore the arena for 10 min. The
arena was delimited for analysis into two different regions: centre
(square area of 30 x 30 cm equidistant from the walls) and the
remaining borders. The time spent, velocity, distance as well as
transitions between the zones were calculated with Ethovision®
XT. Habituation to the open field was performed 1 day after first
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exposure to the arena in the same conditions as previously

described.

2.4.2 Spontaneous Alternation Task in the Y-Maze

Spontaneous alternation task was performed in a transparent
Y-maze (50 x 8 cm each arm). Mice were placed into the centre of
the maze and allowed to freely explore for 8 min. The exploration
was recorded and the sequence of mouse entries in each arm was
analysed post hoc. The spontaneous alternation behavior was
calculated as the number of triads containing entries into all three
arms divided by the maximum possible alternations as follows:

total alternations
x 100

Iulternation =

(total entries — 2)

2.4.3 Sociability and Preference for Social Novelty Test
Sociability and preference for social novelty was assessed in a
three chambered arena (50 x 25 x 25 cm) with one cylinder in
each side chamber. The cylinders (wire cup-like containers)
allowed auditory, visual and olfactory interaction between
mice. This paradigm consisted of three phases: habituation,
sociability phase (S1) and social novelty (S2). During
habituation, mice are allowed to explore the arena with the
cylinders empty for 5min. We routinely control that animals
do not have a preference for any context by measuring the time
spent in the lateral chambers during the habituation phase. In the
S1 phase mice are allowed to explore the arena for 10 min with an
unfamiliar male mouse and an object randomly allocated inside
each side chamber s cylinder. In the S2 phase, a new non-familiar
mouse is placed instead of the object and the test mouse is allowed
to explore both subjects for additional 10 min. The chamber in
which the S1 or S2 mice were placed was counterbalanced
between trials, to avoid spontaneous preference.

To assess time sniffing the social and non-social cylinders or
familiar versus novel subject, a circular area of 15 cm diameter
encompassing each cylinder was set in Ethovision® XT and
exploration time was defined as the time during which the
mouse nose is inside the area (sniffing zone). A preference
index (I,) was calculated for each phase by subtracting the
time sniffing the non-social area from the time sniffing the
social area. For S2 the I, was calculated by subtracting the
time sniffing the area of the unfamiliar subject from the time
sniffing the area with the familiar subject.

I. = tunfamiliar area — tfamiliar area

tunfamiliur area t tfamiliar area

A positive score in the preference index indicates a preference
for the social stimuli in S1 phase or for the novel (unfamiliar)
subject in the S2 phase, and a negative score indicates a preference
for the non-social stimuli in the S1 phase or a deficit in social
memory in the S2 phase.

2.4.4 Elevated Plus Maze

The elevated plus maze consisted of four arms (50 x 10 cm) elevated
50 cm above the floor. The plus maze had two closed arms with black
acrylic glass walls (30 cm high) and two open (wall-free) arms

ErbB4 Controls Serotonergic Circuit Formation

connected by a central platform. Indirect illumination provided
100 lux to the open arms and 15 lux to the closed arms. Mice
were gently placed in the centre of the maze and their behavior was
recorded for 5 min. Time spent and the number of entries in each
arm was quantified post hoc with Ethovision® XT.

2.4.5 Dark-Light Box

This test is based on the innate aversion of rodents to avoid open
and strong illuminated zones. The test apparatus consisted of two
boxes (25 x 25 cm each) connected by a small aperture: the light
box, (open box with direct illumination of 450 lux) and the dark
box (opaque). Mice were placed facing the dark box and their
behavior was recorded for 5 min. Mice were video-tracked in the
light box post hoc with Ethovision®XT software. Time spent in
the light box as well as the number of transitions between the
boxes were quantified, and a ratio of time in dark box over time in
light box was calculated. A transition is considered when the head
of the mouse enters the other zone.

2.4.6 Prepulse Inhibition Test

Response and inhibition of animals after non-startling pulse
(prepulse) were recorded in a restrictive acoustic startle
response system (The StartFear Combined System; Panlab,
Spain). All mice were habituated to the testing chamber
without background noise 2 days before the PPI test. For each
test session, mice were placed in the cage for 5 min in order to
acclimatize to a background noise of 70 dB. After that, three
20 ms pulse stimuli were delivered at 120 dB to define the basal
level of the startle reaction for each mouse. Then, mice received
blocks of 4 different trials presented pseudo-randomly. Each of
them consisted on four trial types: a first acoustic pulse of 120 dB
followed of three different 20 ms prepulse trials of 80, 85, and
90 dB each. The maximum startle amplitude of response to
acoustic pulses for each mouse were used for the calculation
of the percentage of PPI, divided by the average amplitude of
startle response for each different trial, as follows:

(startle amplitude in the startle trial — startle amplitude in the prepulse trial) %10

% PPI =
’ startle amplitude in the startle trial

0

2.4.7 Nesting Behavior

To study the ability of mice to build the nest, two pieces of nesting
material made of cotton fibber (3 X 1 cm each) were introduced in
the cage in which the mouse was individually housed. Nest quality
was imaged at 1, 2, and 3h after placement of the nesting
material. The unused pieces of nesting material were weighted
at each timepoint (t). The percentage of unused cotton was
calculated to measure organizational behavior at different
timepoints as follows:

weightnesting material at t(x)

% Unshredded cotton = x 100

weightnesting material at t(0)

2.4.8 Contextual Fear Conditioning
Fear memory was tested using the Fear Conditioning system
(Maze Engineers, Boston, USA) in an acrylic plastic cage of 17 x
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FIGURE 1 | Erbb4 expression in serotonergic neurons of the dorsal

raphe labelled in Pet1-reporter mice. (A) Genetic strategy to generate Pet1-

reporter mice. LSL: loxP-STOP-loxP. (B) Sagittal brain section of an adult

Pet1-reporter mouse showing tdTomato-labelled projections and 5HT

neurons located in the raphe nuclei (dashed line). (C) Confocal images of 5HT

immunohistochemistry and Pet7-tdTomato+ neurons in the dorsal raphe
(Continued)

FIGURE 1 | nucleus (DR). (D) Quantification of percentage of colocalization of
5HT+ among Pet7-tdTomato+ cells in the DR and in each DR subregion (n =7
brains from 4 different litters) (E) Confocal image of ErbB4 immunolabelling
with Pet7-tdTomato+ neurons in the DR. (F) Quantification of percentage of
colocalization of ErbB4+ cells among Pet7-tdTomato+ cells in the MR, DR and
in each DR subregion (n = 3 brains from 3 different litters). (G) tSNE plot
showing Pet1 transcripts in the different clusters from the scRNA-seq dataset
of Ren et al. (2019). Cells are colored according to log-normalized Pet1
transcripts. Color legend reflects expression values of Pet1 In (CPM+1). (H)
Percentage of cells Pet7+ from the Ren et al. (2019) study presenting Erbb4
transcripts. (15.41% of total Pet7+ cells display Erbb4 transcripts, i.e.

153 Erbb4+ cells from 999 Pet1+ cells). (I) tSNE plot showing Erbb4 tran-
scripts in the different clusters from the original dataset. Cells are colored
according to log-normalized Erbb4 transcripts. Color legend reflects ex-
pression values of Erbb4 in In (CPM+1). (J) Violin plot representing the cell
distribution according to number of Erbb4 transcripts (In (CPM+1)) within
Pet1+/ErbB4+ cells (average from 153 Erbb4+ cells: 2.82 + 0.09 reads
(mean + SEM)). DRD: dorsal region or the DR, DRV: ventral region of the DR,
DRL: lateral region of the DR. Scale bars in (B): 1000 um and in (C,E): 100 and
10 um. Data are represented as mean + SEM.

17 x 25 cm placed over a shock generator grid. During contextual
fear conditioning test (CFC), mice were first allowed to explore
the context (conditioned-stimulus) consisting of the transparent
chamber, distal visual cues and olfactory cues (ethanol 70%)
during 3 min. This was followed by three 0.7 mA foot-shocks
(unconditioned stimulus, US) of 1s given with a 30s inter-
stimulus interval. Memory retrieval was tested 1 day after
conditioning, placing mice in the same context without the US
during 5min. Memory performance was defined as the
percentage of immobility over total time. Immobility was
manually quantified and quantifications were validated with
Ethovision® XT.

2.4.9 Forced Swimming Test

Mice were placed in a transparent cylindrical tank (12cm of
diameter) made of glass filled with water at room temperature.
The height of the tank was 23.5cm to prevent the mice from
scaping. The tank was illuminated with 56 lux. Then, mice were
gently and slowly placed in the water and their escape related
mobility was recorded with a video camera for 6 min. Percentage
of immobility over the total time was hand-measured by two
different researchers blind to genotype.

2.4.10 Tail Suspension Test

Tail suspension test was carried out to assess depression-like
behavior. Mice were suspended by their tails with tape in a
position that prevented them from escaping. Escape-oriented
behavior was recorded during 6 min. Percentage of immobility
over the total time was hand-measured by two different
researchers blind to genotype.

2.5 Analysis of Published Single-Cell

RNAsequencing Data and Visualization

Dataset were downloaded from NCBI database (GSE135132)
from Ren et al. (2019) article. RStudio (R version 4.0.2, RRID:
SCR_001905) software was used for assessing scRNAseq analysis.
Seurat package (version 4.0.1, RRID:SCR_016341) was used for
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performing filtering, highly-variable gene-selection,
dimensionality reduction and clustering. Cells with fewer than
300 detected genes and genes detected in fewer than 3 cells were
removed from original datasets for following analysis.
SCTransform function was used for normalization, scale and
detection of variable genes. Counts were log-normalized using
the natural logarithm of 1 + counts per million [In (CPM+1)].
PCA, tSNE and UMAP dimensional reductions were performed
considering significant dimensions. Clusters were defined based
on shared nearest neighbor (SNN) using FindClusters function
considering PCA dimensional reduction. Petl (Fev) and Erbb4
transcripts in the datasets were visualized using FeaturePlot
function of tSNE reduction. The percentage of Petl cells
expressing Erbb4 was determined used custom function. Erbb4
transcripts in PetI cells was plotted using VinPlot function.

2.6 Statistics

Statistical analyses were carried out with the GraphPad Prism 9
software (RRID:SCR_002798) and with R programming. The
study of the coordinates (Euclidean distance and nearest
neighbor distance) and principal component analysis were
performed with R. All data are presented as mean + SEM.
Biological replicas (N values) are different animals (behavior
and immunohistochemistry) or cells from >3 different brains
(electrophysiology) derived from >3 different litters. Statistical
methods used to predetermine the sample
Randomization was not used. Experiments and analyses were
performed blind to genotype by two different experimentalists.
Differences were considered significant when p < 0.05 (¥), p < 0.01
(**) or p < 0.001 (***). The data were analyzed with parametric
tests (Student’s t test or ANOVA), when the datasets fulfilled the
assumptions of normality (Kolmogorov-Smirnov test) and
homoscedasticity (Levene’s test). Non-parametric tests for
independent groups or Mann-Whitney test were applied when
normality was not reached and Kolmogorov-Smirnov test was
used when comparing probability distributions. Statistical
analysis of the majority of experiments included the sex
perspective except when appropriately indicated. For this
purpose: animals of both sexes were included in the samples
of each experiment. Pooled analysis for both sexes was carried out
after performing stratified analysis by sex and validating that the
patterns of data distribution were common in males and females.

were size.

3 RESULTS

3.1 ErbB4 Is Expressed in Molecularly
Defined Subsets of +Pet1+ Neurons of the
Dorsal Raphe Nuclei

To understand whether ErbB4 is involved in serotonergic circuit
development, we employed mouse genetics to label serotonergic
neurons with a fluorescent protein tdTomato reporter controlled by
a Cre recombinase driven by Pet] promoter (td Tomato” 71Cre mice,
hereafter named PetI-reporter mice) (Figure 1A), a determinant of
serotonergic fate (Hendricks et al., 1999). Petl-reporter mice allow
the specific genetic targeting of a major population of serotonergic
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neurons within the raphe nuclei (Figure 1B) as shown by
colocalization analysis between tdTomato and 5HT in the dorsal
raphe nucleus (DRN) (86 + 2% 5HT+ among Petl+tdTomato+
cells) (Figures 1C,D) (77 + 3% of PetI+tdTomato+ among 5HT+
cells) (data not shown).

We then evaluated whether serotonergic neurons from the
Pet1 lineage express ErbB4. Erbb4:CreERT?2 reporter mice suggest
ErbB4 expression in approximately 20% of 5HT neurons in the
DR (Bean et al., 2014; Zhang et al., 2020). To validate this finding
in situ at protein level, we employed immunohistochemistry with
a previously validated anti- ErbB4 antibody (Zhu et al., 1995; Del
Pino et al, 2013) in Petl-reporter mice (Figure 1E).
Quantification of percentage of ErbB4-expressing neurons
within the Petl+tdTomato+ cells showed that a subset of
Petl+ cells colocalized with ErbB4 in the DRN (39%) and
similar percentages of colocalization were observed in each of
the DRN subregions (DRD: 43%; DRV: 37%; DRL: 38%) and in
the MRN (B8) (37%) (Figure 1F). In addition, to elucidate
whether PetI+ErbB4+ are serotonergic, performed
immunohistochemistry for 5HT as well as ErbB4 onto PetI-
reporter mice (Supplementary Figure S1). Quantifications
Petl+/ErbB4+/5HT+ and  Petl+/ErbB4+/5HT-  neurons
revealed that 95 + 2% and 85 + 5% of Petl+ErbB4+ cells are
serotonergic in the DRN and MRN respectively (Supplemetary
Figure S1). These data suggested that ErbB4 is present in the
DRN/MRN and marks a subpopulation of Petl+ serotonergic
neurons. Notably, ErbB4 neurons that are Petl-negative and
express SHT can be found intermingled with PetI-positive
neurons (data not shown), suggesting that Petl1+ErbB4+ cells
represent a subset of ErbB4-expressing serotonergic population.

Next, we aimed to better characterize the molecular identity of
adult ErbB4+ serotonergic neurons taking advantage of
transcriptomic data from recent single cell RNAseq of adult
Sert and/or PetI-expressing serotonergic neurons (Okaty et al.,
2020; Ren et al, 2019). From 999 to 2,350 sequenced cells
expressing Sert and/or Petl in the Ren et al., 2019 (Ren et al,
2019) and Okaty et al, 2020 studies, respectively, Erbb4
transcripts where detected in 15 and 37% of all cells
(Figure 1; Supplementary Figure S2). Importantly, cells
displaying Erbb4 transcripts are not randomly distributed in
the tSNE representation but locate mostly in four out of 13
clusters from the Ren et al., 2019 dataset (Figures 1G-J) and eight
out of 14 clusters from the Okaty et al, 2020 dataset
(Supplementary Figure S2). In addition, a close inspection of
the molecular identity of Petl-expressing neurons clustered by
scRNAseq of the Ren et al, 2019 study (Ren et al, 2019)
(Supplementary Figure S3), suggests that ErbB4-expressing
neurons belong to clusters mapping to both the DRN as well
as MRN. Specifically, Erbb4 transcripts are present in cells from
the cluster expressing the Iruquois Homeobox 2 (Irx2) and
Tachykinin3 receptor (Tacr3) which was mapped to MRN in
the original study (Ren et al, 2019) (Supplementary Figure
S3A). In agreement with this, we performed a colocalization
analysis between Petl+tomato+ and ErbB4 immunolabelled
neurons and found that 22 + 4% Petl+ were ErbB4+ in the
MRN (data not shown). These data strongly suggest that ErbB4
expression, despite being anatomically distributed throughout the

we
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FIGURE 2| ErbB4 is not required for Pet 1+ serotonergic neuronal migration. (A) Genetic strategy to generate Erbb4cKO mice. L: loxP, LSL: loxP-STOP-loxP site.

(B) Confocal images of ErbB4-expressing and Pet 7-driven tdTomato-expressing neurons in the dorsal raphe of control and Erbb4cKO mice. (n = 4 brains in control and
n =4 in Erbb4cKO mice from 3 different litters) (C) Quantification of percentage of colocalization of ErbB4+ and tdTomato+ neurons shows a significant reduction of
colocalizing cells in Erbb4cKO mice when compared to control mice. (D-L) Distribution of Pet7-tdtomato+ neurons in the dorsal raphe nucleus (DRN). Coronal

brain sections showing distribution of tdTomato+ neurons assessed at different levels of the DRN: Bregma —4.48 mm and (D) Bregma —-4.72 mm (G) corresponding to
B7/B8 nuclei as well as Bregma —5.02 mm (J) corresponding to B6. (E, H, K) Quantification of total tdTomato+ neurons found at each coordinate as depicted in (D, G, J)
inthe DRN of control and Erbb4cKO mice shows non-significant differences (n = 5-8 control and n = 4-7 mutant brains from 3 different litters). (F, I, L) Cumulative fraction
of NNDs measured at each coordinate in the DRN shows non-significant differences in cell distribution (n = 5-8 control and n = 4-7 mutant brains from 3 different litters).
Scale bars in (B): 50 um and in (D, G, J): 500 um. Data are represented as mean + SEM. ns: not significant differences; **: p < 0.01. t-test or Kolmogorov-Smirnov test.
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different regions of the DRN and MRN, correspond to specific
5HT molecular subtypes of neurons.

3.2 Erbb4 Deletion From Pet1+ Neurons
Does Not Affect Serotonergic Neuron
Migration

Having identified that ErbB4 is expressed in a subset of adult
DRN Petl+ neurons, we examined whether ErbB4 is involved in
serotonergic circuit development. To address the contribution of
ErbB4 to serotonergic system formation, we generated ErbB4”*
Petl-CreAi9f/+ mice (hereafter named ErbB4cKO mice) in which the
exon 2 of the Erbb4 gene, is excised in serotonergic neurons since
early fate specification using the PetI-Cre-recombinase
(Figure 2A). By performing immunohistochemistry against
ErbB4 and quantifying the colocalization  between
Petl+tdTomato+ cells and ErbB4 expressing cells, we observed
arobust reduction in the percentage of Pet1+tdTomato+ neurons
displaying high immunofluorescent signal for ErbB4 in the adult
DRN in Erbb4cKO mice when compared to controls (Erbb4™*
Petl-CreAi9f/+ nice) (control: 37 + 8%; Erbb4cKO: 1 + 0.2% ErbB4+
among tdTomato+ cells; p = 0.003) (Figures 2B,C), showing that
in vivo Erbb4-deficiency in serotonergic neurons can be
efficiently achieved with this genetic strategy.

The ligands of ErbB4, Neuregulin 1 (Nrgl) and Neuregulin 3
(Nrg3), mediate long and short-range attraction of migrating
GABAergic interneurons expressing ErbB4 in the forebrain
(Zhang et al., 1997; Flames et al., 2004; Bartolini et al.,
2017). Recent studies suggest that Nrg3 is expressed in the
roof plate early during morphogenesis E9-E11 (La Manno et al.,
2021). At E9-E11, serotonergic neurons migrate from the
ventricular zone close to the floor plate to the medial
hindbrain (Hawthorne et al., 2010). Thus, we asked whether
NRG/ErbB4 signaling would be involved in the migration and
final cellular allocation of serotonergic neurons within the
raphe nuclei. To tackle this question, we quantified the total
number of Petl-driven tdTomato+ cells in three different
coordinates across the dorsal-caudal axis of the DRN
corresponding to two different rostro-caudal levels of the B7
nucleus and the rostral B6 and MRN (B8). We observed that the
total number of tdTomato+ neurons was not significantly
different between control and Erbb4cKO mice at any of the
neuroanatomical coordinates (p > 0.05, t-test) (Figures
2D,E,G,H,],K; Supplementary Figure S4), indicating that
migration and survival of serotonergic neurons is not
affected by loss of ErbB4. In addition, cellular distribution of
Pet1+ serotonergic neurons in the DRN and MRN was assessed
by obtaining the spatial coordinates of each tdTomato+ cell
within the DRN and MRN, respectively and calculating the
distance from each tdTomato+ cells to its nearest neighbor
(nearest neighbor distance or NND) at each coordinate. Spatial
distributions were compared in cumulative fractions of NND
for each population and did not reveal significant differences for
any of the three neuroanatomical coordinates analyzed between
control and Erbb4cKO mice (p > 0.05, Kolmogorov-Smirnov
test) (Figures 2F,I,L) (Supplementary Figure S4). Altogether
these data suggested that ErbB4 is dispensable for Petl+
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serotonergic neurons to migrate and allocate in the DRN
and MRN (BS).

3.3 Erbb4-Loss in Pet1+ Neurons Impairs
the Long-Range Connectivity of

Serotonergic Sub-Systems

In addition to migration, NRG/ErbB4 signaling participates in
axon navigation and synaptogenesis during embryonic and
postnatal development in local and long-range projecting
neural circuits within the forebrain (Lopez-Bendito et al,
2006; Fazzari et al., 2010; Del Pino et al., 2013; Del Pino et al,,
2017). Therefore, we hypothesized that ErbB4 might be necessary
for the development of long-range efferent serotonergic
connectivity. To test this hypothesis, we monitored in adult
control and Erbb4cKO the serotonergic axon arborization
across different postsynaptic targets of the serotonergic system:
the retrosplenial granular cortex (RSGc), the hippocampus (DG,
CAl, and CA3), the posterior periventricular nucleus of the
thalamus (PVT) and the lateral hypothalamus (LH)
(Figures 3A,B). We observed that serotonergic axons labelled
with tdTomato were present in all regions (RSGe, DG, CA3, CAl,
PVT, and LH) in control as well as Erbb4cKO mice (Figures
3C-J; Supplementary Figure S5). To assess the density of
terminal arborization from serotonergic connectivity, we
quantified the area occupied by tdTomato+ signal normalized
to a field of view/total area in each brain region (Figure 3C). Non-
significant differences in axonal density were observed between
control and Erbb4cKO in RSGs (control: 1.43 + 0.31%; Erbb4cKO:
1.15 + 0.20%; p = 0.446) (Figures 3D,E), hippocampus (control
DG: 19.92 + 1.74%; Erbb4cKO DG: 12.32 + 1.44%; p = 0.630;
control CA3: 1.8 + 0.2%; Erbb4cKO CA3: 2.3 + 0.4%; p = 0.509;
control CAl: 1.2 + 0.2%; Erbb4cKO CAl: 1.3 + 0.2%; p = 0.28;
(Figures 3F,G; Supplementary Figure S5); and LH (control:
30.26 + 3.29%; Erbb4cKO: 33.14 + 3.71%; p = 0.568) (Figures
3),K). In contrast, Erbb4cKO mice displayed significantly reduced
axonal density in the PVT region when compared to controls
(control: 7.8 + 1.0%; Erbb4cKO: 7.1 + 1.0%; p = 0.0025) (Figures
3H,I). These results obtained with epifluorescence imaging were
reproduced in the PVT wusing confocal microscopy
(Supplementary Figure S6) (control: 13.5 + 1.0%; Erbb4cKO:
7.5 + 0.7%; p = 0.0002). Thus, our data suggest that, while global
serotonergic connectivity arriving to the LH or to other cortical
targets (i.e. hippocampus and RSGc) is not dependent on ErbB4
expression, ErbB4 is required for the axonal arborization of a
subpopulation of Petl+ serotonergic projections reaching the
PVT area.

3.4 Pet1+ Neurons Lacking Erbb4 Do Not
Cause Local Defects in the DRN

Since serotonergic branching is regulated by serotonin levels
during brain development (Migliarini et al, 2013) we
investigated whether the serotonergic connectivity deficits
observed in the PVT region in Erbb4cKO mice could arise
from changes in 5HT expression within the DRN.
Immunohistochemistry —against 5HT and colocalization
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FIGURE 3 | Long-range connectivity deficits in ErbB4-deficient Pet 7+ neurons of male and female mice. (A) Pet7+tdTomato+ cells in a sagittal section of a mouse
brain. Dashed line indicates the location of the brain regions analysed in coronal sections. (B) Coronal section of an adult Pet7-reporter mouse showing tdTomato-
labelled projections. Dashed squares indicate the location of the brain areas analyzed. (C) Circular plot representing relative connectivity to different brain areas from
raphe nucleus (RN) in control (black) and Erbb4cKO (red) mice. (D, F, H, J) Confocal images of Pet7+ tdTomato+ connectivity from raphe nucleus to different brain
areas for control and Erbb4cKO mice. (E, G, I, K) Quantification of connectivity area normalized to the field of view are presented as percentage of area occupied by
tdTomato signal (area%) (n = 11-12 control and n = 10-15 mutant from 3 different litters). RSGc: retrosplenial granular cortex ¢ region; cc: corpus callosum; GrDG:
(Continued)
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FIGURE 3 | granular dentate gyrus; MolDG: molecular dentate gyrus; PoDG: polymorph layer of the dentate gyrus; LHb: lateral habenular nucleus; PVT: periventricular
thalamus; PF: parafascicular thalamic nucleus; IMD: intermediodorsal thalamic nucleus; PeF: perifornical nucleus; LH: lateral hypothalamic area; Mtu: medial tuberal
nucleus; VMHC: ventromedial hypothalamic nucleus central part. Scales bars in (A,B): 1000 pm and in (D, F, H, J): 100 um. Data are represented as mean + SEM. ns:
not significant differences; **: p < 0.01; t-test or Mann-Whitney non-parametric test.

analysis between 5HT+ and tdTomato+ cells did not reveal
significant differences between the number of Petl+ neurons
expressing 5HT in controls and Erbb4cKO mice (control: 88.29 +
3.90%; Erbb4cKO: 81.55 + 2.11; p = 0.155) (Figures 4A-C).
Quantification of 5HT signal intensity measured within Petl+
neurons followed a similar distribution in controls and Erbb4cKO
mice (p > 0.05; Kolmogorov-Smirnov test) (Figure 4D), indicating
that ErbB4 deletion does not affect global 5HT content in
the DRN.

To further understand whether developmental deletion of
ErbB4 in serotonergic cells alters the excitability of the DRN,
we probed the intrinsic electrophysiological properties of
tdTomato+ neurons in acute brain slices of controls and
Erbb4cKO mice. Through whole-cell patch-clamp recordings
performed in adult tdTomato+ neurons within the DRN
(Figure 4E), we observed that the majority of neurons
exhibited spike frequency adaptation (73% in control [11 of 15
recorded cells]; 84% in mutant [16 of 19 recorded cells]). For
comparison of intrinsic properties, we explored whether neurons
recorded belonged to a similar neural subtype. We examined the
morphology of neurons recorded by performing post hoc
histochemistry against biocytin-filled tdTomato+ neurons.
Sholl analysis of neuronal morphology did not reveal
significant differences between control and Erbb4cKO mice
(p > 0.05; two-way ANOVA test) (Figures 4F,G), indicating
that recorded neurons with adapting firing profile displayed
similar dendrite complexity and suggesting that they belonged
to an electrophysiologically and morphologically similar PetI-
expressing neuronal subtype. Next, our analysis of multiple
electrophysiological properties as well as the input/output
relationship did not reveal significant differences in most of
the passive and active intrinsic properties between neurons
from control and Erbb4cKO mice (p > 0.05; two-way ANOVA
test) (Figure 4H; Table 1). A significantly reduced medium after
hyperpolarization was observed in Erbb4cKO mice when
compared to control (Table 1), indicating that ErbB4
deficiency in serotonergic neuron has an effect on specific
membrane properties without causing a prominent change in
global excitability. Altogether, our findings suggest that ErbB4
dysfunction in the DRN does not lead to a local phenotype in
DRN neither at the intrinsic excitability level nor in serotonergic
tone of PetI+ neurons.

3.5 ErbB4 Deficiency in Pet1+ Serotonergic
Neurons Cause Specific Behavioral
Impairments in Social and Fear Memory

To evaluate whether the connectivity deficits observed upon
ErbB4-deficiency in Petl+ serotonergic neurons impact on
brain function, we tested control (Erbb4”) and Erbb4cKO
littermates in behavioral assays. Spontaneous locomotor

activity was evaluated using the open field and the Y-maze,
respectively. Controls and Erbb4cKO mice travelled similar
distances (control: 49.63 + 2.22 m; Erbb4cKO: 54.77 + 301 m;
p = 0.254) with a comparable velocity in the open field (control:
5.52 + 0.24 cm/s; Erbb4cKO: 6.09 + 0.33 cm/s; p = 0.255) (Figures
5A,B). In addition, we did not find differences in other
parameters indicative of anxiety such as the time spent in the
center vs borders in the open field between control and mutant
mice (Centre: control: 17.81 + 1.24%; Erbb4cKO: 18.36 + 1.207%;
p > 0,9999; Borders: control: 82.19 + 1.24%; Erbb4cKO: 81.64 +
1.21%; p > 0.9999) (Figure 5C). Spontaneous alternation was also
evaluated in the Y-maze (Figures 5D-F). Similar number of
entries (control: 32.00 + 1.55; Erbb4cKO: 32.54 + 1.30; p = 0.792)
(Figure 5E) as well as percent of alternations were observed
between control and Erbb4cKO mice (control: 51.40 + 2.19%;
Erbb4cKO: 47.25 + 2.71; p = 0.242) (Figure 5F), indicating that
ErbB4-dysfunction in the serotonergic systems does not affect
locomotor activity or working memory.

To test sociability and social memory we employed the three-
chamber test that consisted of three sessions: habituation (empty
cylinders), sociability (conspecific mouse “stranger 1” or “S1” and
object) and preference for social novelty (familiar mouse “S1” and
new-conspecific “stranger 2” or “S2”) (Figure 5G). In the
habituation phase, mice explored similarly the lateral
chambers of the 3-chamber test (Figure 5H), indicating no
contextual preference. During the sociability phase, we
observed no differences between control and Erbb4cKO mice
in distance travelled (data not shown), in agreement with a lack of
locomotion phenotype in the open field. Both genotypes showed
preference for mouse S1 over the object (control: 0.23 + 0.040;
Erbb4cKO: 0.22 + 0.04; p = 0.8353) (Figure 5I). However, when
animals were exposed to the preference for social novelty test, we
observed that Erbb4cKO mice spent less time exploring the novel
mouse S2 and displayed a significantly reduced preference index
for the novel S2 conspecific over the previously known S1 mouse
when compared to controls (control: 0.26 + 0.04; Erbb4cKO:
0.10 + 0.06; p = 0.036) (Figure 5J). Together, the lack of
sociability phenotype and the reduced preference for social
novelty that we observed suggest that social memory could be
impaired in Erbb4cKO mice.

To elucidate whether alterations found in social memory
might be influenced by anxiety, control and Erbb4cKO animals
were tested for anxiety-like behavior using the elevated plus maze
and the dark-light box test. In agreement with a lack of anxiety-
like behavior in the open field (Figure 5C), we did not find
significant differences between control and mutant mice in the
percentage of time spent in the different zones of the elevated plus
maze (Figure 6A), or in the ratio of time spent in open vs close
arms of the elevated plus maze (control: 4.48 + 0.534; Erbb4cKO:
420 + 0.59; p = 0.729) (Figure 6B). In addition, we did not
observe significant differences in the number of transitions
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FIGURE 4 | ErbB4 deficiency in Pet + neurons does not lead to changes in global excitability or serotonin content in the DRN in male mice. (A) Colocalization of
Pet1-tdTomato and 5HT in the raphe nucleus. (B) Magnifications for the colocalization of Pet7-tdTomato and 5HT in control and Erbb4cKO mice. Arrow heads point to
double positive cells for Pet1 and 5HT. (C) Quantification of the percentage of Pet 7+ cells expressing 5HT (n = 7 control and n = 7 mutant mice from 4 different litters). (D)
Cumulative probability of SHT intensity for control and Erbb4cKO cells expressed as arbitrary units (n = 5 control and n = 5 mutant mice from 3 different litters). (E)
Representative images and traces of Pet7+ tdTomato-expressing neurons recorded in current clamp mode in control (black) and Erbb4cKO (red) mice. (F)
Reconstructions of Pet 1+ cells recorded. Images of streptavidin-Alexa488 (green) and tdTomato (red) for each cell. (G) Sholl analysis of Pet 7+ tdTomato+ cells recorded
for control and Erbb4cKO mice. Intersections are quantified per radius of 5 ym of difference from soma (n = 11 neurons from 3 different control mice and n = 16 neurons
from 3 different mutant mice). (H) Input-output plot showing number of spikes as a function of injected current displayed by Pet7+ tdTomato+ neurons in control (n = 11
neurons from 3 different control mice) and Erbb4cKO mice (n = 16 neurons from 3 different mutant mice). Scale bars in (A): 100 and 20 pm and (F) 10 and 25 pm. Data
are represented as mean + SEM. ns: not significant differences. t-test, Kolmogorov-Smirnov test or two-way ANOVA with Bonferroni correction for multiple
comparisons.
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TABLE 1 | Global intrinsic excitability of Pet7+tdTomato+ neurons in the dorsal raphe is not affected by ErbB4-deficiency in serotonergic neurons. Intrinsic
electrophysiological properties of Pet 7+ tdTomato-expressing neurons in the dorsal raphe nucleus of control and Erbb4cKO mice. Vs resting membrane potential; R
input resistance; AHP: afterhyperpolatization; FS latency: latency to first spike at rheobase; MFF: maximum firing frequency. Data are represented as mean + SEM.

Ctrl
RMP -67.21 + 2.104
Rin (MQ) 1,053 + 125.2
Amplitude (mV) 71.79 + 1.480

-29.45 + 1.2460
0.8264 + 0.03684
3.601 + 0.2138

Threshold (mV)
Rise Time (ms)
Decay Time (ms)

Half-width (ms) 2.990 + 0.1995
fAHP (ms) -19.13 + 1.221
mMAHP (ms) -21.32 + 1.085
Rheobase (pA) 17.27 + 2.727
FS latency (ms) 193.4 + 19.70
Inter-spike interval (ms) 289.2 + 28.29
Spike Frequency Accommodation 0.29 + 0.02

MFF (Hz) 4.00 + 0.30

(control: 6.0 + 0.27; Erbb4cKO: 6.30 + 0.26; p = 0.448)
(Figure 6C) and ratio of time spent in the dark over the
brightly illuminated area (control: 1.60 + 0.21; Erbb4cKO:
1.77 + 0.32; p = 0.660) in the dark-light box test (Figure 6D),
indicating that Erbb4 deficiency in PetI+ serotonergic circuits
have no effect on anxiety levels.

To further elucidate whether behavioral deficits could involve
abnormal attentional levels, control and Erbb4cKO animals were
tested in the prepulse inhibition of the startle reflex (PPI) test.
Both genotypes display startle reflex to a 120dB sound (control:
56.64 + 6.81%; Erbb4cKO: 48.89 + 7.45%; p = 0.457) (Figure 6E).
Inhibition of startle reflex by the presentation of a prepulse of 80,
85 or 90 dB was not significantly different between controls and
Erbb4cKO animals (80dB: control: 18.67 + 5.46%; Erbb4cKO:
2295 + 572%; p > 0.999; 85dB: control: 29.43 + 5.07%;
Erbb4cKO: 32.37 £ 6.09%; p > 0.999; 90 dB: control: 34.97 +
4.49%; Erbb4cKO: 33.04 + 571%; p > 0.999) (Figure 6F),
suggesting that Erbb4cKO do not have attentional deficits.

We also monitored nesting behavior in the home cage to
determine the species-typical behavior of Erbb4cKO animals
(Figure 6G). We did not observe significant differences in the
ability of animals to build a nest between controls and Erbb4cKO
mice, suggesting that serotonergic deficits observed in Erbb4cKO
mice are not relevant for the innate organized behavior (p > 0.05;
two-way ANOVA) (Figure 6H).

In light of the deficits observed in social memory in Erbb4cKO
animals, we evaluated whether other types of memory could be
affected by Erbb4 deficiency in Petl+ serotonergic circuits with
the contextual fear conditioning paradigm (Figure 6I). While
Erbb4cKO and control mice displayed similar levels of freezing
upon presentation of the unconditional stimulus (electric shock),
freezing displayed 24 h after fear conditioning during fear
memory retrieval was significantly reduced in Erbb4cKO mice
when compared to controls (control: 57.37 + 2.49; Erbb4cKO:
48.28 + 2.54; p = 0.013) (Figure 6]). These data indicated that fear
memory retrieval is impaired in Erbb4cKO mice.

Finally, to assess whether Erbb4-deficiency in PetI+ neurons is
affecting parallel serotonergic sub-systems described to regulate

Erbb4cKO p-value Test
-63.02 + 1.546 0.1133 t-test
1,189 + 108.7 0.4237 t-test
67.66 + 2.718 0.5437 Mann-Whitney
-30.83 + 1.846 0.5811 t-test
1.130 £ 0.3047 0.6709 Mann-Whitney
3.224 + 0.1676 0.1691 t-test
2.636 + 01532 0.1646 t-test
-21.10 + 1.158 0.2626 t-test
-17.49 + 1.308 0.0486(%) t-test
25.00 + 2.739 0.0664 Mann-Whitney
182.9 + 22.09 0.7414 t-test
236.0 + 23.00 0.1555 t-test

0.42 + 0.75 0.1635 t-test

4.78 + 0.48 0.2275 t-test

coping behavior in face of challenge (Ren et al., 2018), mice
performed the forced swimming and tail suspension tasks. In
both tasks, Erbb4cKO mutants and control mice presented similar
levels of immobility (FS: control: 23.57 + 1.64s; Erbb4cKO:
20.66 + 1.95s; p = 0.263; TS: control: 38.03 + 2.37s; Erbb4cKO:
34.75 + 2.66s; p = 0.361) (Figures 6K-L) indicative of normal
coping behavior in Erbb4cKO mutants.

Altogether our data suggest that developmental deficiency of
Erbb4 in Petl+ serotonergic circuits leads to the abnormal
processing of specific types of memory that contain a social or
aversive components, but does not have an effect on locomotion,
emotional, attentional or organizational behaviors.

4 DISCUSSION

Here, we provide evidence for a new role of ErbB4 in the
development of serotonergic sub-systems. In particular, we
found that long-range connectivity taking place between PetI-
expressing subpopulations and the PVT area requires ErbB4. In
addition, our behavioral characterization revealed that the
developmental disruption of ErbB4 in discrete serotonergic
neurons has selective functional consequences on the
processing of specific types of memory associated with an
emotional or social component, such as fear and social memory.

The formation of serotonergic axons takes place over a protracted
period during brain development spanning embryonic to postnatal
stages. In rodents, axon growth begins early after serotonergic
neuron migration reaching target areas by birth (Bang et al,
2012). Subsequently, terminal arborization sprouting and
refinement takes place during the postnatal period (Lidov and
Molliver, 1982; Maddaloni et al., 2017). Here we show that NRG/
ErbB4 signaling is necessary for the proper arborization of
serotonergic axons reaching the PVT, but is dispensable for the
innervation of other targets of the serotonergic system (lateral
hypothalamus, hippocampus and retrosplenial cortex). Previous
work demonstrates that more than one subgroup of serotonergic
subpopulations from different rhombomeric segments innervates an
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FIGURE 5 | Mice with Erbb4 deletion in Pet7+ neurons display social memory deficits but no phenotypes on sociability, locomotor activity or attentional levels.
(A-C) Locomotor activity in the open field during day 1 (D1) and day 2 (D2) of control and Erbb4cKO mice is represented as velocity (A) and distance travelled (B). (C)
Percentage of permanence time in the centre and borders of the open field. (D,E) Locomotor activity was measured in the Y-maze as total number of entries. (F) Working
memory measured as percentage of spontaneous alternations during Y-maze test. (G) Schematic of the sociability test and social novelty test. (H) Percentage of

time spent in the lateral chambers during the habituation phase to the 3-chamber test. (1) Index of preference of S1 versus object during sociability phase. (J) Index of
preference of S2 versus S1 during social memory phase. In the statistical analysis of all experiments described in this figure, the sex perspective has been included.
Animals of both sexes were included in the samples of each experiment. After checking that patterns of data distribution were common in males and females via a
stratified analysis by sex, pooled analysis was carried out. For all these behavioral tests, n = 27 (11 females, 16 males) control and n = 29 (12 females, 17 males) mutant
from 7 different litters. Data are represented as mean + SEM. ns: not significant differences; *: p < 0.05. t-test, Mann-Whitney or two-way ANOVA with Bonferroni
correction for multiple comparisons.
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FIGURE 6 | Mice with Erbb4 deletion in Pet7+ neurons display fear memory deficits but do not show abnormalities in anxiety or organizational behavior. (A)
Percentage of permanence time the closed arms, open arms and centre of the elevated plus maze test. (B) Ratio of permanence time in the open arms over the closed
arms during the elevated plus maze test. (C) Number of transitions between lighted and dark areas in the light-dark box test (D) Ratio between dark and light
permanence time in light-dark box test. (E) Basal amplitude of startle reflex for control and Erbb4cKO mice. (F) Percentage of prepulse inhibition (PPI) of startle
response for control and Erbb4cKO mice. (G) Sample images of four different time points during the nest building test. (H) Percentage of unshredded cotton used by
mice for building a nest at 0, 1, 2, and 3 h after providing them with new material. (I) Diagram of contextual fear conditioning (CFC) test (mofidied from Biorender.com).
Retrieval test was performed 24 h after CFC by placing the mouse in the same context. (J) Percentage of freezing for each phase of the CFC learning and retrieval. -US:
(Continued)
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FIGURE 6 | before unconditioned stimulus; +US: after unconditioned stimulus; Retrieval: 1 day after CFC. (K) Percentage of immobility for the forced swimming test. (L)
Percentage of immobility in the tail suspension test. In the statistical analysis of all experiments described in this figure, the sex perspective has been included. Animals of
both sexes were included in the samples of each experiment. After checking that patterns of data distribution were common in males and females via a stratified analysis
by sex, pooled analysis was carried out. For all behavioral tests except PPI, CFC, forced swimming and tail suspension, n = 27 (11 females, 16 males) control and n = 29
(12 females, 17 males) mutant mice from 8 different litters. For PPl test, n = 11 (6 females, 5 males) control and n = 13 (8 females, 5 males) mutant mice from 4 different
litters. For CFC test, n = 12 (7 females, 5 males) control and n = 15 (9 females, 6 males) mutant from 4 different litters. For forced swimming, n = 19 (7 females, 12 males)
control and n = 20 (7 females, 13 males) mutant mice. For tail suspension, n = 24 (13 females, 11 males) and n = 23 (13 females, 10 males). Data are represented as
mean + SEM. ns: not significant differences; *: p < 0.05. t-test, Mann-Whitney or two-way ANOVA with Bonferroni correction for multiple comparisons.

individual target area (Bang et al, 2012). In particular, it was
reported that the PVT is innervated by Petl-expressing
serotonergic neurons originating from rhombomere (r)1 —
populating the DRN, MRN and B9 groups — and from r2 —
populating the MRN exclusively — (Jensen et al., 2008; Bang et al.,
2012; Senft et al., 2021), but we can not exclude that other raphe
nuclei also project to the PVT region. It remains to be determined
whether our Erbb4cKO approach disrupts axon arborization from
ErbB4 expressing neurons that are both in the DRN and MRN. Our
results demonstrate that serotonergic circuit formation of long-range
projections targeting the PV'T is regulated by NRG/ErbB4 signaling.
However, we can not exclude that: 1) the PVT could be also
innervated by ErbB4-negative serotonergic neurons and 2) that
disruption of ErbB4 in serotonergic circuits affects axon
development in other postsynaptic targets not visited in this
study. While it is reasonable to consider that serotonergic circuit
wiring relies on the combination of guidance and signaling
molecules as well as environmental factors during development,
our findings reinforce the notion that intrinsic signaling pathways
regulated by ErbB4, act as organizers of specific serotonergic sub-
systems during brain development.

The developmental disruption of ErbB4 in serotonergic circuits
has a very specific impact on the behavioral performance of mice.
The specific behavioral phenotypes restricted to fear and social
memory deficits observed in Erbb4*P-C4i%+ mice are in line
with the participation of NRG/ErbB4 signaling in the development
of discrete serotonergic circuits. The notion that serotonergic circuits
are organized into segregated sub-systems regulating specific
behaviors (Abrams et al, 2004) is supported by functional
manipulations of projection-defined serotonergic circuits. For
example, studies show that specific long-range efferent
projections from the DRN play a role in anxiety [DRN — bed
nucleus of the stria terminalis (Marcinkiewcz et al., 2016), DRN —
central amygdala (Ren et al, 2018)], coping behavior [DRN —
orbitofrontal cortex (Ren et al., 2018)], sociability [DRN — anterior
cingulate cortex (Li et al,, 2021)] and fear memory [DRN — bed
nucleus of the stria terminalis (Marcinkiewcz et al., 2016)]. Other
excellent studies inform about serotonergic sub-systems
characterized by dopamine receptor expression modulating
aggressive behavior through multiple postsynaptic targets
(Niederkofler et al, 2016). Our findings disclose a serotonergic
sub-system that relies on ErbB4 for proper regulation of at least
two types of memory: associative fear memory and social memory.
Interestingly, several studies link the function of PVT to fear
memory processing in rodents (Padilla-Coreano et al, 2012; Li
et al,, 2014; Do-Monte et al,, 2015; Penzo et al,, 2015; Choi and
McNally, 2017; Chen and Bi, 2019) and sociability (Yamamuro et al.,
2020). Although different types of neurons within the PVT have

been shown to regulate emotional and motivated behaviors, our
study is the first to report the association between circuits integrating
the PVT and the formation of social memories.

Recently, a study showed that downregulation of ErbB4 in
adult mice results in hyperexcitability of serotonergic neurons
and anxiogenic behavior (Zhang et al,, 2020). In contrast, we
show that the developmental disruption of ErbB4 does not cause
an anxiogenic response in mice nor it leads to prominent changes
in global excitability of serotonergic neurons. Hence, the
functional implications of acute downregulation of Erbb4 in
the adult brain are very different from the ErbB4-deficiency in
serotonergic circuits during its development. We deduce this
could be due to unknown developmental plasticity rules in the
serotonergic system, that are absent in the adult brain.
Furthermore, the different outcomes obtained from adult and
developmental Erbb4 disruption might result from the genetic
targeting of different serotonergic subsets, since the study of
Zhang et al. (2020) employed the Sert-Cre mice to target Erbb4
expression in the adult brain and our data suggests that subsets of
5HT+ErbB4+ neurons are Petl-negative in the DRN and MRN.

Finally, substantial evidence associate Nrg/Erbb4 signaling to
neurodevelopmental disorders (reviewed in(Mei and Nave,
2014)) such as schizophrenia (Norton et al., 2006; Silberberg
et al., 2006; Walsh et al., 2008; Mostaid et al., 2017). Most of our
knowledge on cognitive dysfunction in NRG/ErbB4-deficiency
disorders stems from studies focusing on cortical GABAergic
interneurons, which are the most numerous neuronal subtype
expressing ErbB4 in the brain (Fazzari et al., 2010) (reviewed in
(Rico and Marin, 2011)). Our findings reveal novel neural circuit
basis (i.e. DRN/MRN — PVT) of cognitive dysfunction in NRG/
ErbB4-deficiency disorders involving GABAergic and non-
GABAergic neurons in the raphe nuclei. In addition to the
already known defects in cortical inhibitory/excitatory balance
(Del Pino et al., 2013; Del Pino et al., 2017; Wang et al., 2018) and
in the dopaminergic system (Skirzewski et al., 2018), our results
on DRN — PVT circuit dysfunction contribute to better
understand the pathophysiology of ErbB4-deficiency disorders.

Altogether, we disclose ErbB4 as new intrinsic factor of
serotonergic subpopulations that acts as organizer of 5HT
long-range sub-circuits regulating the formation of emotional
and social memories.
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Adipose tissue is a dynamic organ, well known for its function in energy storage and
mobilization according to nutrient availability and body needs, in charge of keeping the
energetic balance of the organism. During the last decades, adipose tissue has emerged
as the largest endocrine organ in the human body, being able to secrete hormones as well
as inflammatory molecules and having an important impact in multiple processes such as
adipogenesis, metabolism and chronic inflammation. However, the cellular progenitors,
development, homeostasis and metabolism of the different types of adipose tissue are not
fully known. During the last decade, Drosophila melanogaster has demonstrated to be an
excellent model to tackle some of the open questions in the field of metabolism and
development of endocrine/metabolic organs. Discoveries ranged from new hormones
regulating obesity to subcellular mechanisms that regulate lipogenesis and lipolysis. Here,
we review the available evidences on the development, types and functions of adipose
tissue in Drosophila and identify some gaps for future research. This may help to
understand the cellular and molecular mechanism underlying the pathophysiology of
this fascinating key tissue, contributing to establish this organ as a therapeutic target.

Keywords: WAT, BAT, beige adipocytes, adipose tissue, adipose stem cells, drosophila, fat body development,
adepithelial cells

INTRODUCTION

In this manuscript we review the past and recent literature on the origin, development, types and function
of mammalian adipose tissue and put it in relation to physiological and disease conditions such as obesity,
diabetes, lipodystrophies or cancer-associated cachexia. We identify the gaps that need to be addressed
regarding the origin and development of this tissue and propose Drosophila as a suitable model organism
to explore those open questions. We review the existing evidences on the origin, development and function
of the adipose tissue (AT) of this organism, making a clear distinction between the embryonic and larval
stages and the adulthood, when the developmental programmes are finished. As we considered there are
two different scenarios where play different actors and also where same actors could play different roles.
We also review the available studies in Drosophila on the above-mentioned metabolic diseases.

MAMMALIAN ADIPOSE TISSUE AND ASSOCIATED DISEASES

The lifestyle of developed countries, where population have an easy access to high caloric food and
decreased physical exercise, has played important roles into the rise of obesity and Type 2 Diabetes
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Mellitus (T2DM) to the category of pandemics (Doria et al., 2008;
Guilherme et al, 2008; Saltiel, 2012). Global prevalence of
overweight and obesity combined has risen by 27.5% for
adults and 47.1% for children between 1980 and 2013 (Ng
et al, 2014). Furthermore, excess body weight is one of the
major risk factors contributing to the global incidence of
disease worldwide. According to the International Diabetes
Federation (IDF), more than 371 million people across the
globe have diabetes and this number is predicted to rise to
over 550 million by 2030. Adipose tissue (AT) plays also
important roles in other diseases. For instance, lipid storages
at AT are susceptible to be wasted by tumour-secreted molecules,
a fact known as cancer-associated cachexia (Rydén and Arner,
2007; Tsoli et al., 2016). This process is featured by increased
systemic inflammation, general metabolic dysfunction, and
elevated resting energy expenditure (Fearon et al., 2011).
Cachexia affects 50-80% of cancer patients and accounts for
up to 20% of cancer deaths. It is estimated that death normally
ensues when weight loss exceeds 30-40% (Arthur et al., 2014). In
this scenario, the understanding of adipocytes’ development will
improve our knowledge on metabolic diseases such as obesity and
T2DM, as well as on anomalous metabolic states that lead to
chronic inflammation. (Stephens, 2012; Wu et al, 2013;
Hotamisligil, 2017). Understanding in deep the biology of the
AT will allow the development of potential therapies targeting
thermogenesis as a means of increasing energy expenditure.

The Adipose Tissue as a Regulator of

Energy Homeostasis in Mammals

Energy is fundamental for life. Therefore, storage and
homeostasis of energy are key processes for any organism. In
the mammalian body, including that of humans, the energy that is
neither consumed nor converted into glycogen is stored in form
of neutral lipids in the adipocytes of the AT, more specifically in
the lipid droplets (LDs). The LDs are key organelles controlling
fat storage and mobilization (Olofsson et al., 2008; Beller et al.,
2010). They consist of a core of neutral lipids (triglyceride and
cholesterol esters) surrounded by a monolayer of phospholipid
and cholesterol in which several proteins are embedded (Thiam
and Beller, 2017).

Importantly, the AT is a plastic organ able to adapt to different
physiological circumstances to ensure energy distribution among
the different needs: metabolism, thermogenesis and lactation
(Cinti, 2018). AT can grow by either increasing the number of
adipocytes, which depends on adipocyte stem cells (ASC) or
increasing the LDs size. In fat oxidizing tissues, LDs expansion is
supported by specific mitochondria, known as peridroplet
mitochondria. Those remain bound to the LD even after the
homogenization the tissue and show specific features such as
enhanced bioenergetic capacity, reduced B-oxidation capacity,
supported LD expansion by providing ATP for triacylglycerides
(TAG) synthesis, and maintenance of a distinct protein
composition due to low fusion-fission dynamics (Benador
et al., 2018).

In mammals there are different types of ATs: white AT
(WAT), designed for energy storage, and brown AT (BAT),

Adipose Tissue in Development and Disease

TABLE 1 | Factors expressed in differentiated adipocytes.

Marker Adipocyte type
LEP, ASC1 White

TEMEM26, HOXC9, TBX1 Beige

UCP1, PRDM16, P2RX5 Beige and brown

ZIC1, LHX8 Brown

ADIPQ White, beige and brown

Abbreviations: ADIPQ), adiponectin; ASC1, asc-type amino acid transporter 1; HOXC9,
homeobox C9; LEP, leptine; LHX8, LIM homeobox 8; P2RX5, purinergic Receptor P2X,
ligand-gated ion channel 5; PRDM16, PR domain containing 16; TEMEMZ26,
transmembrane protein 26; TBX1, t-box 1; UCP1, uncoupling protein 1; ZIC1, zinc finger
protein of the cerebellum 1.

intended to dissipate energy and generate heat (Berry et al,
2013; Gupta, 2014). WAT is classified in subcutaneous or
visceral WAT, depending on its anatomical location (Cleal
et al, 2017). The two types of WATs have distinct
developmental timing, microscopic appearance, molecular
signature and certainly biological function. Subcutaneous
WAT may protect against certain aspects of metabolic
dysfunction (Snijder et al, 2003a; Snijder et al, 2003b).
Visceral WAT is associated with metabolic complications and
appears to increase the risk of T2DM, hyperlipidemia and
cardiovascular disease (Grauer et al., 1984). Increasing number
of evidences converge on to the idea that within mammalian
bodies there are different AT depots, which present a vast
heterogeneity among them, and contain the ASC that support
their homeostasis (Cleal et al., 2017).

Until recently, the functions of the BAT were associated to the
neonatal period (Novak et al., 1971) and the scientific community
thought that this type of fat was not present during the adulthood.
A bit more a decade ago, BAT was identified in adult humans and
it was found to be reduced, on mass and activity, in obese and
diabetic patients (Cypess et al., 2009; Cypess et al., 2013; Lidell
et al, 2013; Alcala et al., 2019). This finding pointed out to the
idea of enhancement of BAT preadipocyte differentiation and
proliferation as a therapeutic strategy to fight obesity (Alcald
et al,, 2019). Later evidences converged on to the idea that adult
human BAT shares molecular characteristics with murine “beige”
cells rather than classical brown cells (Wu et al., 2012; Cannon
et al., 2020).

“Beige” or “brite” adipocytes, also known as Beige Adipose
Tissue (BeAT), are energy-burning adipocytes, with “brown-like’
features, such as increased mitochondrial content, multilocular
storing of LDs, and the ability to burn off lipids as heat (Ikeda
et al,, 2018). BeAT is found in different spots of the adult body
within the WAT (Cypess et al., 2009; Cypess et al., 2013; Lidell
etal, 2013; Wu et al,, 2012; Whittle et al., 2011). Although beige
adipocytes share some markers with brown adipocytes, they also
show specific markers different from those of both brown and
white adipocytes (Table 1) (Sharp et al., 2012; Waldén et al., 2012;
Ussar et al., 2014).

In spite of their distinct functions, WAT and “Beige AT”
(BeAT) share the ability for reciprocal, reversible
transdifferentiation to tackle special physiologic needs. Thus,
chronic need for thermogenesis induces browning and chronic

Frontiers in Cell and Developmental Biology | www.frontiersin.org

99

December 2021 | Volume 9 | Article 786129


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Parra-Peralbo et al.

TABLE 2 | Mammalian AT secreted molecules.

Adipokines Leptin
Adiponectin®
Resistin

Fibrilin 1 (aprosin)?

Serpin family E member 1 (plasminogen activator inhibitor)

Apelin®
Intelectin 1 (omentin)
Retinol-binding protein 4

Nicotinamide phosphoribosyltransferase (visfatin)
Nucleobindin 2 (nesfatin 1)

Dipeptidyl peptidase IV
Endocannabinoids
Complement C3
Complement factor B

Alternate complement system

Complement factor D (adipsin)?
Fibroblast growth factor-21

Growth factors

Bone morphogenetic protein

Vasculotrophic factors
NO

CO

Angiotensin |l

Nerve growth factor
Semaphorin 3 and 6
Neuregulin 4

Tumor necrosis factor a
Interleukin 6

Interleukin 33
Interleukin 1B

Neurotrophic factors

Inflammatory cytokines

Vascular endothelial growth factor

C-C Motif chemokine ligand 5

Interleukin 8

C-X-C Motif chemokine ligand 12 (stromal cell-derived factor 1)
Macrophage migration inhibitory factor
C-C Motif chemokine ligand 2 (Monocyte chemoattractant protein-1)

Lipid metabolism Lipoprotein lipase

Cholesteryl ester transfer protein
Peptidase M20 domain containing 1

BAT-adipokines

Adipose Tissue in Development and Disease

LEP
ADIPOQ
RETN
FBN1
SERPINET (PAI-1)
APLN
ITLN1
RPB4
NAMPT
NUCB2
DPP-4

C3
CFB
CFD
FGF21
BMP
VEGFA

AGT
NGF
SEMABA/SEMABA
NRG4

TNFa

IL6

IL33

IL1B

CCL5 (RANTES)
IL8

CXCL12 (SDF1)
MIF

CCL2 (MCP1)
LPL

CETP

PM20D1

4Secreted also by skeletal muscles. In parenthesis, other used names for the same factor. NO, nitric oxide; CO, carbon monoxide.

positive energy balance induces whitening (Cohen and
Spiegelman, 2016; Cinti, 2018). Different signals, after birth
and adult state, will determine BeAT differentiation. While
Platelet activating factor and Interleukin 6 (IL-6) are
determining factors in BeAT development after birth,
B-adrenergic stimulation and IL-4 are active during adulthood
(Chung et al., 2017; Finlin et al., 2017; Babaei et al., 2018; Yu et al.,
2019; Hoang et al., 2021). Interestingly, a switch from BeAT to
WAT underlies cancer-associated cachexia, triggered by the
parathyroid-hormone-related protein (Kir et al, 2014
Petruzzelli and Wagner, 2016).

The Adipose Tissue in Signalling and

Inflammation in Mammals

AT is a large endocrine organ, insulin sensitive, that secretes
around 600 different adipokines, the hormones that act on distant
organs (Table 2) (Lehr et al., 2012a; Cinti, 2018) as well as a vast
diversity of other signalling molecules, such as metabolites, lipids,
non-coding RNAs or extracellular vesicles (Funcke and Scherer,
2019). Leptin and adiponectin are well known hormones secreted

by adipocytes (Cinti, 2018). Leptin inhibits appetite, stimulate
thermogenesis, enhance fatty acid oxidation, decrease glucose,
and reduce body weight and fat. Adiponectin mediates the
insulin-sensitizing effect (Yadav et al, 2013). Omentin,
secreted by non-adipocyte cells in the AT, acts as insulin-
sensitizing factor and it has been reported to have anti-
inflammatory, anti-atherogenic and anti-cardiovascular disease
properties (Tan et al., 2010). Dipeptidyl peptidase IV, secreted by
visceral white adipocytes from obese individuals, seems to be
associated to insulin-resistance development (Lamers et al., 2011;
Lehr et al,, 2012b).

AT is not only composed by adipocytes but also comprises as
well other cell types such as preadipocytes, fibroblasts, stromal
cells, T-cells, granulocytes, macrophages and monocytes
(Hotamisligil, 2017). During the last years, several adipokines
and cytokines secreted by AT and also other molecules of
signalling pathways linking AT metabolism and immune
system, have been identified. For example resistin, a hormone
secreted by macrophages M1, pro-inflammatory phenotype, that
infiltrate obese adipoctyes, produces a notable effect on systemic
metabolism by acting as a crosstalk between obesity-
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inflammation and metabolic diseases (Schwartz and Lazar, 2011).
Likewise, the dysfunction of AT is associated with the secretion of
multiple molecules that mediate the inflammatory response. In
fact, stressed adipocytes from obese ATs activate the
inflammasome system, which could induce a chronic low-
grade inflammation. Inflammation appears in other tissues
besides AT, including brain, liver, airways and pancreatic
islets. This inflammatory state is known as “metaflammation”
because it contributes to several immunometabolic diseases,
including  T2DM,  cardiovascular  disease,  asthma,
neurodegenerative  disease, cancer and lipodystrophies
(Hotamisligil, 2017; Cinti, 2018).

The Origin and Development of the
Mammalian Adipose Tissue

A great number of studies, most of them carried out in vitro, shed
light on the factors involved in differentiation of white, brown
and beige adipocytes, such as peroxisome proliferator-activated
receptor gamma (PPARy), CCAAT/enhancer binding proteins
(C/EPB), krupper-like factors (KLFs), peroxisome proliferator-
activated receptor gamma coactivator-1 alpha (PGCla) or
nuclear factor I A (NFIA) (reviewed at (Hiraike et al., 2017;
Cinti, 2018; Hiraike et al, 2020). However, the initial
commitment of mesenchymal progenitors to the adipocyte
lineage remains less explored (Billon et al., 2007).

A comprehensive understanding of the origin of white/brown/
beige adipocytes differentiation is of upmost interest given the
potential to induce browning AT in obese patients (Cypess and
Kahn, 2010). It is accepted that animals with more BAT are more
resistant not only to obesity but also to T2DM (Kopecky et al.,
1996; Collins et al., 1997; Guerra et al., 1998; Almind et al., 2007).
Conversely, animals without functional BAT are prone to obesity
and T2DM (Lowell et al., 1993; Bachman et al., 2002; Feldmann
et al., 2009). Attempts to block lipid storage or inhibiting WAT
development failed, as several studies have shown that this
strategy drives fat accumulation in organs not specialized for
fat storage. This condition is known as “ectopic lipid” and has
been associated with insulin resistance and the development of
T2DM (Gastaldelli, 2011).

BAT, WAT and BeAT can develop from both neural crest and
mesoderm, specifically BAT develops from paraxial mesoderm
and WAT and Beige AT does from lateral plate mesoderm (Billon
et al., 2007). Periaortic arch adipose tissue (PAAT), which is
composed of both BAT and WAT, is derived from multiple cell
lines, being neural crest cells the main contributors (Fu et al,
2019). Furthermore, brown adipocytes could arise from
Myogenic Factor 5 (MYF5)-expressing myogenic precursor
cells by the action of PRDM16 (PRD1-BF1-RIZ1 homologous
domain containing 16). PRDM16 controls a bidirectional cell fate
switch between skeletal myoblasts and BeAT cells and it is also
responsible for beige cells found within WAT depots (Seale et al.,
2008; Enerbick, 2009; Lshibashi and Seale, 2010; Petrovic et al.,
2010; Seale et al, 2011). PRDMI16 gene expression is
downregulated by miR-149-3p during fasting conditions
allowing the switch from subcutaneous to visceral AT (Ding
et al., 2016).

Adipose Tissue in Development and Disease

The specific origin of the beige adipocytes remains to be
clarified. Some evidences support the idea that they arise from
unique precursor cells (Wu et al., 2012), but others suggest that
they may arise from white adipocytes in a process referred to as
transdifferentiation (Cinti, 2012; Cinti, 2018).

Moreover, developed spots of both BAT and WAT present a
remarkable adipocytes’ heterogeneity. Low- and high-
thermogenic brown adipocytes with distinct features and
functions coexist in BAT. Low-thermogenic brown adipocytes,
unlike the high-thermogenic ones, show low Ucpl and Adipog
expression, larger lipid droplets, lower mitochondrial content and
are functionally specialized in fatty acid uptake (Song et al., 2020).
Similarly, functional heterogeneity is found when comparing
subcutaneous and omental preadipocytes, which show distinct
capacities for replication, adipogenesis and apoptosis (Tchkonia
et al., 2005).

To study in deep all aspects of adipocyte biology is required to
know the molecular properties of adipose precursor cells and the
ontogeny of fat cells in vivo (Gupta, 2014). Understanding the
origin and differentiation of the different types of adipocytes
might pave the way for future therapies for obesity, T2DM,
cancer-associate cachexia and immunometabolic diseases
(Stephens, 2012; Jung et al.,, 2019).

OPEN QUESTIONS ON THE ORIGIN AND
FUNCTION OF THE ADIPOSE TISSUE

One of the most important open questions is the origin of the AT:
which factor(s) are required for the specification of the AT
primordium, how proliferation of ASC is regulated and how
ASC differentiate into adipocytes. The identification and
characterization of the ASC population is fundamental to
understand AT development, formation and maintenance.

Equally important is to study how the ASC contribute to the
homeostasis and maintenance of the AT under both normal
energy intake and excess nutrient load. In the same way, it would
be critical to know the growth factors and developmental
signalling pathways altering ASC behaviour and adipocyte
formation. Furthermore, although some factors determining
fat cells fate has been described, most of these studies have
been carried out in vitro and their role in vivo has not been
explored (Berry et al., 2013; Gupta, 2014; Jung et al., 2019).

Last but not least, the growing number of functions in which
the mammalian AT is involved require further studies, being the
use of model systems an important tool to be exploited
(Hotamisligil, 2017).

DROSOPHILA AS A MODEL TO STUDY
ADIPOSE TISSUE

The ability to store nutrients, mainly in form of TAG, is
conserved from yeast to human (Kadereit et al, 2008)
(Figure 1). Even though a better knowledge on AT from an
evolutionary perspective could improve our understanding on the
development, function and dysfunction of this organ, this theme
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FIGURE 1 | Evolution of the adipose tissue (AT). Presence of fat cells, fat organs and proper AT is indicated in different phyla and species throughout evolution.

WAT, BeAT WAT, BeAT
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remain as a neglected enigma (Ottaviani et al., 2011). TAG
synthesis and lipolysis related genes are already present in
unicellular organisms such as Saccharomyces cerevisiae or
Candida parapsilosis (Zweytick et al., 2000; Neugnot et al.,
2002; Daum et al., 2007). Caenorhabiditis elegans also stores
TAG in form of LDs in the intestinal epithelial cells (Watts, 2009).

The ability to, not only store fat, but also to secrete
endocrine factors is already present in molluscs. Haliotis
fulgens or Helix aspersa store TAG in the midintestinal
gland known as hepatopancreas. This also secretes a glucose
lowering level hormone, Phe-Met-Arg-Phe-amide (FMRFa),
belonging to the evolutionarily conserved RF-amide
neuropeptide family (Részer and Kiss-Toth, 2014).
Neuropeptide FF (NPFF) an anorexigenic peptide, also
member of this family, is critical to keep a basal NPY gene
expression at arcuate nucleus and promote diet-induced
thermogenesis, coupling energy homeostasis with energy
partitioning to AT and bone tissue (Zhang et al., 2018).
Moreover, NPFF is able to promote macrophage M2, anti-
inflammatory phenotype, activation and increase the
proliferation of murine and human adipose tissue
macrophages (Waqas et al., 2017). Latter in evolution, the
AT, in addition to serve as a fat storage and endocrine tissue, is
also involved in immunity, as is the case of insects. The lipid
storage tissue in insects is known as fat body (FB), which is an
endocrine-secreting organ involved in nutrient sensing,
development, metabolism, immunity and reproduction
(Doane, 1960; Dean et al., 1985; Charroux and Royet, 2010).

WAT is present in most of vertebrate taxa, including fish,
amphibian, reptiles and mammals (Gesta et al., 2007; Todorcevi¢
et al., 2009; Imrie and Sadler, 2010). Lampreys, at the base of
vertebrates’ evolution, present fat cells with similar
morphological characteristic to white and brown adipocytes
(Miller, 1968), which is in conflict with the generally accepted
idea about BAT is not present in cold-blooded vertebrates.

BAT is larger in small mammals, such as mouse, than in
human. A recent debate points out to mice BAT, rather than the
human adult BAT, as a classic defined BAT and, therefore,
considers mouse the best model to study the development of
this tissue (Cannon et al., 2020).

However, considering the complexity of the AT in mammals, a
simpler model than mouse is required to study the development
and determination of this tissue. A model organism that allows
performing genetics analysis in vivo would be suitable to address
those open questions. In this regard, Drosophila represents a good
model for the study of AT based on its genetics accessibility, the
lower complexity of the AT and the functional conservation of
this tissue along evolution.

Drosophila melanogaster has been used for more than
100 years to study conserved biological processes and decipher
the molecular and genetic basis of multicellular organisms, as well
as a vast number of human diseases (Yamaguchi and Yoshida,
2018). Several studies have established Drosophila as a model to
study obesity and metabolic diseases [reviewed at (Musselman
and Kithnlein, 2018)]. Importantly, molecules and signalling
pathways involved in the regulation of metabolism and
physiology of the AT in mammals are conserved in
Drosophila. For instance, Drosophila insulin/insulin like
growth factor signalling (IIS) acts as a conserved satiety
pathway promoting glucose uptake by peripheral tissues
(Saltiel and Kahn, 2001) and sustaining sugar and lipid
anabolic processes (Kim and Rulifson, 2004; Buch et al., 2008).
Glucagon-like peptide adipokinetic hormone (Akh) signalling,
conversely, is activated in response to reduced nutrient
availability and promotes mobilization of energy reserves (Kim
and Rulifson, 2004; Lee and Park, 2004; Bharucha et al., 2008).
Short neuropeptide F (sNPF) is a functional homolog of
mammalian orexigenic Neuropeptide Y (Niassel and Wegener,
2011), and its overexpression in sSNPF-producing neurons causes
hyperphagia and body fat accumulation in flies (Baumbach et al.,
2014). Conversely, downregulation of this gene in sNPF-positive
neurons reduces food intake (Lee et al., 2004). More recently,
Drosophila has been demonstrated to be a good model to study
T2DM. Flies fed on high sugar diet (HSD) develop diabetes
showing increased levels of glucose in their hemolymph
(blood-like system), insulin resistance and heart dysfunction
(Palanker Musselman et al., 2011; Pasco and Léopold, 2012;
Na et al., 2013). Drosophila has also been used as a model to
identify new regulators of mammalian glucose metabolism
(Ugrankar et al., 2015) and has made important contributions
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Adult Fat Body *

FIGURE 2 | Drosophila melanogaster fat body and mammalian functional orthologous organs. Left, schematic representation of Drosophila melanogaster adult
animal. Fat body is in orange, heat in red and digestive system in green. *Adult Drosophila FB is represented here using a composition made by repeating a confocal
image of a single panicle of one the dorsal abdominal segments from an adult female fly. Confocal image shows adipocytes in yellow (Nile Red staining) and oenocyte
nuclei in blue (DAPI staining). Right, illustrations show mammalian liver and adipose tissue (cells in orange) infiltrated with immune cells (blue and purple cells).
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to understand the main components of signalling pathways
involved in tumour development, including the cancer
associated cachexia (Figueroa-Clarevega and Bilder, 2015;
Enomoto et al.,, 2018; Saavedra and Perrimon, 2019).

Studies to fully understand the regulation of lipid
metabolism in Drosophila are ongoing. It is well known that
lipids are taken by adipocytes from the hemolymph, and are
esterified and stored as TAGs and cholesterol esters. Moreover,
the Drosophila FB, functionally equivalent to mammalian AT
and liver, carries out glycolysis and lipogenesis using
carbohydrates (Figure 2) [reviewed at (Arrese and Soulages,
2010)]. Also, cellular lipid uptake as well as lipid transport and
lipoprotein metabolism has been well studied in Drosophila
(Parra-Peralbo and Culi, 2011; Palm et al., 2012; Rodriguez-
Vazquezetal., 2015; Yin et al., 2021). Furthermore, fly mutants
in Lipin, a phosphatidate phosphatase required for normal
insulin pathway signalling that plays a central role in FB
function and energy metabolism, Seipin, a transmembrane
protein with roles in ER calcium homeostasis and lipid
storage, or Sik3 (Salt-inducible kinase 3), a kinase involved
in lipid catabolism by regulating bmm gene expression show
reduced lipid content and lipodystrophy (Li et al., 2019). All
together make this model organism suitable to study different
types of lipodystrophies.

As Edward O. Wilson said in “Letters to a young Scientist” for,
each biological question there is a suitable system for discovering
the answer (Wilson, 2013). In that case, we, as Azeez and
collaborators, think that Drosophila melanogaster is a suitable
system to identify the primordium of AT and the population of
ASCs in adults, as well as to characterize the adult AT in order to
understand the adipocyte biology (Azeez et al., 2014). As a proof
of principle, Pospisilik et al (Pospisilik et al, 2010) found
Hedgehog as a determinant of Brown versus White adipose
cell fate, using Drosophila as a model system. In addition, a
well-established cell linage tracing system, G-TRACE, has been a
key tool for exploring origin, development and differentiation of
tissues in Drosophila (Evans et al., 2009), only very recently
available in mammalian model systems (Berry et al, 2013;
Jung et al., 2019).

ORIGIN AND DEVELOPMENT OF
EMBRYONIC FAT BODY PRECURSORS

The Drosophila FB arises from the embryonic mesoderm
(Hartenstein and Jan 1992). At stage 11, the progenitor fat
cells arise from nine bilateral clusters of cells in the inner
mesodermal layer that span the parasegments 4 through 12
and the mesoderm separates in the splanchnopleure and
somatopleure. The somatopleure will give rise to the FB,
somatic musculature and other cell types (Campos-Ortega and
Hartenstein, 1985). FB cells” lineage can be traced by analyzing
the expression patterns of the genes Alcohol dehydrogenase (Adh),
Collagen type IV alpha 1 (Col4al), the steroid hormone receptor
seven up (svp) and serpent (srp), as well as the enhancer-trap line
29D that exhibits an expression pattern restricted to developing
embryonic fat cells (Hoshizaki et al., 1994) (Tables 3, 4). This
enhancer-trap line allowed tracing the fat-cell lineage to nine
bilateral cluster of cells within the emerging mesoderm,
representing the progenitor fat cells. The svp-positive cells at
stage 12 identified early precursor fat cells, and the expression of
Adh and Col4al was used to identify the terminal fat cell
differentiation at stage 15. By late stage 15/16 embryo, mature
fat cells coalesce into a single cell thick FB layer throughout the
abdomen and form three domains: the lateral FB, the dorsal fat
cell projection, and the ventral collar (Miller et al., 2002). Finally,
the expression of the GATA-like transcription factor Srp is a
marker for the early stages of fat cell development (Sam et al.,
1996). Other enhancer traps-lines that drive expression in fat cells
at larval and adult stages are 3-76a, X8-157a, and I(3)2E2.
Interestingly, I(3)2E2 regulates svp gene expression (Hoshizaki
et al,, 1995). Therefore, svp and the gene(s) near to the enhancer
trap 29D were suggested to be key factors for determination and
differentiation of embryonic FB (Tables 3, 4) (Hoshizaki et al.,
1994).

The development of the FB requires the GATA-like
transcription factor Srp, necessary and sufficient for the
progression through the early stages and development of fat
cells (Saltiel and Kahn, 2001; Buch et al., 2008; Musselman
and Kihnlein, 2018). In fact, FB and gonads derive from
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TABLE 3 | Factors and signalling pathways playing a role in fat body development or function.

Factor/pathway Abbreviation Human homolog Stage Function References
Adipokinetic hormone (Akh)/Akh  Akh/AkhR Functional homolog to LA Carbohydrate and lipid Fu et al., (2019), Seale et al., (2008),
receptor signalling glucagon mobilization Enerbéck (2009), Daum et al. (2007),
TM. (1978), Butterworth et al., (1988),
Britton and Edgar. (1998), Guarner
et al., (2017), Britton et al. (2002),
Hoshizaki. (1994)
Alcohol dehydrogenase Adh 15-hydroxyprostaglandin E Fat metabolism Todorcevic et al. (2009)
dehydrogenase
Bigmax Bigmax Max-like protein X L Sugar sensing and lipogenesis Arrese and Soulages, (2010)
Brummer lipase Bmm Adipose triglyceride lipase, L, A Lipolysis independent of Akh Yamada et al. (2018)
ATGL
Cabut Cbt Kruppel-like factors 10 L Transcriptional repression upon Arrese and Soulages, (2010)
and 11 sugar sensing
CAMP-responsive element dCREB2 CREB/CREM A Akh target. TAG storage (Seale et al., 2008; Ren et al., 2015)
binding protein B modulation
CCHamide-2? CCHa2 Neuropeptide L lp2 and 5 expression and Ugrankar et al., (2019), Ugrankar et al.
secretion (2011)
Dawdle® Daw Activin [ DILPs secretion, inhibition of Bi et al. (2012), Beller et al. (2006)
carbohydrase and lipase at
intestine
Dorsal DI RELA proto-oncogene L Toll target, induced by fungi and Gronke et al. (2010)
Gram-positive bacteria
Dorsal-related immunity factor Dif RELA proto-oncogene L Toll target, induced by fungi and Gronke et al. (2010)
Gram-positive bacteria
DP Transcription Factor DP Transcription Factor Dp-1, L Endoreplication Baumbach et al. (2014)
TFDP1
Drosophila insulin/insulin like ISS Insulin like signalling L Coordination of nutritional status, Feldmann et al., (2009), Gastaldelli,
growth factor (IGF) signalling endoreplicating tissue metabolism  (2011), Baumbach et al. (2014), Fu
and growth. Determination of final et al., (2019), Lee et al., (2004), TM.
body size. Inhibition of immune (1978), Palanker et al., (2009), Reis
gene expression et al., (2010), Bartok et al. (2015), Palu
and Thummel (2016)
E2F Transcription Factor1, 2 E2f1, E2f2 E2F Transcription Factor 1-6 L Endoreplication Baumbach et al. (2014)
Ecdysone signalling Ec NF L Antagonist to ISS, systemic growth  Walther and Farese, (2012)
inhibition
Eiger® Egr Tumor necrosis factor alpha, L Activation of JNK-dependent Pancreatic Hormones (1990)
TNFalpha inhibition of llps production
Endoplasmic reticulum Edem1 ER degradation enhancing L Systemic insulin signaling Isabel et al. (2005)
degradation enhancing alpha-mannosidase like maintenance
a-mannosidase-like protein 1 protein 2
Extracellularly regulated kinase 7 Erk7 Mitogen-activated protein L Growth, lipid storage and Riechmann and Rehorn, (1998)
kinase 15 adaptation to nutrient shortage
Forkhead box, sub-group O Foxo FOXO3 L, A Inhibition of Daw expression. Werthebach et al. (2019)
Increased lifespan
Glass bottom boat Gbb Bone morphogenetic L FB development and metabolic Moore et al. (1998)
protein 7 homeostasis
Growth blocking peptide 12 GBP1 Epidermal growth L Induction of llp secretion Hasygar et al. (2021)
factors, EGF
Growth blocking peptide 2% GBP2 Epidermal growth L Induction of lip secretion Hasygar et al. (2021)
factors, EGF
Hepatocyte nuclear factor 4 Hnf4 Hepatocyte nuclear factor 4 L Carbohydrate metabolism Palm et al. (2012), Rodriguez-Vazquez
gamma et al.,, (2015)
Histone deacetylase 4 HDAC4 HDAC A Akh target under short fasting Delanoue et al. (2016), Koyama and
condition. Lipolysis Mirth. (2016)
Imaginal morphogenesis protein-  ImpL2 Insulin-Like Growth Factor LA Binds DILPs extracellularly and Kadereit et al., (2008), Schaffer et al.,
late 22 Binding Protein 7, IGFBP7 inhibits 1SS, tumour-mediated FB ~ (1990)
wasting
Immune deficiency signalling Imd NF L Immunity, inhibition of growth, Gronke et al., (2010), Post et al., (2018)
reduction of ISS/TOR signalling
and TAG storage
Insulin like peptide 2 llp2 Insulin [ Regulate glycogen synthesis Fu et al. (2019)
Insulin like peptide 3 1Ip3 Insulin L Synthesis and release of trehalose  Butterworth et al. (1988)
into hemolymph
Insulin like peptide 5 lIp5 Insulin L Regulate glycogen synthesis Fu et al. (2019)
(Continued on following page)
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TABLE 3 | (Continued) Factors and signalling pathways playing a role in fat body development or function.

Factor/pathway Abbreviation Human homolog Stage Function References

Insulin like peptide 6% lp6 Insulin L Toll pathway target, repression of  Zimmermann et al., (2004), Heine
DILP2, lifespan extension et al., (2018), DiAngelo and Birnbaum,

(2009)

Insulin like peptide 7 lip7 Insulin [ Regulation of TAG synthesis Palu and Thummel, (2016)

Kruppel Kr BCL6 transcription repressor L Fat determination/differentiation (?)  Todorcevic et al., (2009), Palanker
Musselman et al., (2011)

Lipid storage droplet-1 Lsd-1 Perilipin 2 [ Lipolysis Evans et al. (2009), Campos-Ortega
and Hartenstein. (1985)

Lipid storage droplet-2 Lsd-2 Perilipin 2 L Involved in TAG storage (Hartenstein and Jan 1992,
Campos-Ortega and Hartenstein,
(1985)

Lipin Lpin Lipin 3 L FB development and TAG storage  Hoshizaki et al. (1995)

Liver kinase B1 Lkob1 Liver kinase B1 A Akh/AKhR signalling target under Delanoue et al., (2016), Koyama and
short fasting condition. Lipolysis Mirth, (2016)

mir-8 stem loop miR-8 microRNA 200a L Ec signalling target, growth Schaffer et al., (1990), Hughson et al.
regulation (2021), Young and Zechner. (2013)

Mondo Mondo MLX interacting protein L Sugar sensing and lipogenesis Enomoto et al., (2018), Saavedra and

Perrimon, (2019), Arrese and
Soulages, (2010)

Myc Myc MYC proto-oncogene L Ec signalling target, control of Schaffer et al., (1990), Arrese et al.,
glucose and lipid metabolism, llp2  (2006), Galikova et al., (2015)
secretion

NAD + dependentdeacetylase Sirt1 Sirtuin 1 L Inhibition of TAG storage Yin et al. (2021)

Sirtuin 1

NAD + dependent deacetylase Sirt2 Sirtuin 2 L, A Glucose homeostasis and Rodriguez-Vazquez et al. (2015)

Sirtuin 2 peripheral insulin sensitivity.

Increased lifespan

No child left behind Nclb PWP1 homolog L ERKY target, growth-promoting Riechmann and Rehorn, (1998)
downstream effector of mTOR

PDGF- and VEGF-related factor 1 Pvf1 Platelet derived growth factor A Repression of lipid synthesis by Luong et al., (2006), Sousa-Nunes
activating TOR signaling at et al., (2011)
oenocytes at the end of AT
development. Tumour-mediated
FB wasting

protein 53 p53 protein 53 L Sensing nutrient stress and Gronke et al. (2003)
metabolic homeostasis, AMPK
target

Relish Rel Nuclear factor kappa B L Imd target, induced by Gram- Gronke et al. (2010)

subunit 1 negative bacteria

Salt-inducible kinase 3 Sik3 SIK family kinase 3 A Akh/AkhR signalling target under Delanoue et al., 2016, Koyama and
short fasting conditions. Insulin Mirth, 2016)
target feeding conditions. Lipolysis

Serpent Srp GATA binding protein 1 E Fat determination/differentiation Todorcevic et al., (2009), Saltiel and

Kahn, (2001), Buch et al., (2008),
Musselman and Kuhnlein, (2018)
Seven up Svp Nuclear receptor subfamily 2 E,L, A Fat determination. Immunity and Todor&evic et al. (2009)
group F member 2 xenobiotic response
Slimfast Slif Solute carrier family 7 L Amino acid sensing Cermelli et al. (2006)
member 1

Snazarus Snz Sorting nexin 25 L Activation of TAG storage a t Sam et al. (1996)
peripheral LD

Stearoyl-CoA desaturase Desat1 Stearoyl-CoA desaturase 5 [ Fatty acids and lipid biosynthesis ~ Arrese et al. (2006)

Store-operated calcium entry SOCE Store-operated calcium entry A Akh/AkhR signalling target. TAG Petrovic et al. (2010)
storage modulation

Stunted® Sun ATP synthase F1 subunit L TOR signalling target, llp secretion  Ballard et al. (2010)

epsilon
Sturkopf Sturkopf Lipid droplet associated L Endocrine physiology regulation Miller et al. (2002)
hydrolase (ISS and JH pathway)
Sugarbabe Sug Gli-similar transcription factor L ERK?7 target, lipogenic TF Enomoto et al., (2018), Riechmann
and Rehorn (1998)
Target Of Rapamycine signaling  TOR mTOR signalling L Cellular nutrient sensing Cermelli et al., (2006), Krahmer et al.
(2013), Gronke et al. (2003), Ballard
et al. (2010)

Telomere fusion Tefu ATM serine/threonine kinase L Lee et al. (2004)

(Continued on following page)
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TABLE 3 | (Continued) Factors and signalling pathways playing a role in fat body development or function.

Factor/pathway Abbreviation Human homolog

Triglyceride Lipase TGL Lipase A, lysosomal acid type

Toll signalling Toll Toll-like receptor family
signalling

Type IV collagen Coldal Collagen type IV alpha 1
chain

Uncouple protein 4C Ucp4C Uncouple protein 1

Unpaired 22 Upd2 JAKSTAT ligand, functional

homolog to leptin

AFB-secreted factors. Abbreviation: NF, not found; E, embryo; L, larvae; A, adult.

TABLE 4 | Enhancer trap lines.

Enhacer trap Cells Cytological location
29D EFC 58DE

I (3)2E2 EFC, LFC, AFC 87B (seven up)
3-76a EFC, LFC, AFC, ADEC 5CD

X8-157a EFC, LFC, AFC, ADEC 19D

RD721 LFC, AFC 58C

RD1937 LFC, AFC 3CD

| (20734 LFC, AFC Chr 2

| (2)895 LFC, AFC 60F (kruppel)

| (2)3552 LFC, AFC Chr 2
1(2)10,435 LFC, AFC Chr 2

I (34504 LFC, AFC Chr 3

| (3)7842 LFC, AFC Chr 3

S3358 LFC, AFC 26D

rP445 LFC, AFC 24A

AS3 LFC, AFC 25BC

RD1272 LFC, AFC 64B

RD61 AFC 54BC

Abbreviations: EFC, embryonic fat cells; L, larvae fat cells; A, adult fat cells; ADEC,
adepithelial cells. In parenthesis, genes probably regulated by those enhancers.

mesoderm and abdA allows gonadal mesoderm to develop by
repressing Srp function in this region (Moore et al., 1998).

ORIGIN AND DEVELOPMENT OF THE
LARVAL FAT BODY

The larval FB is a single cell layer that spreads along the larval
body cavity, surrounding the gut and reproductive organs and
being exposed to the hemolymph (TM. (1978); Dean et al., 1985).
Larval FB contains 2200 cells, a number that remains constant
throughout FB development. At larval stages, the FB growth is
achieved by increasing cell size through endoreplication cycles,
with successive rounds of DNA synthesis without mitosis
(Butterworth et al., 1988; Britton and Edgar, 1998). Cell size
changes are associated with the accumulation of LDs, glycogen
deposits and protein granules. The endocycling progression in the
FB cells requires the heteromeric transcription factor complex
E2f1/E2f2/DP to repress telomere fusion (tefu) and suppress DNA

Stage Function References
E2F/DP target, inhibition of DNA
damage response

L Lsd-1 target. Lypolisis Britton et al. (2002)

L Immnunity, inhibition of growth, Palanker et al., (2009), DiAngelo and
reduction of ISS signallingand TAG ~ Birnbaum, (2009), Okamoto et al.
storage (2009), Slaidina et al. (2009), Gronke

et al. (2010)

E Fat metabolism Todorcevic et al. (2009)

A Dissipation of energy in the Rajan and Perrimon, (2012), Ingaramo
mitochondria et al., (2020)

L p53 target, DILPs secretion Teixeira et al., (2003), Gronke et al.

(2003)
damage responses (Guarner et al, 2017). In addition,

endoreplication in the FB cells is tightly regulated in response
to nutrition and depends on IIS (Britton et al., 2002).

Evidences suggest that the development of larval FB might
require the expression of various unidentified genes, revealed by
the expression of a number of enhancer traps (Table 4) including
3-76a, X8-157a, 1(3)2E2. Specifically, the last one regulates the
gene expression of svp, suggesting that Svp activity might be
involved in that process. kruppel (kr) expression is not detected in
fat cells during embryogenesis, nor during the first- and second-
instar stages. However, Kr is expressed in fat cells at the stage
previous to metamorphosis and in adults (Table 4). It is possible
that Kr serves as a transcriptional regulator in the FB in this last
larval instar (Table 3) (Hoshizaki, 1994; Hoshizaki et al., 1994).
According to that, it has been found that Kruppel-like factor 11
(KLF11) is a novel browning transcription factor in human
adipocytes (Loft et al,, 2015).

At the end of the larval development, the FB undergoes a
remodelling process with massive autophagy that initiates the
pupal transition. The larval FB decreases gradually throughout
metamorphosis, and during the first 3 days of adulthood, until no
more cells can be observed.

ROLES OF THE LARVAL FAT BODY

The Drosophila larval FB is involved in multiple functions that
allow the coordination of the metabolic homeostasis. Larval FB
extends as a longitudinal fat sheet at each larval body side.
Salivary glands present also an associated-FB whose function
is unknown. The most important functions of this tissue include
the storage and release of energy, the nutrient sensing function,
and the role in the systemic immunity (Figure 3). These functions
are regulated by hormones and require the crosstalk of the FB
with other tissues. The pathways that adjust the growth rate to the
nutritional conditions are the IIS and the target of rapamycin
(TOR) pathways, and those involved in the systemic immunity
are the Toll and Immune deficiency (Imd) pathways. In the next
sections, we review the current knowledge about the role of these
signalling pathways and the main factors involved in the different
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FIGURE 3 | Schematic representation of the diverse functions of Drosophila fat body in larvae. Top, larvae brain represented in soft purple. Abbreviations: Akh
Adipokinetic hormone; AkhR, Akh receptor; AMPK, AMP-activated protein kinase; CC, corpora cardiaca; CCHa2, CCHamide-2; Daw, Dawdle; Ec, ecdysone; EcR,
ecdysone receptor; Egr, Eiger; GBP1/2, Growth blocking peptide 1/2; ImpL2, Imaginal morphogenesis protein-late 2; Imd, Immune deficiency; lips, insulin-like peptides;
IIp6, Insulin-like peptide 6; IPC, insulin producing cells; IR, insulin receptor; miR-8, mir-8 stem loop; PG, prothoracic gland; Sun, Stunted; Svp, Seven up; TOR,

target of rapamycin; Upd2, Unpaired 2.
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functions of the larval FB and in its communication with other
tissues.

Store and Release of Energy Reserves
Similar to the mammalian WAT, the Drosophila larval FB stores
and releases energy in response to the organism energetic
demands. The energy is stored mainly in the form of glycogen
and of TAGs, the lipolysis products of those being transported to
other tissues to support growth and survival.

Carbohydrates

In Drosophila, glycogen is the main storage form of carbohydrates
and is found in the body wall muscles and in the FB in late larval
stages (Baker and Thummel, 2007; Garrido et al, 2015). In
addition to glycogen, trehalose is synthesized in the FB and
released into the hemolymph. Upon starvation, glycogen is
mobilized to maintain the circulating sugar levels (Mattila
et al., 2015; Yamada et al,, 2018). In mammals, the sensing of
sugar at intracellular levels is mediated by the heterodimer
formed by the conserved bHLH-Zip transcription factors
ChREBP (Carbohydrate Response Element Binding Protein)
and MondoA, together with their common partner Mlx (Max-
like protein X), which are activated by sugars and promote the
conversion of sugars to lipids. They control most of the sugar-
responsive genes as well as carbohydrate, amino acid and lipid
metabolism (Havula and Hietakangas, 2012; Mattila et al., 2015).
In Drosophila, the single orthologs of ChREBP/Mondo and Mlx
are Mondo and Bigmax, respectively, and this transcriptional

network is essential for sugar tolerance also in this organism.
Accordingly, the Mondo-Bigmax deficient Drosophila larvae
presents lethality on any diet containing high levels of sucrose,
glucose or fructose (Havula et al., 2013). In addition to the
regulation of metabolic genes, Mondo-Bigmax regulate the
expression of the TGFp/Activin ligand Dawdle (Daw), the Gli-
similar transcription factor Sugarbabe and the orthologue of
mammalian Kruppel-like factors 10 and 11, Cabut (Bartok
et al.,, 2015; Mattila et al., 2015). As detailed in next sections,
the intracellular glucose sensing by Mondo-Bigmax is coupled to
systemic growth through Daw. Other nutrient sensors involved in
sugar tolerance are the nuclear receptor Hnf4 (Hepatocyte
nuclear factor 4) and the NAD"-dependent deacetylase Sirtuin
1 and 2 (Sirtl, Sirt2). Hnf4 plays a critical role in carbohydrate
metabolism as shown by the Hnf4 mutant larvae, which display
highly elevated circulating glucose and trehalose levels and
defects in lipid homeostasis (Palanker et al., 2009; Palu and
Thummel, 2016). Sirt2, is required in the FB to maintain
glucose homeostasis and peripheral insulin sensitivity by
deacetylating and stabilizing Hnf4 through protein interactions
(Palu and Thummel, 2016). Moreover, Sirtl negatively regulates
TAG accumulation in the larval FB (Reis et al., 2010).

Lipids

TAG is the main lipid form in the FB, which is synthesized
from dietary carbohydrates, fatty acids or proteins and is
stored in intracellular LDs. Similarly to mammals, LDs of
different sizes belong to distinct functional classes, which
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differ in their properties owing to differential association with
particular sets of LD-associated proteins (Wilfling et al., 2013).
Characterization of the LD proteome at different stages
uncovered that LD-associated proteins are different
according to the functional complexity among LDs
(Cermelli et al.,, 2006; Beller et al., 2010; Walther and
Farese, 2012; Krahmer et al., 2013). The best characterized
LD proteins in the FB during the larval life are Lsd-1 and Lsd-2
(Lipid storage droplet-1 and -2), homologous to the
mammalian PAT domain protein family (Perilipin, ADRP,
and TIP47) (Gronke et al., 2003; Teixeira et al., 2003). Lsd-2 is
required for storage of TAG, whereas Lsd-1 stimulates TAG
hydrolysis (Bi et al., 2012). The subproteome analysis of LDs of
Drosophila FB identified 248 proteins (Beller et al., 2006). Most
of them were involved in cellular metabolism but proteins have
been identified with diverse biological functions, including
intracellular transport, cell organization and cell biogenesis.
For instance, the droplet-associated protein Sturkopf has a role
in endocrine physiology regulation (Werthebach et al., 2019).
The sturkopf mutant adults show a mild decrease in TAG
storage levels. However, they fail to adjust their developmental
rate to dietary yeast-to-sugar ratio changes, suggesting a
function in insulin and juvenile hormone signalling
activities. Moreover, distinct spatially LD populations have
been described in Drosophila FB: the peripheral LDs, in contact
with the plasma membrane, and the larger cytoplasmic medial
LDs. The peripheral LD homeostasis is regulated by Snazarus
(Snz), which binds to LDs and promotes TAG storage
(Ugrankar et al., 2019).

Interestingly, the regulation of lipid homeostasis is coupled to
FB development and growth. For example, Lipin, which converts
phosphatidate to diacylglycerol, is required for normal FB
development and TAG storage (Ugrankar et al., 2011). Loss of
Lipin in Drosophila leads to severe defects in the development of
the FB with changes in cell nucleus, mitochondria,
autophagosome formation and size of LDs. Similarly, the
Drosophila BMP-5,7 orthologue, glass bottom boat (gbb), is
also required for the development of the larval FB and for
maintaining proper metabolism. gbb mutants exhibit
developmental delay and altered FB morphology with reduced
total lipid, glucose and trehalose levels (Ballard et al., 2010). A
recent study shows that the FB expression of the atypical MAP
kinase, Erk7 (Extracellularly regulated kinase 7), inhibits cell
autonomous and systemic growth and lipid storage. Erk7
expression is upregulated by fasting and, therefore, contributes
to the adaptation to nutrient shortage. Erk7 regulates the
subcellular localization of the chromatin binding protein No
child left behind (Nclb), a growth-promoting downstream
effector of mTOR, and inhibits the expression of the lipogenic
transcription factor gene sugarbabe (Hasygar et al., 2021).

The Insulin/Glucagon Axis

The energy storage in the FB during the larval development is
required during low nutrient conditions and for the survival
during the non-feeding periods, such as before and during
metamorphosis and during the early stages of adulthood. The
maintenance of the metabolic homeostasis requires the
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communication between the nutrient-storing FB and the
consuming tissues.

In mammals, the main hormones that regulate the
mobilization of fat and glucose are insulin and glucagon
(Freychet P. 1990). Insulin is secreted by pancreatic p cells in
response to high blood sugar levels, which triggers glycogen
synthesis. Under low sugar levels pancreatic a cells release
glucagon and triggers the breakdown of glycogen. Glucagon is
also a lipolytic hormone that regulates fatty acids, ketone bodies
and TAG.

In Drosophila, the insulin/glucagon axis is well conserved
and involves the insulin-like peptides (Ilps) and the glucagon-
like peptide Akh (Schaffer et al., 1990; Semaniuk et al., 2021).
The mobilization of carbohydrate and lipid energy reserves
from the FB in response to starvation is regulated by Akh/
AkhR, which is produced by the neurosecretory cells of the
corpora cardiaca (Kim and Rulifson, 2004; Lee and Park, 2004;
Isabel et al., 2005). For carbohydrate mobilization, Akh/AkhR
stimulates, through glycogen phosphorylase, the conversion of
stored glycogen to hemolymph trehalose, which is important
during the nonfeeding periods and during adult flight. The lipid
mobilization through the action of Akh/AkhR, led to the
phosphorylation of Lsd-1, which activates the Triglyceride
Lipase (TGL) (Arrese et al., 2006; Arrese and Soulages,
2010). However, the role of Akh/AkhR is not completely
elucidated as some reports suggest that Akh/AkhR is
dispensable for lipid homeostasis in third instar larvae (Lee
and Park, 2004; Galikova et al., 2015). A recent report shows
that, although in nutrient abundant conditions Akh/AKhR is
dispensable during larval development, in low nutrient stress
conditions Akh/AkhR signalling alters larval development and
the adult metabolism and behaviour (Hughson et al., 2021).

In mammals, the mobilization of fatty acids from TAG storage
is coordinated by the hormone-sensitive lipase (HSL) and the
Patatin Like phospholipase Domain Containing 2 (PNPLA2, also
known as ATGL) (Zimmermann et al., 2004; Young and Zechner,
2013). Interestingly, ATGL-dependent lipolysis of WAT triggers
a systemic insulin release, which is essential for the replenishment
of BAT energy storage in mice (Heine et al., 2018). In Drosophila,
independently of Akh/AkhR signalling, the Brummer (Bmm)
lipase, homolog of mammalian ATGL, converts the accumulated
TAG to fatty acids (Gronke et al., 2005).

Nutrient Sensor and Systemic Growth

The FB acts as a sensing organ that coordinates the metabolic and
physiological responses to the nutrient status of the organism.
The FB relays the nutrient information through the secretion of
humoral factors to the insulin-producing cells (IPCs), which
secrete Ilps to control the systemic ISS.

Signalling Pathways in the Fat Body Regulating Body
Growth

In Drosophila FB, the IIS and the TOR pathways regulate nutrient
uptake, storage and metabolism. In addition, there is a crosstalk
between the steroid hormone 20-hydroxyecdysone (ecdysone)
and those pathways. Furthermore, the FB is the main sensor of
internal oxygen levels that control organismal growth.
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The Drosophila genome encodes eight Ilps (Gronke et al.,
2010): Ilp, 2, 3 and 5 are produced by IPCs in the brain and are
functionally comparable to insulin; Ilp6, produced by the FB, is
related to mammalian Insulin Growth Factors, IGFs (Okamoto
et al., 2009; Slaidina et al., 2009); Ilp7 and Ilp8 are relaxin-like
peptides (Gronke et al., 2010). Similar to mammalian insulin, Ips
are able to regulate circulating levels of carbohydrates in the
hemolymph. Insulin is a positive regulator of fat cell mass, acting
through changes in both cell number and lipid storage (DiAngelo
and Birnbaum, 2009). Ilp2 and Ilp5 regulate glycogen deposition,
IIp3 is responsible for the synthesis and release of trehalose into
hemolymph and Ilp5 and Ilp7 regulate the synthesis of TAG (Kim
and Rulifson, 2004; Post et al., 2018; Semaniuk et al., 2021). In
addition, IIS/PI3K (Phosphatidylinositol 3-kinase) signalling
coordinates nutritional status with endoreplicating tissues
metabolism and growth (Britton et al, 2002). Thus, insulin
regulates the critical weight, a checkpoint that occurs early in
third instar larvae that determines the final body size (Mirth and
Riddiford, 2007).

Mammals and Drosophila use the TOR pathway for cellular
nutrient sensing, playing an important role in the balance of
energy storage. The TOR kinase activity depends on amino acid
availability and mediates protein synthesis, amino acid import,
ribosome biogenesis and autophagy (Saxton and Sabatini, 2017).
Consequently, Tor mutant larvae show reduced size and glucose
and lipid storage levels, larvae showing a transparent phenotype
(Colombani et al., 2003; Luong et al., 2006).

In addition, there is crosstalk between IIS and ecdysone.
Ecdysone signalling in the FB antagonizes IIS and promotes
autophagy (Rusten et al, 2004; Colombani et al, 2005).
Furthermore, ecdysone modulates organismal growth through
a FB relay that attenuates systemic insulin signalling (Colombani
et al., 2005; Arquier et al., 2008; Honegger et al., 2008; Jin et al.,
2012; Lee et al., 2018).

Humoral Fat Body Derived Signals

In Drosophila and other animals, the organisms require sensing
the levels of oxygen to adapt their systemic growth to the
environmental conditions. A central regulator for the
maintenance of oxygen homeostasis is the hypoxia-inducible
factor 1 (HIF-1), a heterodimeric transcription factor
composed of the oxygen regulated HIF-la and the
constitutively expressed HIF-1P. In presence of oxygen, HIF-
la is hydroxylated by HIF prolyl hydroxylase (Hph), targeting it
for ubiquitin-dependent proteasomal degradation. In hypoxia,
HIF-1a is stabilized and induces the expression of target genes
that regulate growth and metabolism (Semenza, 2014).

To link the organismal growth to the nutrient availability, the
FB produces signalling molecules that promote or inhibit the
insulin secretion from IPCs (Figure 3 and Table 3). Some of these
factors and neuropeptides are secreted in response to dietary fats
and/or sugars such as Unpaired 2 (Upd2), Daw and CCHamide-2
(CCHa2).

Upd2, a JAK/STAT cytokine (Rajan and Perrimon, 2012),
binds to its receptor Dome (Domeless) on GABAergic neurons,
releases the inhibition of IPCs and promotes Ilp secretion.
Recently, an essential role for adipose p53 in sensing nutrient
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stress and maintaining metabolic homeostasis has been reported
(Ingaramo et al., 2020). Under nutrient deprivation and high-
sugar diet, p53 is activated in the FB and represses the expression
of Upd2. This AMP-activated protein kinase (AMPK)-dependent
p53 activation leads to modulation of Ilp2 levels, systemic insulin/
TOR signalling and autophagy induction (Ingaramo et al., 2020).
Another response to the consumption of sugar is the release by
the FB of the activin-like factor Daw, which promotes the
secretion of Ilps through the TGF-p/activin receptor Baboon
(Babo) (Ghosh and O’Connor, 2014). In addition, Daw
released from the FB signals to the intestine where inhibits the
expression of carbohydrases and lipases by enhancing Smad on X
(Smox) levels (Chng et al, 2014). The sugar induced gene
expression of Daw is mediated by Mondo-Bigmax, whereas
Foxo (forkhead box, sub-group O) negatively regulates its
expression (Bai et al, 2013; Mattila et al, 2015). A third
mechanism by which carbohydrates promote Ilp expression
and secretion is through CCHa2, a neuropeptide induced in
the FB by proteins and sugars. When released, the CCHa2
peptide promotes the secretion of Ilp2 and Ilp5 via its
receptor, CCHa2R, expressed in the IPCs (Ren et al, 2015;
Sano et al.,, 2015).

TOR-dependent FB humoral signals couple Ilp2 and Ilp5
secretion from the IPCs with amino acid intake and some
humoral factors are secreted in response to dietary amino
acids such as Stunted (Sun), Eiger (Egr) and the Growth
blocking peptides GBP1 and GBP2 (Colombani et al.,, 2003;
Honegger et al, 2008; Géminard et al, 2009; Rajan and
Perrimon, 2012; Ghosh and O’Connor, 2014; Sano et al., 2015;
Agrawal et al., 2016; Delanoue et al., 2016; Koyama and Mirth,
2016). Interestingly, amino acid-dependent TOR signalling
derived from the FB controls neural stem cell proliferation
independent from IPCs-derived Ilps. In the developing central
nervous system, embryonic and larval neuroblasts undergo
proliferative phases, intercalated with periods of a quiescent
state, that is reversible by dietary amino acids (Britton and
Edgar, 1998). The TOR-mediated amino acid sensing induces
a secreted FB signal that activates the expression of Ilps in glial
cells. The local glial Ilps signal on adjacent neuroblasts via the IIS/
PI3K/TOR pathway and control their reactivation (Chell and
Brand, 2010; Sousa-Nunes et al., 2011).

Furthermore, ecdysone signalling in the FB modulates insulin
dependent systemic growth through the regulation of Myc,
microRNA miR-8 and ImpL2 (Ecdysone-inducible gene L2), a
member of the immunoglobulin superfamily homolog to the
Insulin-Like Growth Factor Binding Protein 7, IGFBP7 (Arquier
et al., 2008; Honegger et al., 2008; Hyun et al., 2009; Delanoue
et al,, 2010; Jin et al., 2012; Lee et al., 2018).

The FB is a sensor tissue for amino acid levels and coordinates
growth of peripheral tissues through a humoral mechanism
(Colombani et al, 2003). Hence, the downregulation of the
Slimfast (Slif) amino acid transporter within the FB is sufficient
to induce a general reduction in the rate of larval growth (Colombani
et al., 2003). In response to dietary amino acids, the peptide Sun is
released from the FB (Delanoue et al, 2016). Sun binds to
Methuselah (Mth), a secretin-incretin receptor on IPCs, and
stimulates the secretion of Ilps. On the other hand, under
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conditions of low amino-acid concentrations, Egr, a Drosophila
tumor necrosis factor alpha (TNF-alpha) orthologue is released
from the larval FB (Agrawal et al, 2016). This cytokine signals
through its receptor Grindelwald (Grnd) on the larval IPCs to
activate the JNK-dependent inhibition of Ilps production. The
expression of the endoplasmic reticulum (ER) degradation
enhancing a-mannosidase-like protein 1 (Edeml) in the FB is
also crucial for maintaining systemic insulin signalling, since its
down-regulation results in the accumulation of Ilp2 in the IPCs and
reduced systemic insulin signalling. The reduction in Edem] levels is
crucial for survival during starvation as lowering edem1 expression
levels facilitates the activation Eiger on IPCs and the reduction in ISS.
In addition, Edem1 regulates Upd2 to manage the metabolic status
(Pathak and Varghese, 2021). Moreover, Growth-blocking peptides
1 and 2 (GBP1 and GBP2) are epidermal growth factors-like
cytokines secreted by the FB upon availability of dietary amino
acids (Koyama and Mirth, 2016). Recently, it was shown that these
adipose tissue factors regulate Ilps secretion by silencing a pair of
inhibitory neurons that synapse with IPCs (Meschi et al., 2019).

During late larval life, increased levels of ecdysone affect also
systemic growth. Myc expression in the Drosophila FB triggers a cell
autonomous mechanism that controls glucose and lipid metabolism
to favour the storage of nutrients (Parisi et al., 2013). During the late
third instar, ecdysone signalling represses Myc function inhibiting
systemic growth. This suggests a humoral factor released downstream
of Myc that relays information to control IIS (Delanoue et al., 2010).
The ability of FB Myc activity to affect IPC Ilp2 secretion depends on
stearoyl-CoA desaturase (Desatl) activity, an enzyme necessary for
production of fatty acids and lipid biosynthesis (Parisi et al., 2013).
The increased levels of ecdysone suppress the body growth also
through the regulation of FB microRNA miR-8 (Hyun et al., 2009; Jin
et al, 2012). Multiple peptide hormones regulated by miR-8 may
contribute to Drosophila growth (Lee et al., 2015). Among them, the
IGF-like factor Ilp6 and the Imaginal morphogenesis protein Late 2
(ImpL2) are upregulated in the FB of miR-8 null mutant larvae. Ilp6
expression from larval FB represses secretion of Ilp2 from IPCs and
extends lifespan (Bai et al., 2012). Before and during pupariation or in
response to starvation, Ilp6 communicates the FB with other organs.
For example, it promotes the growth of imaginal discs, which gives
rise to adult organs, and the lipid uptake in oenocytes, cell clusters of
ectodermal origin that regulate lipid metabolism (Chatterjee et al,
2014). Nutritional restriction also increases the levels of ecdysone,
which triggers the production of ImpL2 in the FB (Lee et al., 2018). In
response to nutrient limitation, the FB nutrient sensor function,
which restricts the growth of peripheral tissues, is complemented by
the release of nutrients through autophagic degradation of the FB
cytoplasm. This provides other tissues with a source of nutrients
necessary for survival. Thus, under conditions of low TOR signalling,
autophagy promotes normal cell function and survival (Scott et al,,
2004).

To adapt the systemic growth to the environmental
conditions, the FB integrates the oxygen and amino acids
levels through the Hph/HIF-la and Hph/TOR pathways. In
hypoxia, the FB release HIF-la-dependent humoral factors
that inhibit Ilps expression and secretion from the IPCs,
thereby  restricting the systemic growth. Moreover,
independently of HIF-la, Hph is required for nutrient-
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dependent TOR activation (Texada et al, 2019). To allow
adults viability in hypoxia, the larval FB inhibits TORCI
signalling and reorganizes the lipid storage (Lee et al, 2019).
A recent study showed that FOXO is a hypoxia inducible factor
that mediates tolerance to low oxygen by inducing immune-like
responses in the FB (Barretto et al., 2020).

Systemic Immunity

The Drosophila FB coordinates not only the nutrient storage and the
animal growth but also the humoral immune response. In
Drosophila, the infection by microbes induces the secretion of
antimicrobial peptides (AMP) by the FB, which are controlled by
the Toll and Imd pathways (De Gregorio et al., 2002). The Toll-NF-
kB signalling, which triggers the nuclear translocation of Dif (Dorsal-
related immunity factor) and Dorsal, is induced by fungi and Gram-
positive bacteria, whereas infection by Gram-negative bacteria leads
to the processing and transport or Relish via the Imd pathway. To
support the immune activation, the FB increases its volume, expands
the ER and alters its metabolism, shifting from lipid metabolism to
membrane phospholipid synthesis (Martinez et al., 2020). These
changes, induced by Toll signalling to sustain AMP synthesis and
secretion, may become detrimental if maintained over long periods
due to insufficient nutrient storage. Thus, the expression of a
constitutively active Toll receptor in the larval FB inhibits the
whole organismal growth, disrupts the insulin signalling in the
FB and reduces the TAG storage (DiAngelo and Birnbaum, 2009;
Roth et al., 2018; Suzawa et al., 2019). Similarly, persistent activation
of the Imd pathway in the larval FB diminished IIS/TOR activity,
which resulted in decreased TAG levels and impaired whole animal
growth (Davoodi et al, 2019). Moreover, increasing insulin
signalling in the FB leads to decreased immune gene expression
and, vice versa, decreasing insulin signalling leads to increased
immune gene expression and increased resistance to infection
(Musselman and Kiihnlein, 2018). This supports a model in
which insulin signalling and the immune response negatively
regulate each other to maintain the energy balance.

ORIGIN AND DEVELOPMENT/
DIFFERENTIATION OF ADULT FAT BODY

The origin of the adult FB, in invertebrate, as in mammals,
remains elusive and unexplored due to the difficulty in its
manipulation (The mesoderm and its derivatives and BM,
1993; Hoshizaki et al., 1995; Berry et al., 2013). Although both
larval and adult FBs play a role as energy storage organs and
nutrient availability sensing, they show different features. For
example, contrary to the larval FB, adult FB is able to expand by
increasing the number of adipocytes. Moreover, they might not
share a common origin: while larval FB derives from the nine
embryonic bilateral primordia, the origin of the adult FB has not
been identified (Hoshizaki et al., 1994; Hoshizaki et al., 1995;
Aguila et al.,, 2007).

During metamorphosis, unlike most larval tissues that undergo
histolysis, some of the larval FB cells persist and are found in the
newly eclosed adult, free floating as single cells or small clusters.
These larval fat cells are refractive to the autophagic cell death that
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removes most of the larval cells during metamorphosis. It has been
shown that these larval adipocytes, now dissociated, are a source of
nutrients during the non-feeding stage of adulthood,
approximately the first 3 days after eclosion (Aguila et al,
2007). Three to five days after eclosion these cells are replaced
by the adult fat adipocytes (Johnson and Butterworth, 1985), which
accumulate lipid reserves through feeding and de novo lipid
synthesis during those days. The myokine Pvfl (PDGF- and
VEGF-related factor 1) represses lipid synthesis at the end of
the adult FB lipid build-up phase by activating TOR pathway
specifically in the oenocytes (Ghosh et al., 2020). Adult adipocytes
must develop from some pupal progenitors, the specific cells that
give rise to the adult fat cells have not been identified (The
mesoderm and its derivatives and BM, 1993).

The development of adult FB might require the expression of
genes driven by a number of enhancers that are identified through
enhancer traps (Table 4). Most of them, except for 29D and
RD61, drive the expression in larval FB as well as in adult one 3-
76a, X8-157a and I(3)2E2 driving the expression in fat cells of all
stages. As [(3)2E2 is an enhancer of the srp gene, the activity of Srp
might be also involved in fat cell decision or/and differentiation
programmes at adult stage (Tables 3, 4) (Hoshizaki et al., 1995).

Although the cells that give rise to the adult fat cells have not
been identified, two fundamentally different mechanisms have
been suggested to explain how the adult FB arises: 1) cell
remodelling, a process in which larval FB tissue is dissociated
into isolated cells that later associate to form the adult FB (Larsen,
1976), or 2) the complete destruction of larval FB and
simultaneous synthesis of adult FB from undifferentiated ASC
(Haunerland and Shirk, 1995).

Potential Adipose Stem Cell Population

It has been shown that adult FB derives from the mesoderm
(Lawrence and Johnston, 1986). However, the ASC population
that maintain the adult FB has not been identified. Hoshizaki
et al. suggested that a subset of adepithelial cells, precursors of
adult thoracic muscles, might be as well the precursors of adult
adipocytes (Hoshizaki et al., 1995). Adepithelial cells are in fact a
plausible source of ASCs, since two of the fat cells-specific
enhancer traps mentioned above, 3-76a and X8-157a, are also
active in the adepithelial cells. This suggests a possible lineage
connexion for fat cells from embryo to adult, including the
adepithelial cells during larval stage. Furthermore, adepithelial
cells are the precursors of adult muscles (Holz et al., 1997) and a
subset of these cells expressing Breathless are the precursors of the
adult tracheal air sacs (Sato and Kornberg, 2002). This might
suggest that adepithelial cells could potentially be the pluripotent
stem cell population in the adult stage.

ROLE OF ADULT FAT BODY

In spite of the fact that most of the functional studies in
Drosophila are conducted at larval stages, there are enough
evidences to ensure that the adult FB carries out liver, adipose,
and immune functions (Hotamisligil, 2017; Arrese and Soulages,
2010). Oenocytes, specialized hepatocyte-like cells, are closely
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associated to adipocytes, specifically at the subcuticular FB
(Figure 2) (Gutierrez et al, 2007). In fact, very recently, the
role of oenocytes regulating lipid synthesis and content in the
adipose tissue has been described, a role-played by hepatocytes in
mammals. Furthermore, loss of function of TOR pathway in adult
oenocytes leads to obesity (Ghosh et al., 2020).

Although further studies would be necessary to prove the
equivalence of these organs, there is a subcuticular FB that is
extended through the whole Drosophila adult body (Figure 2),
and also a FB wrapping some organs such as the heart, intestine,
spermatheca and brain, and these could be the equivalent to
mammalian subcutaneous and visceral WAT, respectively.

There are not many evidences indicating the existence of a
BAT or beige adipocytes tissue in Drosophila. However, a set of
genes coding for Uncouple proteins, including UCP1 that is a
marker for BAT in mammalian systems, are conserved in
Drosophila (Harms and Seale, 2013). Similarly to UCPI,
Drosophila Ucp4C has been involved into the dissipation of
energy in the mitochondria (Cannon and Nedergaard, 2004;
Da-Ré et al, 2014).

Metabolism
Adult FB has an important role in physiology, longevity as well as
disease, e.g., cancer (Figure 4).

Metabolic Organ

Similarly to the larval one, the adult FB is the central metabolic
organ involved in the accumulation of fat and glycogen from
caloric overload and in the mobilization of the stored fat during
starvation or egg production (Lee and Park, 2004; Parra-Peralbo
and Culi, 2011; Musselman et al., 2013; Mattila and Hietakangas,
2017; Zhao and Karpac, 2017; Weaver and Drummond-Barbosa,
2019). Not surprisingly, in females the FB has higher proportion
of lipids than that in males (Johnson and Butterworth, 1985). In
contrast to larval FB there are evidences suggesting the ability of
adult FB to grow in order to accumulate lipids, in obese flies
(DiAngelo and Birnbaum, 2009).

In the adult FB, Akh/AkhR signalling activates cAMP-
responsive element binding (CREB) transcription factor (Song
et al,, 2017). CREB downregulation was shown to promote
overeating and obesity in adult flies (Iijima et al., 2009). In
addition, Akh/AkhR signalling modulates TAG content in
adult FB through the store-operated calcium entry (SOCE)
(Baumbach et al., 2014). Under short-term fasting conditions,
Akh/AKhR signalling promotes lipase bmm gene expression by
reducing Lkb1-Sik3 (Salt-inducible kinase 3)-HDAC4 (Histone
deacetylase 4) signalling axis, probably through Foxo (Wang
et al, 2011; Choi et al, 2015). Under long-term fasting
conditions, however, the reduction of the Lkb1-Sik3 pathway
to induce the lipolytic response is independent of Akh/AkhR.
Conversely, insulin pathway induces Sik3 activity under feeding
conditions, independently of Lkb1 (Choi et al., 2015) (Figure 4).

Recently, Relish known to be part of Imd pathway, as
mentioned above, has been identified as a repressor of bmm
gene expression through FOXO, by fasting-dependent histone
deacetylation, during metabolic adaptation to fasting (Molaei
et al,, 2019).
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Crosstalk in Inter-Organ Communication: Links to Fat
Body

Recently, an intestinal/neuronal/FB inter-organ communication
has been described in adults to preserve energy homeostasis. In
response to nutrients, enteroendocrine cells secrete systemically the
hormone Bursicon a (Bursa), which binds to its neural receptor
DLgr2. Bursa/DLgr2 signalling regulates energy metabolism
through a neuronal relay that repress AKH production and,
therefore, the subsequent modulation of AKHR signalling within
the FB. The reduction of systemic Bursa/DLgr2 signalling leads to
exacerbated glucose oxidation, strong lipodystrophy and depletion
of energy stores with the consequent reduced organismal resistance
to nutrient deprivation conditions (Scopelliti et al., 2019). Therefore,
Bursicon inhibits the mobilization of glycogen storage under
nutrient availability (Figure 4).

Aging and Longevity

The overexpression in the adult FB of the gene foxo, encoding for the
key target of the IIS pathway, leads to increased life span (Giannakou
et al,, 2004). Similarly, overexpression of the gene Sirt2 in adult FB
increases longevity in both sexes. It also modulates the composition
of the LD proteome, a plausible mechanism underlying extended
longevity by Sirt2, as LDs regulate aging processes (Goldberg et al,,
2009; Hoffmann et al., 2013). All these evidences point to a role of the
adult AT in controlling longevity.

Cancer-Associated Cachexia
Tumors and their microenvironment can produce different
circulating factors that cause cachexia, the wasting syndrome

observed in advance cancer patients which is characterized by a
general metabolic dysfunction that includes systemic
inflammation, increased catabolism and lipolysis or proteolysis
in muscles and AT (Ebadi and Mazurak, 2014). In Drosophila,
two main models of cachexia have been described which show
similarities with human patients (Figueroa-Clarevega and Bilder,
2015; Kwon et al., 2015; Song et al., 2019). One of the models is
induced by activation of Yorkie (Yki), the Yapl oncogen ortholog,
in intestine stem cells that secrete a PDGF-and VEGF-related
factor 1 (PvF1) ligand. Pvfl leads to the pathological activation of
ERK/MAPK signalling in peripheral tissues and induce wasting of
muscles and AT (Song et al., 2019). The other model consists of
the transplantation, in adult flies, of clones of eye disc cells mutant
for the polarity gene scribble and ectopically expressing an
activated form of Ras '? (Ras"'? scrib™"). Interestingly,
both tumor models secrete high levels of ImpL2 (Figueroa-
Clarevega and Bilder, 2015; Kwon et al, 2015). Increased
levels of circulating ImpL2 reduce systemic insulin signalling,
which leads to reduction of nutrients uptake by muscle and
adipose tissue, driving organ wasting. The Ras"’%, scrib™~
tumors also induce a systemic autophagy stress response in
muscles and AT that mediates organ wasting (Katheder et al.,
2017; Khezri et al., 20215). Recently, another wasting model in
Drosophila, relates the FB remodelling and muscle detachment to
the tumor-secreted matrix metalloproteinase 1 (Mmpl). Mmpl
can modulate TGFp signalling in the FB and disrupts the
basement membrane/extracellular matrix in FB and muscle
(Lodge et al, 2021). All theses studies show that the
conservation of the signalling pathways and the existing
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genetic tools, make of Drosophila an important model to study
the process of organ wasting and to identify new molecular
mechanisms involved in this process.

Immunity and Xenobiotic Response

The FB acts as a detoxifying tissue based on the expression of
members of the Cytochrome P450 (Cyp450) superfamily of
monooxygenases. These are enzymes involved in metabolizing
foreign substances and drugs implicated in resistance to
insecticides (Feyereisen, 1999; Chung et al, 20097; Terhzaz
et al., 2015).

Recently, Weaver and Drummond-Barbosa showed that the
nuclear receptor Svp regulates a number of factors involved in
immunity and xenobiotic detoxification responses in adult female
FB (Weaver and Drummond-Barbosa, 2020). Specifically, Svp
would acts as the first line of defence against infections, regulating
genes involved in the capture and elimination of foreign
pathogens. Svp also regulates the expression of genes encoding
members of the CYP450 family involved in the initiation of phase
I of the xenobiotic detoxification response. Reduction of svp
expression results in the upregulation of genes encoding
Metallothionein A and B (MtnA and MinB) (Weaver and
Drummond-Barbosa, 2020). MtnA and B are enzymes
involved in heavy metal detoxification and protection against
free radicals and have been involved in the response to xenobiotic
and immune stress (Bonneton et al., 1996). It has been suggested
that a reduced activity of Svp could lead to a toxic scenario, which
would need MtnA and B activity to eliminate this toxicity
(Weaver and Drummond-Barbosa, 2020) (Figure 4).

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

The AT is a central organ, which regulates metabolism and
immune responses, as inflammation, so that it has a major
impact on human physiology. AT dysfunction associates to
metabolic diseases such as: obesity, diabetes, lipodystrophies
and cancer-associated cachexia.

Despite of the advance in the knowledge in the last years, still
there are many open questions that need to address about the
functions and development of AT.

However, the knowledge at this moment can only be obtained
through the studies of animal models. Drosophila can be a good
model for the study of AT based on the possibility of the genetics
analysis that can be performed in vivo, the lower complexity of the
tissue and the functional conservation of this tissue along the
evolution.

Further studies focused on tracing the cell lineages expressing
the transcription factors Svp, Srp and Kr, involved in the
determination and differentiation and maintenance of fat cells
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Bmp and Fgf signaling are widely involved in multiple aspects of embryonic development.
More recently non coding RNAs, such as microRNAs have also been reported to play
essential roles during embryonic development. We have previously demonstrated that
microRNAs, i.e., miR-130, play an essential role modulating Bmp and Fgf signaling during
early stages of cardiomyogenesis. More recently, we have also demonstrated that
microRNAs are capable of modulating cell fate decision during proepicardial/septum
transversum (PE/ST) development, since over-expression of miR-23 blocked while miR-
125, miR-146, miR-223 and miR-195 enhanced PE/ST-derived cardiomyogenesis,
respectively. Importantly, regulation of these microRNAs is distinct modulated by
Bmp2 and Fgf2 administration in chicken. In this study, we aim to dissect the
functional role of Bmp and Fgf signaling during mouse PE/ST development, their
implication regulating post-transcriptional modulators such as microRNAs and their
impact on lineage determination. Mouse PE/ST explants and epicardial/endocardial cell
cultures were distinctly administrated Bmp and Fgf family members. gPCR analyses of
distinct microRNAs, cardiomyogenic, fiorogenic differentiation markers as well as key
elements directly epithelial to mesenchymal transition were evaluated. Our data
demonstrate that neither Bmp2/Bmp4 nor Fgf2/Fgf8 signaling is capable of inducing
cardiomyogenesis, fiorogenesis or inducing EMT in mouse PE/ST explants, yet
deregulation of several microRNAs is observed, in contrast to previous findings in
chicken PE/ST. BNAseq analyses in mouse PE/ST and embryonic epicardium
identified novel Bmp and Fgf family members that might be involved in such cell fate
differences, however, their implication on EMT induction and cardiomyogenic and/or
fiorogenic differentiation is limited. Thus our data support the notion of species-specific
differences regulating PE/ST cardiomyogenic lineage commitment.
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INTRODUCTION

Bmp and Fgf signaling are widely involved in multiple aspects
of embryonic development (Ornitz and Itoh, 2015; Ornitz
and Marie, 2015; Wu et al., 2016; Graf et al., 2016; Salazar
et al., 2016; Zinski et al., 2018; Xie et al., 2020; Mossahebi-
Mohammadi al.,  2020). Within the developing
cardiovascular system, Bmp and Fgf signaling plays
essential roles in the determination and specification of the
cardiogenic progenitors (Cohen et al., 2007; Hutson et al,,
2010; Tirosh-Finkel et al., 2010; Razy-Krajka et al., 2018) as
well as in other cardiovascular morphogenetic events such as
valve development (Zhao B. et al., 2007; Cushing et al., 2008;
Zhang et al., 2010; Zhang et al., 2012). In particular, the role
of Bmp and Fgf has also been reported during the formation
of the proepicardium/septum transversum (PE/ST) (Torlopp
etal., 2010), providing signaling cues to direct the pericardial
mesoderm to either proepicardial or myocardial fate
(Kruithof et al., 2006; van Wijk et al., 2009). In this
context, Bmp2 stimulates cardiomyocyte formation while
Fgf2 stimulates epicardial differentiation in chicken
embryos. Importantly, there are several discrepancies as
whether the PE/ST is capable of giving rise to myocardial
cells in mice (Cai et al., 2008; Zhou et al., 2008) as well as
whether proepicardial cells are already committed to give rise
to distinct cell types such as fibroblasts, endothelial and/or
smooth muscle cells at this early developmental stage (Merki
etal., 2005; Cai et al., 2008; Zhou et al., 2008; Red-Horse et al.,
2010).

Bmp and Fgf signaling have been reported to be modulated by
microRNAs (Wang et al,, 2010; Icli et al., 2013; Lu et al,, 2013;
Gan et al,, 2016; Pravoverov et al., 2019). In particular, during
early cardiac progenitor differentiation, miR-130 has been
reported to modulate Fgf8-Bmp2 signaling (Lopez-Sanchez
et al, 2015a), providing an intricate regulatory feedback
mechanism between with these growth factors and miR-130
that defines the temporal and spatial cues of cardiomyogenic
lineage differentiation. More recently we have reported that over-
expression of distinct microRNAs in chicken PE/ST, particularly
miR-195 and miR-223, influenced cell fate determination of the
PE cells, leading to increased formation of myocardial cells, a
process that is dependent of Smurfl and Smad3 (Duenias et al,,
2020). Importantly, miR-195 is distinctly modulated by Bmp and
Fgf signaling, supporting a role of this microRNA in the Bmp-
and Fgf-directed PE cell specification (Duenas et al., 2020).

However, scarce evidences are reported as whether Bmp
and Fgf signaling plays a role in PE development in mice (Li
et al,, 2017; Shah et al., 2017). In this context, it is important
to highlight that mouse and chicken morphogenesis
displayed substantial differences. In mice, two bilateral PE
anlage are formed that subsequently fused in the embryonic
midline to provide a single PE (Torlopp et al., 2010) while in
chicken two anlagen are also formed but only the right-sided
one is finally fully developed (Schlueter et al., 2006; Schulte
et al., 2007; Schlueter and Brand, 2009; Schlueter and Brand,
2013). While the signalling pathways driving PE development
have been substantially characterized (Schlueter et al., 2006;

et
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Schulte et al., 2007; Schlueter and Brand, 2009; Schlueter and
Brand, 2013), our current understanding of the molecular
mechanisms directing murine PE development is still
incipient. In addition, epicardial colonization of the
embryonic myocardium is also distinctly achieved between
chicken and mice (Perez-Pomares et al., 1998; Vrancken
Peeters et al., 1999; Manner et al.,, 2001; Perez-Pomares
et al., 2002; Hirose et al., 2006). Furthermore, to date, no
evidence of the functional role of discrete microRNAs have
been reported regarding the development of the PE in mice,
yet deletion of the Dicer processing enzyme highlighted their
importance (Singh et al., 2011).

In this study, we dissected the functional role of Bmp and Fgf
signaling during mouse PE/ST development, their implication
regulating post-transcriptional modulators such as microRNAs
and their impact on lineage determination. Mouse PE/ST
explants, epicardial and endocardial cell cultures were
distinctly administrated Bmp and Fgf family members. qPCR
analyses demonstrates that Bmp and Fgf family members
distinctly regulate microRNAs with potential to inhibit or to
enhance  PE/ST-derived  cardiomyogenic  differentiation.
Surprisingly, neither those microRNAs with inducing capacity
nor the cardiomyogenic inducing capacity previously
documented in chicken PE/ST explants was recapitulated in
mouse PE/ST explants, supporting the notion of specific-
specific differences in PE/ST mouse and chicken development
and lineage commitment response.

MATERIALS AND METHODS

Isolation of Proepicardium/Septum

Transversum Explants

Experimental protocols were performed in agreement with
the Spanish law in application of EU Guidelines for animal
research. These protocols conformed to the Guide for Care
and Use of Laboratory Animals, published by the US National
Institutes of Health (NIH publication no. 85-23). Approved
consent of the Ethic Committee of the University of Jaen was
obtained prior to the initiation of the study. CD1 pregnant
female mice were obtained at embryonic day (ED) 9.5.
Embryos were removed from the uterus using iredectomy
scissors and placing them into Earle’s balanced salt solution
(EBSS) (Gibco). PE/ST were manually dissected and
transferred to EBSS solution. Subsequently they were
placed into DMEM culture medium, cultured in hanging
drops until appropriately treated with different growth
factors and/or transfection agents as detailed below.

EPIC and MEVEC Cell Cultures

Inmortalized embryonic endocardial MEVEC (D’Amato
et al., 2016) and epicardial EPIC (Ruiz-Villalba et al,
2013) cells (6 x 10° cells per well) were cultured in DMEM
medium supplemented with 10% fetal bovine serum, 100
U/mL penicillin, 100 pg/ml streptomycin and 200 nM of
L-glutamine 100 cm* culture disk at 37°C in a
humidified atmosphere of 5% CO,, respectively. Cells were

in

Frontiers in Cell and Developmental Biology | www.frontiersin.org

121

January 2022 | Volume 9 | Article 757781


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Garcia-Padilla et al.

fed every 2-3 days. Sub-cultured cells were treated with
different growth factors (50 ng/pL) as detailed below for 24 h.

Growth Factor Administration

PE/ST explants were treated for 24 h with Bmp2, Bmp4, Bmp6,
Bmp7, Bmpl10, Fgf2, Fgf5, Fgt7, Fgf8 and Fgf10 (Peprotech, East
Brunswick, NJ, United States), respectively, as reported by
Duenas et al. (2020). Tissue explants were collected and
processed according for qPCR and/or immunohistochemistry.
Each experimental condition was carried out in isolated tissues
from at least 20 embryos. In all cases, 3-5 independent biological
replicates were analyzed.

MicroRNA Transfections

Mouse E9.5 PE explants were cultured on collagen gels for
24h at 37°C in a cell culture incubator before pre-miRNAs
(microRNA precursors) administration as previously
reported (Bonet et al., 2015; Duenas et al., 2020). Pre-
miRNAs (Thermo-Fisher) transfections were carried out
with Lipofectamine 2000 (Invitrogen), following the
manufacturer’s guidelines. Briefly, 85nM of pre-miRNA
were applied to the explants (3-5 explants per well) for
24h. After incubation, explants processed for
immunohistochemical (IHC) analyses. Negative controls,
i.e. E9.5 PE explants treated only with Lipofectamine, were
run in parallel. To perform IHC analyses, the explants were
fixed with 1% PFA for 2 h at 4°C, rinsed for three times in PBS
during 10 min, and stored in PBS at 4°C. Each experimental
condition was carried out in isolated tissues from at least 20
embryos. In all cases, 3-5 independent biological replicates
were analyzed.

were

Immunofluorescence Analyses by Confocal

Laser Scanning Microscopy

Immunofluorescence analyses were performed as previously
reported (Bonet et al., 2015; Duefias et al., 2020). Briefly,
control and experimental mouse E9.5 PE explants were
collected after the corresponding treatment, rinsed in PBS
for 10 min at room temperature, and fixed with 1% PFA for
2 h at 4°C. After fixation, the samples were rinsed three times
(10 min each) in PBS at room temperature and then
permeabilized with 1% Triton X-100 in PBS for 30 min at
room temperature. To block nonspecific binding sites, PBS
containing 5% goat serum and 1% bovine serum albumin
(Sigma) was applied to the explants overnight at 4°C. As
primary antibody, a polyclonal goat anti-cardiac troponin I
(Hytest) was used, diluted (1:200) in PBS, and applied to each
culture overnight at 4°C. Subsequently, the samples were
rinsed three times (for 1 h each) in PBS to remove excess
primary antibody and incubated overnight at 4°C with Alexa-
Fluor 546 anti-goat (1:100; Invitrogen) as secondary
antibody. After incubation with the secondary antibody,
the explants were rinsed as described above. Finally, the
explants and/or epicardial cell cultures, respectively, were
incubated with phalloidin  (1:1,000; Thermo-Fisher)
overnight, and DAPI (1:1,000; Sigma) for 7 min at room

Bmp- and Fgf Signalling in Proepicardium Development

temperature and rinsed three times in PBS for 5 min each.
Explants were stored in PBS in darkness at 4°C until analyzed
using a Leica TCS SP5 II confocal scanning laser microscope.

RNA Isolation and gPCR Analyses

All RT-qPCR experiments followed MIQE guidelines (Bustin
etal., 2001) and similarly as previously reported (Bonet et al.,
2015; Lozano-Velasco et al.,, 2015; Duefas et al.,, 2020).
Briefly, RNA was extracted and purified by using Trizol
reactive (Invitrogen) according to the manufacturer’s
instructions. For mRNA expression measurements, 1 pug of
total RN A was used for retro-transcription with Maxima First
Strand cDNA Synthesis Kit for RT-qPCR (Thermo Scientific).
Real time PCR experiments were performed with 1 pL of
cDNA, SsoFast EvaGreen mix and corresponding primer
sets. For microRNA expression analyses, 20ng of total
RNA was used for retrotranscription with Universal cDNA
Synthesis Kit II (Qiagen) and the resulting cDNA was diluted
1/80. Real time PCR experiments were performed with 1 uL of
diluted cDNA, ExiLENT SYBR Green master mix (Qiagen)
and corresponding primer sets. microRNA primers were
purchased from ThermoFisher and mRNA primers were
custom designed using Primer3 software (Supplementary
Table S1). All qPCRs were performed using a CFX384TM
thermocycler (Bio-Rad) following the manufacturer’s
recommendations. The relative level of expression of each
gene was calculated as described by Livak and Schmittgen
(2001) using Gapdh and Gusb as internal control for mRNA
expression analyses and 58 and 6U for microRNA expression
analyses, respectively. Each PCR reaction was carried out in
triplicate and repeated in at least three distinct biological
samples to obtain representative means.

Statistical Analyses

For statistical analyses of datasets, unpaired Student’s t-tests were
used, as previously reported (Bonet et al.,, 2015; Duenas et al.,
2020). Significance levels or p values are stated in each
corresponding figure legend. p < 0.05 was considered
statistically significant.

Mouse Lines and Tissue Collection

Previously described Wt19""/* mice used in this study (Cano
etal. 2013). Pregnant Wt1°F*'* female mice were harvested to
E9.5 and to E10.5, respectively. E9.5 PE were manually
dissected, pooled and stored in liquid nitrogen until used.
E10.5 EE was FACS-sorted as previously described, pooled
and stored in liquid nitrogen until used. At least 3-5 litters
were used on each developmental stage until sufficient tissues
was collected that would guarantee optimal RNA isolation.

miRNAseq Library Preparation, Sequencing
and Proccesing of FastQ Files

500 pg of total RNA were used to generate barcoded miRNA-seq
libraries using the Bioo NEXTflex Small RNA (BiooScientific).
Briefly, 3’ and 5’ SR adapters were first ligated to the RNA sample.
Next, reverse transcription followed by PCR amplification was
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used to enrich cDNA fragments with adapters at both ends.
Adapter-ligated cDNA fragments from different samples were
pooled and run in a 6% polyacrilamide gel. The 147 nt band,
corresponding to the pooled miRNA libraries, was purified from
the gel. Finally, the quantity and quality of the pooled miRNA
libraries were determined using the Agilent 2100 Bioanalyzer
High Sensitivity DNA chip. Libraries were sequenced on a HiSeq
2500 (Tllumina) and processed with RTA v1.18.66.3. FastQ files
for each sample were obtained using bcl2fastq v2.20.0.422
software (Illumina). Sequencing reads were aligned to the
mouse reference genome (mml0) with HISAT2 v2.10.0 (Kim
et al, 2015) and then extracted the miRNA counts with
featureCounts (Liao et al., 2014) and miRBase (Kozomara and
Griffiths-Jones 2014) GFF3 for mouse. Raw counts were
normalized with TPM (Transcripts per Million) and TMM
(Trimmed Mean of M-values) methods, transformed into log2
expression [log2 (rawCount+1)] and compared to calculate fold-
change and corrected pValue. The limits for the differential
expression were Log2FC > 0.584 (1.5x) and corrected p Value
<0.05. Only miRNAs detected in the three replicates of any
condition were use in the analysis. These data are uploaded
into Gene Expresssion Onmibus platform with accession
number GSE189344.

mRNAseq Library Preparation, Sequencing

and Proccesing of FastQ Files

First 2.5 ng of total RNA were used to amplify the cDNA using
the SMART-Seq v4 Ultra Low Input RNA Kit (Clontech-
Takara). 1ng of amplified cDNA was used to generate
barcoded libraries using the Nextera XT DNA library
preparation kit (Illumina). Basically, cDNA is fragmented
and adapters are added in a single reaction followed by an
amplification and clean up. The size of the libraries was
checked wusing the Agilent 2100 Bioanalyzer High
Sensitivity DNA chip and their concentration was
determined using the Qubit® fluorometer (ThermoFisher
Scientific). Libraries were sequenced on a HiSeq 2500
(Illumina) and processed with RTA v1.18.66.3. FastQ files
for each sample were obtained using bcl2fastq v2.20.0.422
software (Illumina). Sequencing reads were aligned to the
mouse reference transcriptome (mml0 v92) and quantified
with RSem v1.3.1 (Li and Dewey 2011). Raw counts were
normalized with TPM (Transcripts per Million) and TMM
(Trimmed Mean of M-values) methods, transformed into log2
expression [log2 (rawCount+1)] and compared to calculate
fold-change and corrected pValue. The limits for the
differential expression were Log2FC > 0.584 (1.5x) and
corrected pValue <0.05. Only mRNAs detected in three
transcriptomes were use in the analysis. These data are
uploaded into Gene Expresssion Onmibus platform with
accession number GSE189344.

Heatmap Representation

Normalized RNAseq data were graphically plotted as heatmaps
using Morpheus software (https://software.broadinstitute.org/
morpheus/).

Bmp- and Fgf Signalling in Proepicardium Development

RESULTS

miR-195 and miR-223 Does Not Enhance
Proepicardium-Derived Cardiogenesis in
Mice

Previous reports in our laboratory demonstrated that ectopic
administration of miR-195 and miR-223, respectively, enhanced
cardiomyogenesis in PE/ST explants in chicken (Duenas et al.,
2020). We now tested whether this process is also occurring in
mouse PE/ST explants. As depicted in Figure 1A, mouse PE/ST
explants were dissected and treated with miR-195 and miR-223,
respectively, for 24 h and subsequently fixed for confocal image
analyses. Analyses of cardiomyocyte terminal differentiation
marker cardiac troponin demonstrate that neither miR-195
nor miR-223 enhanced cardiomyogenesis in mouse PE/ST
explants (Figures 1B-E).

Bmp and Fgf Signalling in Mouse PE E9.5

Explants

We have previously reported that Bmp and Fgf family members,
can distinctly modulate the expression of microRNAs that can
differently modulate PE/ST-derived cardiomyogenesis. Thus, we
have administered Bmp2, Bmp4, Fgf2 and Fgf8 to mouse E9.5 PE
explants and tested the expression of distinct microRNAs
previously involved in PE cell determination in chicken. Bmp2
administration eliminated miR-100 expression, increased miR-
195b expression while miR-23b, miR-27b, miR-125a, miR-125b,
miR-146b, miR-195a and miR-223 displayed no significant
differences (Figure 2). Bmp4 administration increased miR-23b,
miR-27b, miR-100 and miR-195a, eliminated miR-223 while no
significant differences were observed for miR125a, miR-125b and
miR-195b (Figure 2). Of note, miR-125a miR-125b and miR-146b
display an enhanced trend but reached no statistical significance.
Fgf2 administration increased miR-23b, miR-27b, miR-146b, miR-
195a and miR-195b, while no changes were observed for miR-100,
miR-125a, miR-125b and miR-223 (Figure 1). Finally, Fgf8
administration leads to increase of miR-23b, miR-100, miR-
146b, miR-195a, miR-195b and miR-223, but no significant
differences on miR-27b, miR-125a and miR-125b expression
(Figure 2). Overall, these data demonstrate that distinct Bmp
and Fgf family members can differentially modulate those
microRNAs that significantly enhanced cardiomyogenesis (miR-
195a, miR-195b and miR-223), those that mildly enhanced it (miR-
125a, miR-125b and miR-146b) and those that do not enhance or
even inhibit it (miR-23b, miR-27b and miR-100). Surprisingly,
enhanced miR-195a, miR-195b and/or miR-223 is similarly
observed for Bmp2/Bmp4 vs Fgf2/Fgf8 in mouse PE/ST
explants, in contrast to our previous findings in chicken PE/ST,
suggesting clear species-specific differences.

We subsequently tested if these growth factors could influence
the expression of molecular markers involved in early (Mef2c,
Nkx2.5, Gata4, Srf) and terminal (Tnnt2) differentiation of
cardiomyogenesis. Bmp2 administration significantly increased
Mef2c and Gata4 expression, Nkx2.5 and Tnnt2 were decreased
and Srf displayed no significant differences (Figure 3A). Bmp4
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FIGURE 1| Panel (A) Schematic representation of the experimental design of mouse PE/ST isolation, transfection with microRNAs or growth factor administration

and subsequent analyses. Panels (B-D) Confocal microscopy analyses of cardiac troponin expression (red) in mouse E9.5 PE/ST explants treated with control (B) miR-
195 mimics (C), miR-223 mimics (D), respectively. Single channel confocal images of Dapi and cardiac troponin are depicted for control (b”, b”), miR-195 (¢’, ¢”) and miR-
233 (d, d”) treated explants, respectively. Panel (E) displays quantitation of mean cardiac troponin positive areas in each experimental condition (n = 5). Note that

the cardiac troponin expression is similarly observed in miR-195 treated explants and controls, while a significant decreased in miR-223 treated explants is observed.
Blue (DAPI), phalloidin (green).

and Fgf2 administration decreased Nkx2.5 and Tnnt2 while no  during these developmental conditions have unraveled
significant differences were observed for the other markers =~ Bmp4, Bmp5, Bmp7, and Bmpl0 are highly expressed in
analyzed (Figure 3A). Fgf8 administration did not modify any =~ the PE at E9.5 while Bmp2, Bmp3 and Bmp6 display
of the markers analyzed (Figure 3A). Importantly, analyses of = enhanced expression at E10.5 embryonic epicardium
fibrogenesis (Collal) and epithelial to mesenchymal transition  (Figure 4). In line with previous reports in chicken PE
(EMT) (Snaill, Snail2, Cdh5) markers were not significantly =~ development, Bmp2 and Bmp4 are distinctly expressed
modulated by any of these growth factors, i.e. Bmp2, Bmp4,  during PE/EE development, but in addition novel Bmp
Fgf2, and Fgf8 (Figure 3B) while epicardial markers such as Wtl, =~ members are also identified during mouse PE that were
Tcf21 and Tbx18 were either inhibited and/or not modified. Only =~ unnoticed during chicken development, such as Bmp5,
Fgf8 administration significantly increased Tcf21 and Tbx18  Bmp7 and BmplO that might plays significant roles during
expression (Figure 3B). PE/EE transition. Similarly, Fgf5, Fgt7, Fgfl0, Fgfll and
Fgf12 are highly expressed in the PE at E9.5 while Fgfl,
. . . Fgf2, Fgf5, Fgt9 and Fgfl8 display enhanced expression at
Differential Expression of Bmp and Fgdf E10.5 embryonic epicardium (Figure 4). Surprisingly, Fgf8
Family Members in Mouse PE/EE Transition  was not detected in our RNAseq analyses, pointing out to
Given the fact that Bmp2, Bmp4, Fgf2 and Fgf8 distinct  differential Fgf expression during PE/EE development in
modulate microRNA expression and cardiomyogenic  chicken and mice. Furthermore, our data also unraveled
lineage determination in chicken and mouse PE/ST, and  novel Fgf members that might be potentially involved in
given the divergent morphogenetic events that occur  mouse PE/EE development, such as Fgf5, Fgf7, Fgfl0,
between these two species, we took advantage of our recent  Fgfll and Fgf12.
performed comprehensive analysis of coding and non-coding

RNA differential gene expression in mouse E9.5
proepicardium vs E10.5 embryonic epicardium to unravel Novel Regulatory Roles of Bmp and Fof

the gene regulatory networks involved in PE to EE transition Family Members During PE/ST

to search for novel Bmp and Fgf members that might be  Differentiation

involved in this process (Franco et al.,, in preparation).  To dissect the plausible signaling role these differentially
Importantly, differential expression of growth factors  expressed Bmp and Fgf family members during mouse PE/ST
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FIGURE 2 | Panel (A) RT-gPCR analyses of miR-23b, miR-27b and miR-100 expression after control, Bmp2, Bmp4, Fgf2 and Fgf8 treatments, respectively, to
mouse E9.5 PE/ST explants. Panel (B) RT-gPCR analyses of miR-125a, miR-125b and miR-146b expression after control, Bmp2, Bmp4, Fgf2 and Fgf8 treatments,
respectively, to mouse E9.5 PE/ST explants. Panel (C) RT-gPCR analyses of miR-195a, miR-195b and miR-223 expression after control, Bmp2, Bmp4, Fgf2 and Fgf8
treatments, respectively, to mouse E9.5 PE/ST explants. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

development, we administered Bmp6, Bmp7, Bmp10, Fgf5, Fgf7
and Fgfl0 to mouse PE/ST explants and analyzed their role in
microRNA and lineage specific expression. Bmp6 and Bmp7
administrated blunted expression of all microRNAs analyzed
(miR-23b, miR-27b, miR-100, miR-125a, miR-125b, miR-146b,
miR-195a, miR-195b and miR-223) (Figure 5). On the other
hand, Bmp10 overexpression significantly enhanced miR-27b,
miR-100, miR-125a, decreased miR-23b and while no differences
were observed for the rest of microRNAs analyzed (miR-146b,
miR-195a, miR-195b and miR-223) (Figure 5). Curiously, Fgf5
and Fgf7 administration also significantly decreased most of the
microRNAs studied (miR-23b, miR-27b, miR-100, miR-146b,

miR-195a, miR-195b and miR-223), while no significant
differences were observed for miR-125a and miR-125b
(Figure 5). On the other hand, Fgfl0 administration,
significantly decreased miR-23b, miR-27b, miR-100, miR-195a
and miR-223, significantly enhanced miR-125a, miR-125b and
miR-146b and displayed no significant differences for miR-195b
(Figure 5). Overall, all these data demonstrate that only Fgfl0
and BmplO are capable of significantly modulate microRNA
expression in mouse PE/ST explants. Surprisingly, none of
them is nonetheless capable of enhancing those microRNAs
robustly enhance cardiomyogenesis (i.e. miR-195a, miR-195b
and miR-223), but they are capable of modulating those that
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mildly enhance cardiomyogenesis (i.e., miR-125a and miR-125b).
Importantly, Bmp10, but not Fgfl0 also enhance microRNA
expression that leads to consistent cardiomyogenic blockage
(miR-27b, miR-100).

We subsequently tested whether these growth factors can
influence cardiomyogenic lineage determination. Bmp6 and
Bmp?7 significantly decreased Nkx2.5 expression while Mef2c,
Srfand Gata4 were not significantly decreased. Tnnt2, a marker of
cardiac terminal differentiation was significantly decreased by
Bmp6 but not by Bmp7 administration (Figure 6A). Bmp1l0
enhanced expression of all cardiomyogenic markers except
Nkx2.5 and Tnnt2. Fgf5 and Fgf7 exclusively increased Srf
expression while the other tested markers were either
decreased (Nkx2.5) or not significantly altered (Mef2c, Gata4
and Tnnt2) (Figure 6A). Fgfl0 administration resulted in
downregulation of Mef2c, Nkx2.5 and Tnnt2, while only
Gata4 was up-regulated and Srf displayed no significant
differences (Figure 6A). Overall, these data demonstrate that

although several of these growth factors can promote
upregulation of several early molecular markers of
cardiogenesis, none of them is capable of inducing terminal
cardiomyocyte differentiation.

We subsequently tested these growth factors can influence
EMT and/or fibrogenesis. Bmp6 administration only enhance
Snail expression, while Snai2, Cdh5 and Collal were not
significantly altered (Figure 6B). Bmp7 only decreased Snai2,
while Bmp10 only upregulated Snaill and Collal. On the other
hand, Fgf5, Fgf7 and Fgfl0 significantly down-regulated Snaill,
while Snail2 was also downregulated by Fgf7 and Fgl0
administration (Figure 6B). In addition, Fgf5 upregulated
Collal and Fgfl0 decreased Cdh5 expression (Figure 6B).
Confocal imaging of mouse proepicardial explants treated with
Fgf5, Fgfl0, Bmp6 and Bmpl0, respectively, demonstrate that
such growth factors does not significantly promote EMT, in line
with our qPCR data (Figure 7). In addition, we also demonstrated
that epicardial markers such as Wtl, Tcf21 and Tbx18 were
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FIGURE 4 | Heatmap representation of Bmp and Fgf family members
expression as revealed by RNAseq analyses in mouse E9.5 PE (PE1, PE2 and
PE3) and E10.5 embryonic epicardium (EE1, EE2 and EE3).

significantly down-regulated, except for Bmp6 administration
that significantly increased Tcf21 expression (Figure 6B). In
summary, Bmp6 and Bmpl0 might mildly enhanced EMT

Bmp- and Fgf Signalling in Proepicardium Development

markers but Fgf5, Fgf7 and Fgfl0 robustly inhibited them,
while none of them effectively promote EMT in explant
cultures. Furthermore, fibrogenesis was only up-regulated by
Bmp10 and Fgf5.

Bmp and Fgf Signalling in Epicardial vs.
Endocardial Cell Lineages

To further support the findings observed in ex vivo mouse PE/
ST explants, we have administered Bmp2, Bmp4, Fgf2 and
Fgf8 to two distinct cell lines, representing epicardial (EPIC;
Ruiz-Villalba et al., 2013) and endocardial (MEVEC) cells and
tested whether distinct microRNAs previously involved in PE
cell determination are modulated by these growth factors.
Bmp2 administration enhanced miR-27, miR-125a and miR-
195b expression in both cell types, while display opposite
regulation in endocardial vs epicardial cells for miR-23b, miR-
125b, miR-146b, miR-195a and miR-223 (Figure 8). Bmp4
administration increased miR-27b, miR-125a, miR-125b,
miR-195b, miR-223, decreased miR-23b while displayed
opposite patterns of regulation for miR-146b, respectively
(Figure 8). Fgf2 administration decreased miR-23b, miR-
125a, miR-125b and miR-195a while displayed opposite
patterns of regulation for miR-100, miR-185b and miR-223
in both cell types, respectively (Figure 8). Fgf8 increased miR-
23b, decreased miR-27b and miR-125a in both cell types,
while displayed opposite pattern for miR-100, miR-195a,
miR-195b and miR-223 (Figure 8).

We subsequently monitored if these growth factors could
influence the expression of molecular markers involved in
early (Mef2c, Gatad4, Srf, Nkx2.5) and terminal (Tnnt2)
differentiation of cardiomyogenesis, fibrogenesis (Collal) and
epithelial to mesenchymal transition (EMT) (Snail, Snai2, Cdh5).

Bmp2 and Bmp4 administration did not modify the
expression of any early and terminal differentiation markers in
any of the 2cell types analyzed, except for a significant
downregulation of Nkx2.5 in EPIC cells (Figure 9). On the
other hand, Fgf2 and Fgf8 significantly upregulated Mef2c and
Tnnt2 expression in MEVEC, while only Fgf2 administration
increased Mef2c but not Tnnt2 expression in EPIC cells
(Figure 9). Furthermore, both growth factors, ie. Fgf2 and
Fgf8, decreased Nkx2.5 expression in MEVECs and Srf in
EPIC while only Fgf2 administration resulted in down-
regulation of Nkx2.5 and Tnnt2 in EPIC cells (Figure 9).
Opverall, these data demonstrate that only Fgf2 and Fgf8 are
inducing terminal cardiomyocyte differentiation in MEVEC
but not in EPIC cells.

Analyses of EMT inductors demonstrated that Bmp2 and
Bmp4 can enhance the expression of Snail in MEVEC cells
and Snai2 in EPIC cells, while Cdh5 expression is only
downregulated in MEVEC cells by Bmp2 expression
(Figure 9). On the other hand, Fgf2 and Fgf8 administration
do not modify, or if any decreased, the expression of Snail and
Snai2 in both cell types. Cdh5 expression is up-regulated by Fgf8
in MEVEC and by Fgf2 in EPIC cells. Fibrogenic marker Collal
is significantly upregulated in MEVEC but not in EPIC cells by
Fgf2 and Fgf8, while Bmp2 and Bmp4 administrations does not
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FIGURE 5 | Panel (A) RT-gPCR analyses of miR-23b, miR-27b and miR-100 expression after control, Bmp6, Bmp7, Bmp10, Fgf5, Fgf7 and Fgf10 treatments,
respectively, to mouse E9.5 PE/ST explants. Panel (B) RT-gPCR analyses of miR-125a, miR-125b and miR-146b expression after control, Bmp6, Bmp7, Bmp10, Fgf5,
Fgf7 and Fgf10 treatments, respectively, to mouse E9.5 PE/ST explants. Panel (C) RT-gPCR analyses of miR-195a, miR-195b and miR-223 expression after control,
Bmp6, Bmp7, Bmp10, Fgf5, Fgf7 and Fgf10 treatments, respectively, to mouse E9.5 PE/ST explants. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

significantly alter its expression in any of the 2 cell types analyzed
(Figure 9).

Opverall, these data illustrate that these growth factors can
distinctly modulate the expression of different microRNAs,
previously reported to inhibit (miR-23b, miR-27b and miR-
100), to mildly promote (miR-125a, miR-125b, miR-146b) or
to substantially enhance (miR-195a, miR-195b, miR-223)
cardiomyogenesis in chicken PE/ST. Surprisingly, none of
tested growth factor distinctly enhanced or decreased the
expression of these microRNAs, i.e. suggesting promotion or
inhibition of cardiomyogenesis. Furthermore, Fgf2 and Fgf8, but
not Bmp2 or Bmp4, can induced expression of cardiomyocyte

terminal differentiation marker in endocardial but not in
epicardial cells.

Additionally we also tested whether novel Bmp and Fgf family
members with enhanced expression in PE/EE transition, might
similarly modulate the expression of these microRNAs and/or
distinct lineage markers. All growth factor tested significantly
decreased the expression of miR-23b, miR-27b and miR-100 in
MEVEC cells, except Bmp10 that enhanced expression of miR-
100. Curiously, expression of these microRNAs is enhanced in
EPIC cells for Fgf10, Bmp7 and Bmp10, except for miR-27b that
is decreased by Bmp10 administration (Figure 10A). Similarly, all
growth factor tested decreased the expression of miR-125a and

Frontiers in Cell and Developmental Biology | www.frontiersin.org

128

January 2022 | Volume 9 | Article 757781


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Garcia-Padilla et al.

Bmp- and Fgf Signalling in Proepicardium Development

A = Mef2c
3 Nkx2,5
3 srf
1 Gatad
H Tnnt2
40—
35— ek
30— 0
i)
T 25—
S
20 -
g%
5 3
®
z_
1_
[ T —
Control Bmp6 Bmp7 Bmp10 Fgf5 Fgf7 Fgf10
B
Il Snai  wt1
57 B3 snaz [ o2t
[ Cdh5 Bl Tbx18
209 3 Coltat
P *x
g 1.5_ £
>
[
B 1.0+ N -
2 ok
© * %k S * dekk, A% *k
N | ‘ ‘ ‘ ‘ ‘ ** | “ | ‘ “**** I | **
0.0- I
Control Bmp6 Bmp7 Bmp10 Fgf5 Fgf7 Fgf10
FIGURE 6 | Panel (A) RT-qPCR analyses of Mef2c, Nkx2.5, Srf, Gata4 and Tnnt2 expression after control, Bmp6, Bmp7, Bmp10, Fgf5, Fgf7 and Fgf10 treatments,
respectively, to mouse E9.5 PE/ST explants. Panel (B) RT-gPCR analyses of Snail, Sna2, Cdh5, Colial, Wt1, Tcf21 and Thx18 expression after control, Bmp6, Bmp7,
Bmp10, Fgf5, Fgf7 and Fgf10 treatments, respectively, to mouse E9.5 PE/ST explants. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

miR-125b in MEVEC cells or show no significant differences
whereas Bmp7 and Bmpl0 significantly up-regulated them in
EPIC cells. In addition, Fgf10 also upregulates miR-125b in EPIC
cells (Figure 10B). On the other hand, miR-195a and miR-195b
are significantly downregulated by all growth factors tested in
MEVEC except for Bmpl0 does not alter miR-195a expression
and increased miR-195b expression while miR-223 is
significantly upregulated by Fgf5 and Bmpl0 and down-
regulated by Fgfl0, Bmp6 and Bmp7 in MEVEC cells
(Figure 10C). Importantly, Fgfl0, Bmp7 and Bmpl0
significantly upregulate miR-195a, miR-195b and miR-223 in
EPIC cells, while the other growth factors tested decreased or did
not modify their expression in this cell line (Figure 10C).
Lineage marker analyses after Bmp and Fgf administration
showed that none of them is capable of enhancing early
cardiomyogenic lineage markers in MEVEC cells, and most of
them lead to significant downregulation, except for Bmp7
administration that resulted in significant upregulation of
terminal  cardiomyocyte  differentiation marker Tnnt2

(Figure 11A). Within EPIC cells, only upregulation of early
cardiomyocyte differentiation markers is observed, particularly
Mef2c, but expression of Tnnt2 is either not altered or
significantly downregulated by all growth factors tested.

Similarly, EMT instructive genes such as Snail and Snai2 are
significantly down-regulated in MEVEC cells and EPIC cells,
except for Bmp10 that enhanced Snail and Snai2 expression in
EPIC cells. In line with this findings, Cdh5 is upregulated in all
experimental conditions in both cell lines, particularly for Fgf10,
Bmp6 and Bmp7 in MEVEC cells (Figure 11B) and Fgf7, Fgf10,
Bmp6, Bmp7 and BmplO in EPIC cells. Fibrogenic marker
analyses also demonstrate that all Bmp and Fgf treatments
both cell types leads to downregulation of Collal expression
(Figure 11B). These data demonstrate that none of the Bmp and
Fgf treatments reported herein lead to cardiomyocyte
differentiation in epicardial cells and only Bmp7 is capable of
inducing terminal differentiation in endocardial cells. In addition,
EMT and fibrogenic differentiation are similarly halted in both
cell lines by all growth factors analyzed.
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Control

FIGURE 7 | Panels (A-E) Confocal images of mouse E9.5 PE/ST explants after control (A), Fgf5 (B), Fgf10 (C), Bmp6 (D) and Bmp10 (E) treatments, respectively.
Note that treatment with Fgf5, Fgf10 and Bmp10 displays limited migration, similar to controls, while Bmp6 is significantly increased. Panels a-e represent Z-stack
confocal views, respectively, where it can be observed that none of them display signs of EMT.

DISCUSSION

The role distinct microRNAs during cardiovascular
development has been widely demonstrated (Xin et al,
2013; Wojciechowska et al., 2017; Kalayinia et al., 2021).
Conditional deletion of Dicer in the developing heart (Saxena
and Tabin, 2010) or even specifically in the developing
epicardium (Singh et al., 2011) leads to cardiovascular
defects. Furthermore miR-1 mutants (Zhao Y. et al., 2007;
Heidersbach et al., 2013) and miR-126 (Fish et al., 2008) are
embryonic lethal due to cardiovascular alterations.
Additional evidences on the role of distinct microRNAs
during cardiogenesis have been reported for miR-130 in
cardiomyogenic mesoderm determination (Lopez-Sanchez
et al., 2015b), and for miR-23 and miR-199 in endocardial
cushions formation (Lagendijk et al., 2011; Bonet et al., 2015).
We have recently demonstrated that administration of miR-
195 and/or miR-223 in enhances PE/ST-derived
cardiomyogenesis in chicken (Duenas al., 2020).
However, we demonstrated herein that such inductive roles
are not conserved in mouse PE/ST explants. Such
discrepancies might be related to the distinct
morphogenetic events during PE development between
mouse and chicken (Shulte et al., 2007) and thus that
distinct signaling pathways that are involved (Shulte et al,,
2007).

Bmp and Fgf have been reported to play essential roles in
multiple aspects of embryogenesis (Ornitz and Itoh, 2015;
Ornitz and Marie, 2015; Wu et al., 2016; Graf et al., 2016;
Salazar et al., 2016; Zinski et al., 2018; Xie et al., 2020;

et

Mossahebi-Mohammadi et al., 2020). In particular, during
heart development, Bmp have been involved in early
cardiogenic precursor determination (Lopez-Sanchez et al,,
2002; Lopez-Sanchez and Garcia-Martinez, 2011) and also in
later developmental states of myocardial growth and/or
valvular development (Delot, 2003; Chen et al., 2004;
Kruithof et al., 2012; Garside et al., 2013). Within the PE/
ST development, distinct Bmp and Fgf have been reported
during chicken development, demonstrating that Bmp2 and
Bmp4 enhance cardiomyocyte commitment of precardiac
mesoderm while Fgf2 and Fgf8 provide signaling cues to
direct these cells into the PE lineage (Kruithof et al,
2006). We recently demonstrate that microRNAs involved
in PE/ST-derived cardiomyogenesis are distinctly regulated
by Bmp2/Bmp4, Fgf2/Fgf8 (Duenas et al., 2020). Given the
fact that miR-195 and miR-223 administration does not
enhanced PE/ST cardiomyogenesis in mice, thus it might
be plausible that such regulatory pathway is impaired in mice.
Our data demonstrate primarily Fgf2 and Fgf8 enhanced
expression of miR-195a, miR-195b and miR-223, while
only Bmp2 enhanced miR-195b and Bmp4 enhanced
miR195a, yet in any case early or terminal cardiomyocyte
differentiation is increased in mouse PE/ST explants. Thus,
these data suggest that alternative pathways might be
involved regulating these PE/ST-derived cardiomyogenesis
enhancing microRNAs. Curiously, neither Bmp2/Bmp4 and/
or Fgf2/Fgf8 elicited modulation on EMT and fibrogenic
markers, supporting a limited role of these growth factors
directing key developmental processes during PE/ST
development in mice.
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FIGURE 8 | Panel (A) RT-gPCR analyses of miR-23b, miR-27b and miR-100 expression after control, Bmp2, Bmp4, Fgf2 and Fgf8 treatments in MEVEC
(endocardial) and EPIC (epicardial) cell lines, respectively. Panel (B) RT-gPCR analyses of miR-125a, miR-125b and miR-146b expression after control, Bmp2, Bmp4,
Fgf2 and Fgf8 treatments in MEVEC (endocardial) and EPIC (epicardial) cell lines, respectively. Panel (C) RT-gPCR analyses of miR-195a, miR-195b and miR-223
expression after control, Bmp2, Bmp4, Fgf2 and Fgf8 treatments in MEVEC (endocardial) and EPIC (epicardial) cell lines, respectively. *p < 0.05, *p < 0.01, **p <

Distinct regulatory roles were observed in epicardial and
endocardial cell lines. Bmp2/Bmp4 and Fgf2/Fgf8 distinctly
modulate the expression of microRNAs that inhibit PE/ST-
derived cardiomyogenesis (miR-23b, miR-27b and miR-100),
preferentially up-regulating them in MEVEC cells while down-
regulating them in EPIC cells. For those microRNAs that mildly

enhance early cardiomyogenesis markers (miR-125a, miR-125b
and miR-146b) Bmp2 leads to upregulation in MEVEC but not in
EPIC cells while Bmp4 enhanced it in both cell lines. Surprisingly,
those microRNAs that enhance cardiomyocyte terminal
differentiation (miR-195a, miR-195b and miR-223) were
similarly up-regulated in both cell lines by Bmp2 and Bmp4
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Figure 9

but up-regulated only in endocardial cells by Fgf2 and Fgf8. In
line with these findings, terminal cardiomyocyte differentiation is
elicited exclusively in endocardial cells by Fgf2 and Fgf8. In
addition EMT induction is similarly increased in both cells
lines by Bmp2 and Bmp4, in line with previous findings in
other embryonic contexts (Ma et al, 2005; Inai et al., 2008;
Cai et al, 2011; Townsend et al, 2011; Inai et al, 2013;

Richter et al., 2014), while fibrogenesis is exclusively increased
by Fgf2 anf Fgf8 in endocardial but not in epicardial cells.

As revealed by RNAseq analyses during PE development in
mice, several additional Bmp and Fgf family members (Bmp6,
Bmp7, Bmp10, Fgf5, Fgf7 and Fgf10). are differentially expressed,
suggesting a plausible role during PE development in mice.
Curiously, Fgf8 expression was not detectable in PE/EE mouse
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FIGURE 10 | Panel (A) RT-qPCR analyses of miR-23b, miR-27b and miR-100 expression after control, Bmp6, Bmp7, Bmp10, Fgf5, Fgf7 and Fgf10 treatments in
MEVEC (endocardial) and EPIC (epicardial) cell lines, respectively. Panel (B) RT-gPCR analyses of miR-125a, miR-125b and miR-146b expression after control, Bmp6,
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EPIC
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tissues, suggesting that it might not be relevant for mouse PE
development, in line with our findings in vitro.

Bmp6 and Bmp7 are required for endocardial cushion
formation during heart development (Kim et al., 2001), yet
no evidences of their functional role and/or expression have
been reported to date in the PE. The role of Bmp10 have been
reported in different aspect of cardiac development (Neuhaus
etal, 1999; Chen et al., 2004; Somi et al., 2004; Teichmann and

Kessel, 2004; Huang et al., 2012; Capasso et al., 2020), yet no
role in PE development is provided to date. While no evidences
have been reported for Fgf5 and Fgf7 during heart
development or PE development, Fgfl0 have been
implicated during both heart development (Kelly et al,
2001; Chan et al, 2010; Watanabe et al., 2010; Vega-
Hernandez et al., 2011; Rochais et al.,, 2014; Hubert et al.,
2018) and PE formation (Torlopp et al., 2010). Thus, we
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0.0001.

identified herein novel Bmp and Fgf family members with
potential implication in mouse PE/ST development.

Importantly, administration of different Fgf and Bmp growth
factors to murine PE/ST explants distinctly modulate the
expression of microRNAs that inhibit PE/ST-derived
cardiomyogenesis (miR-23b, miR-27b and miR-100) as well as
those that mildly enhance early cardiomyogenesis markers (miR-
125a, miR-125b and miR-146b). However, none of them
significantly up-regulate those microRNAs that enhance
cardiomyocyte terminal differentiation (miR-195a, miR-195b
and miR-223). In line with these results, no terminal
differentiation up-regulation is observed in PE/ST explants.
On the other hand, EMT induction is documented after Bmp6
and Bmpl0 administration and severely blocked by Fgf5, Fgf7
and Fgfl0. Overall, these data support the notion that these
growth factors do not play a functional role enhancing
cardiomyogenesis in the mouse PE and provide novel insights
into the plausible role of Bmp10, Fgf5, Fgf7 and Fgf10 regulating
cardiovascular EMT, as reported for, e.g. Fgfl0, in other
biological contexts (Abolhassani al., 2014; Farajihaye
Qazvini et al., 2019).

microRNA regulation by Fgf and Bmp family members is
distinctly observed in epicardial and endocardial cell lines. Fgf10,
Bmp7 and BmplO resulted in sustained upregulation of all
cardiomyogenic inductive and inhibiting microRNAs in EPIC

et

but not in MEVEC cells, supporting the notion of complex
genetic post-transcriptional regulatory mechanisms driven by
these growth factors. In this context, the end result is that
neither early (with the exception of Mef2c) nor late
cardiomyogenic terminal differentiation is achieved in any of
the 2 cell types, except for Bmp7 in MEVEC cells. Thus, these data
suggest that Bmp7 can be taken over the regulatory roles of other
Bmp family members during PE/ST mouse development, yet it is
highly intriguing that such effects are only observed in
endocardial but not in epicardial cells. Additional experiments
are required to fully understand these discrepancies.

Moreover, all Bmp and Fgf family members tested inhibited
EMT, as Snail and Snai2 are preferentially downregulated and
Cdh5 is upregulated, with the exception of Bmp10 in epicardial
cells. Thus, these data further support the previous findings in PE/
ST explants, highlight the plausible novel role of Fgf5, Fgf7, Fgf10,
Bmp6, Bmp7 and Bmp10 in EMT regulation.

In summary, we demonstrated herein that PE/ST-derived
cardiomyogenesis is distinctly regulated during chicken and
mouse development. Distinct Bmp and Fgf family members play
fundamental roles regulating miR-195/miR-223 expression in
chicken PE/ST, that ultimately lead to enhanced
cardiomyogenesis in chicken (Duenas et al., 2020). However,
such regulatory effects are not conserved in mouse PE/ST
explants.
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Dynamic MicroRNA Expression
Profiles During Embryonic
Development Provide Novel Insights
Into Cardiac Sinus Venosus/Inflow
Tract Differentiation

Carlos Garcia-Padilla’?, Angel Duefias !, Diego Franco?3, Virginio Garcia-Lopez’,
Amelia Aranega?3, Virginio Garcia-Martinez' and Carmen Lopez-Sanchez*

! Department of Human Anatomy and Embryology, Faculty of Medicine, Institute of Molecular Pathology Biomarkers, University of
Extremadura, Badajoz, Spain, Department of Experimental Biology, University of Jaen, Jaen, Spain, SFundacién Medina,
Granada, Spain

MicroRNAs have been explored in different organisms and are involved as molecular
switches modulating cellular specification and differentiation during the embryonic
development, including the cardiovascular system. In this study, we analyze the
expression profiles of different microRNAs during early cardiac development. By using
whole mount in situ hybridization in developing chick embryos, with microRNA-specific
LNA probes, we carried out a detailed study of miR-23b, miR-130a, miR-106a, and miR-
100 expression during early stages of embryogenesis (HH3 to HH17). We also correlated
those findings with putative microRNA target genes by means of mirWalk and TargetScan
analyses. Our results demonstrate a dynamic expression pattern in cardiac precursor cells
from the primitive streak to the cardiac looping stages for miR-23b, miR-130a, and miR-
106a. Additionally, miR-100 is later detectable during cardiac looping stages (HH15-17).
Interestingly, the sinus venosus/inflow tract was shown to be the most representative
cardiac area for the convergent expression of the four microRNAs. Through in silico
analysis we revealed that distinct Hox family members are predicted to be targeted by the
above microRNAs. We also identified expression of several Hox genes in the sinus venosus
at stages HH11 and HH15. In addition, by means of gain-of-function experiments both in
cardiomyoblasts and sinus venosus explants, we demonstrated the modulation of the
different Hox clusters, Hoxa, Hoxb, Hoxc, and Hoxd genes, by these microRNAs.
Furthermore, we correlated the negative modulation of several Hox genes, such as
Hoxa3, Hoxa4, Hoxab, Hoxc6, or Hoxd4. Finally, we demonstrated through a dual
luciferase assay that Hoxal is targeted by miR-130a and Hoxa4 is targeted by both
miR-23b and miR-106a, supporting a possible role of these microRNAs in Hox gene
modulation during differentiation and compartmentalization of the posterior structures of
the developing venous pole of the heart.

Keywords: heart development, microRNAs, expression profiles, Hox genes, sinus venosus, inflow tract
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INTRODUCTION

During chick gastrulation (stage HH3; Hamburger and
Hamilton, 1951, 1992) the primitive streak precardiac cells
invaginate and migrate anterolaterally to form the precardiac
mesoderm, between the ectoderm and the inductive adjacent
endoderm (Garcia-Martinez and Schoenwolf, 1993; Schultheiss
et al., 1995; Garcia-Martinez et al.,, 1997; Redkar et al., 2001;
Lopez-Sanchez et al., 2001, 2009, 2018), at both sides of the
embryo (stages HH5-7), determining the first heart field (FHF;
Harvey, 2002). Subsequently, this field will form the primitive
endocardial tubes (stage HHS8), which in the midline fuse into a
single heart tube (stage HH10), structured into the endocardial
and myocardial layers (Lopez-Sanchez and Garcia-Martinez
2011). Later on, a progenitor population originating from the
adjacent pharyngeal mesoderm, the secondary heart field (SHF;
Buckingham et al,, 2005), will contribute to further cardiac
development, giving rise to the dorsal mesocardium, as well as
the posterior (venous) and anterior (arterial) heart poles,
differentiating the inflow (IFT) and outflow tracts (OFT),
respectively (Waldo et al., 2005; Abu-Issa and Kirby 2008; van
den Berg et al., 2009; Camp et al., 2012; Zaffran and Kelly, 2012;
De Bono et al, 2018a). The IFT, a relevant segment in the
sinoatrial node formation, develops from a restricted set of
cardiomyocytes located in the sinus venosus (SV).
Furthermore, the outer surface of the SV gives rise to the
proepicardium—epicardial primordium—development
(Christoffels et al, 2006; van Wijk et al., 2009, 2018;
Mommersteeg et al., 2010; Carmona et al., 2018).

A complex network of signaling pathways and transcriptional
factors is required to regulate early cardiac development. In this
sense, the FGF, TGF, and Wnt pathways, among others, have
been widely involved in early cardiogenesis. In particular, within
this signaling network, retinoic acid (RA) has been shown to
pattern the SHF (Hochgreb et al., 2003; Stefanovic and Zaffran,
2017). RA signaling is required for SHF differentiation,
modulating the expression of specific marker genes, including
Fgt8, Fgf10, and Tbx1 (Ryckebusch et al., 2008; Sirbu et al., 2008;
De Bono et al., 2018b). Previous genetic lineage analyses in mice
have revealed that Homeobox (Hox) gene expressions—Hoxal,
Hoxa3, and Hoxbl—define distinct domains and sub-domains
within the SHF (Bertrand et al., 2011). Thus, Hoxal- and Hoxb1-
expressing progenitor cells contribute to both cardiac poles’
development, the IFT and the inferior wall of the OFT
(Bertrand et al., 2011; Lescroart and Zaffran, 2018; Stefanovic
et al., 2020).

Due to the fact that microRNAs represent a novel layer of
complexity in the regulatory networks controlling gene
expression, cell specification, and differentiation (Choi et al,
2013; Rajabi et al.,, 2020), this subclass of non-coding RNAs
has been widely analyzed by its relevant role in cardiac
development. Previous studies have provided evidence on the
differential expression of several microRNAs contributing to
cardiac fate specification and maintenance of cardiac
progenitors during development (Chinchilla et al, 2011; Cao
et al., 2012; Lopez-Sanchez et al., 2015a; Lopez-Sanchez et al.,
2015b; Yan and Jiao 2016; Kalayinia et al, 2021). Some

Specific MicroRNAs in “Sinus Venosus” Differentiation

microRNA expressions, such as those of miR-125b, miR-142-
3p, and miR-137, have also been referenced in the SV/IFT
(Darnell et al., 2006).

In order to shed light on microRNAs and their role during
early cardiac development, in this work, we analyze the
expression pattern of miR-23b, miR-130a, miR-106a, and miR-
100, from early stages of embryogenesis (HH3 to HHI17).
Although these microRNAs have been previously involved in
cardiac structural and functional characteristics (Sucharov et al.,
2008; Thum et al., 2008; Aguirre et al., 2014; Guan et al., 2016;
Boureima Oumarou et al, 2019), their roles during cardiac
development have still not been assessed. Our results show a
common expression of these microRNAs in specific cardiac
structures, the SV/IFT being the most representative cardiac
area for their convergent expression. Also, we have correlated
these findings with several Hox family members revealed as
targets of these microRNAs by means of mirWalk and
TargetScan analyses. Furthermore, we have identified that
several Hox genes targeted by these microRNAs are expressed
in the HH11 and HH15 sinus venosus. Finally, by using in vitro
microRNA gain-of-function experiments on cardiomyoblasts
derived from undifferentiated H9c2 cells, together with an
analysis of chicken sinus venosus explants, we have shown in
this study the specific relevance of distinct microRNAs in Hox
gene modulation, suggesting a possible molecular role in the
differentiation and/or compartmentalization of the developing
venous pole of the heart.

RESULTS

Expression Profile of miR-23b, miR-130a,
miR-106a, and miR-100 During Early

Embryonic Development
In this work, we have analyzed the expression profile of miR-23b,
miR-130a, miR-106a, and miR-100 during early chicken
embryonic development (Figures 1, 2), starting at early
gastrulation stages through the formation of the early cardiac
looped stages, from HH3 to HH17.

From early stages of development, miR-23b (Figure 1A)
extends along the primitive streak (HH3). Later, this
expression expands to the precardiac mesoderm and the
underlying endoderm at both sides of the embryo and
contributes to the formation of the first heart field (HHS5),
maintaining its expression in both primitive endocardial tubes
(HHS). As shown in HH9-10, during cardiac tube formation, this
expression is progressively restricted to the inflow tract.
Noticeably, during early cardiac looping (HHI11), miR-23b is
expressed in both inflow and outflow tracts, subsequently being
more evident on the dorsal surface of the cardiac sinus venosus
and the dorsal mesocardium (HH14).

We have previously described that miR-130a starts expressing
at the primitive streak stage (HH3), followed by an expansion
toward both sides of the mesodermal and endodermal layers of
the embryo (HH4). From stage HH5 onward, miR-130a is
progressively restricted to the precardiac mesoderm and its
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miR-23b

FIGURE 1 | Whole-mount ISH analysis of miR-23b (A), miR-130a (B), miR-106a (C), and miR-100 (D) during chick embryo cardiac development, from HH3
through HH14. White lines indicate the transverse section levels of selected embryos: FHF, first heart field; PET, primitive endocardial tube; IFT, inflow tract; OFT, outflow
tract and S, somite level. Note their expressions in the primitive streak (ps), precardiac mesoderm (pm), adjacent endoderm to precardiac mesoderm (yellow arrowhead),
OFT (red arrow), dorsal surface of sinus venosus (green arrow), dorsal mesocardium (yellow asterisk), and vitelline vein (blue arrow); as well as in the foregut (fg),
pharyngeal mesoderm (white asterisk), lateral plate mesoderm (Ijpm), and somites (black arrow) for miR-23b (A), miR-130a (B), and miR-106a (C). Just from stage HH15

is observable miR-100 expression (D) in cardiac structures. V, ventricle.

underlying endoderm, subsequently expressing in both primitive
endocardial tubes (Lopez-Sanchez et al., 2015a). One of the
novelties of this study lies in the identification of miR-130a
expression during primitive cardiac tube formation
(Figure 1B), specifically in the dorsal mesocardium and the

dorsal wall of the cardiac sinus venosus (HH9-14), as well as
in the outflow tract.

During early stages of development, miR-106a (Figure 1C)
shows a broad expression in the embryo, sharper in the primitive
streak (HH3). Afterward, it expresses homogeneously throughout
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miR-106a

FIGURE 1 | (Continued).

miR-100

the embryo (HH5-13), excluding the extraembryonic tissue.
Although this expression covers all the heart regions and
derivatives at early stages (HH8-11), it is restricted to the
dorsal mesocardium and the inflow and outflow tracts at later
stages (HH14). The signal stays homogeneously strong in the
remaining embryo, except in the developing cardiac chambers.

Additionally, we have observed the expression of the
microRNAs mentioned above in somites and the lateral plate
mesoderm, among others (Figures 1A-C).

Unlike miR-23b, miR-130a, and miR-106a, the expression of
miR-100 starts at the HH15 stage, being evident on the dorsal
surface of the inflow tract and in the dorsal mesocardium and
outflow tract (Figure 1D).

During cardiac looping stages (HH15-17), the four
microRNAs analyzed (Figure 2) are expressed in the
lateral-dorsal wall of the outflow tract and foregut, being
evident in the dorsal wall of the inflow tract and the dorsal
mesocardium. Interestingly, in these stages, all these microRNAs
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miR-23b

miR-130a

miR-106a miR-100

ventricle; sv, sinus venosus.

FIGURE 2 | Comparative whole-mount ISH analysis of miR-23b, miR-130a, miR-106a, and miR-100 expression profiles at stage HH17. The transverse section
levels are indicated with white lines: OFT, outflow tract; IFT, inflow tract, and PE, proepicardium. Note their expressions in the lateral-dorsal wall of the OFT (red arrow),
foregut (fg), dorsal wall of the IFT (green arrow), dorsal mesocardium (yellow asterisk), and proepicardium (black arrow). White asterisk, pharyngeal mesoderm; V,

show a marked expression in the proepicardium, which is formed
at the cardiac inflow region, both coming from a common
progenitor pool (van Wijk et al., 2009, 2018).

Hox Cluster Family Members Are
Differentially Modulated by miR-23b,
miR-130a, miR-106a, and miR-100

Modulation by multiple microRNAs within the same
pathway—and even common targets—has been widely
reported (Wu et al, 2010; Shu et al., 2017). Since those
microRNAs analyzed in this study are particularly expressed
in the cardiac inflow tract at early developing stages, we have
considered that they could recognize common targets likely
involved in the differentiation processes of this segment.
Several gene families and transcription factors are important
to establish compartmentalization of the embryo, especially
during early stages of development. In this sense, Hox gene
families have gained pivotal relevance in the last 3 decades.

Those genes are broadly conserved during evolution, and their
roles to shape the body of the embryo have been widely described
in multiple species (Roux and Zaffran, 2016; Lescroart and
Zaffran, 2018). In addition, expression of Hox genes in the
cardiovascular system is rather restricted, mostly confined to
the posterior SHF-derived venous pole of the heart. We therefore
explored the expression profile of all cranially expressed Hox
genes, including all paralogues (Hoxa to Hoxd) from one to six in
the chicken cardiac sinus venosus at stages HH11 and HH15
(Figure 3). From our data, most of these Hox genes were detected
in the sinus venosus at stages HH11 and HH15, except for Hoxal
(Figure 3A). In addition, we observed that Hoxa2, Hoxa4, and
Hoxa5 (Figure 3A), Hoxb3 and Hoxb6 (Figure 3B), Hoxc4 and
Hoxc6 (Figure 3C), and Hoxd1, Hoxd3, and Hoxd4 (Figure 3D)
display well-marked expression at stage HH11 compared to
HH15. On the other hand, Hoxa3 (Figure 3A), Hoxbl,
Hoxb2, Hoxb4, and Hoxb5 (Figure 3B) showed an intense
expression at HH15. Finally, Hoxa6 and Hoxc5 presented a
similar expression at both stages (Figures 3A,C).
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FIGURE 3 | Comparative analysis of Hox gene expression in the sinus
venosus between stages HH11 and HH15. RT-PCR analyses of Hoxa (Panel
A), Hoxb (Panel B), Hoxc (Panel C), and Hoxd (Panel D) cluster family
members, as demonstrated by their amplified amplicons on agarose gel
electrophoresis. Observe that most Hox genes analyzed, except Hoxal, are
detectable at HH11 and HH15 in the sinus venosus.

Since several Hox genes are expressed at stages HH11 and
HH15, we considered in this study the possibility that
microRNAs under analysis could be recognizing the 3'UTRs
of the distinct Hox genes and thus modulating their
expression. By using mirWalk (Sticht et al, 2018) and
TargetScan softwares, we analyzed in silico those common
targets shared by miR-23b, miR-130a, miR-106a, and miR-100.
It is observed that these four microRNAs do not share any targets
simultaneously, as shown in Figure 4. On the other hand, all Hox
genes are recognized by at least one of these microRNAs, except
Hoxa6 (Supplementary Table S1).

It is to note that H9c2 cardiomyoblasts can be differentiated
into cardiomyocytes by administrating retinoic acid (RA) to the
culture medium when cells reach a high degree of confluence
(Branco etal., 2015). Our expression analyses of Nkx2.5—an early
cardiogenic marker—and cardiac troponin T (cTnT)—a late
differentiation marker—corroborated that there are differences

Specific MicroRNAs in “Sinus Venosus” Differentiation

between H9c2  cardiomyoblasts and  cardiomyocytes
(Supplementary Figure S1). To assess the possible role of
these microRNAs as Hox gene modulators, we performed
microRNA  gain-of-function assays in cardiomyoblasts
(Supplementary Figure S2). As observed in Figure 5 and
summarized in Table 1, after gain-of-function experiments in
cardiomyoblasts, Hoxal, Hoxa3, and Hoxa4 were repressed by
the four microRNAs studied. Also, Hoxa2 and Hoxa5 were
inhibited by miR-130a, and Hoxa6 was downregulated by
miR-130a and miR-100. On the other hand, Hoxa5 was
significantly  upregulated by miR-23b and miR-106a
administration. Hoxa6 was also upregulated by miR-23b
(Figure 5A). With respect to the Hoxb cluster (Figure 5B,
Table 1), different Hox genes were repressed by their
respective microRNAs (Hoxb1l/miR-130a; Hoxb5/miR-100 and
Hoxb6 by mir-130a, miR-106a and miR-100). On the other hand,
Hoxb1, Hoxb4, Hoxb5, and Hoxb6 were significantly upregulated
by miR-23b. Hoxb5 was also upregulated by miR-130a and miR-
106a. Hoxb2 and Hoxb3 were not detected in H9c2
cardiomyoblasts. Within the Hoxc cluster, only Hoxc6
expression was observed, showing a downregulation by miR-
23b and miR-130a and upregulation by miR-106a and miR-100
(Figure 5C, Table 1). Finally, in reference to the Hoxd cluster
(Figure 5D, Table 1), Hoxd3 and Hoxd4 were repressed by miR-
23b and miR-100, and also, Hoxd3 was downregulated by miR-
130a. In contrast, Hoxd3 and Hoxd4 were upregulated by miR-
106a and miR-130a, respectively. Hoxdl expression was not
detected in H9¢2 cardiomyoblasts.

Subsequently, in order to determine the modulation of Hox
genes by these microRNAs in the developing venous pole of the
heart, we performed gain-of-function experiments in sinus

miR-130a-3p

miR-23b-3p miR-100-5p

FIGURE 4 | Venn diagram shared potential targets of miR-23b-3p (blue
ellipse), miR-130a-3p (green ellipse), miR-106-5p (yellow ellipse), and
miR-100-5p (red ellipse), studied by means of mirWalk software analysis. Note
in silico predictions that the four microRNAs studied have not shared any
target, while a few numbers of common targets are recognized by three of the
four microRNAs. Overlapping ellipses represent shared targets between these
microRNAs.
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FIGURE 5 | gPCR analysis of Hoxa (A), Hoxb (B), Hoxc (C), and Hoxd

(D) clusters expression after miR-23b, miR-130a, miR-106a, and miR-100
gain-of-function assays in H9c2 cardiomyoblasts illustrating significant up-
and downregulation of these Hox genes. Student’s t-test: *p < 0.05,

**p < 0.01, **p < 0.005, ***p < 0.001.
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venosus explants, at stages HH11 and HH15 (Supplementary
Figure S3). Figure 6 and Tables 2, 3 summarize our data,
showing that Hoxa3 was downregulated by miR-23b, miR-
106a, and miR-100 at stage HH11. Hoxa4 was downregulated
by miR-130a and miR-100 at stage HH11 and by miR-23b, miR-
106, and miR-100 at HH15 (Figures 6A, B). These data are in line
with the results obtained in our gain-of-function experiments in
cardiomyoblasts. Additionally, Hoxa5 was repressed by miR-23b,
miR-106a, and miR-100at stage HHI11, while it was
downregulated by miR-23b, miR-130a, and miR-106a at
HH15. Also, Hoxa2 was repressed by miR-130a and miR-106a
at HH15, suggesting their involvement in further stages of sinus
venosus formation. On the other hand, the downregulation of
Hoxb6 by miR-106a both in sinus venosus explants at HH11 and
cardiomyoblasts would suggest a participation in early
differentiation. As observed in Figures 6C, D, Hoxbl and
Hoxb4 were not detected in these experiments. Coinciding
with the results obtained in cardiomyoblasts, Hoxc6 was
downregulated by miR-23b and miR-130a at stage HH15
(Figure 6F) and Hoxd4 was repressed by miR-23b and miR-
100 at HH11 (Figure 6G).

Since Hoxal and Hoxa4 expressions were modulated
tnegatively by those microRNAs analyzed in vitro and given that
their 3'UTR harbor multiple seed sequences for these microRNAs,
we performed dual luciferase biochemical assays to determine
whether miR-23b, miR-130a, miR-106a, and miR-100 could
directly target either Hoxa4 or Hoxal 3'UTRs (Figure 7). Our
data demonstrated that miR-130a could not interact directly with
Hoxa4 3'UTR (Figure 7A), which is in agreement with the fact that
this microRNA is not predicted either by mirWalk or TargetScan.
Interestingly, transfection with miR-106a and miR-23b significantly
decreased Hox4 luciferase levels with respect to control samples
(Figures 7B, C), in line with mirWalk predictions (Supplementary
Table S1), thus proving a direct interaction between those two
microRNAs and Hoxa4 3'UTR. As for Hoxal 3'UTR (Figures
7D-F), only miR-130a reduced luciferase levels with respect to the
control, thus suggesting an indirect repression exerted by miR-23b,
miR-106a, and miR-100 on this gene.

DISCUSSION

Previous studies have demonstrated that a single microRNA may
be a crucial regulator both in cardiac development and function.
Imbalanced microRNA expression in the progenitor cells of the
developing heart might cause congenital and/or structural
defects, including altered cell migration and proliferation, as
well as inappropriate cell type specification (Pang et al., 2019;
Kalayinia et al., 2021). In particular, it has been reported that: 1)
miR-23b is upregulated in cardiac hypertrophy, and its over-
expression in cardiomyocytes in vitro is sufficient to promote
hypertrophic growth (Thum et al., 2008; Boureima Oumarou
etal., 2019); 2) miR-130a is required for adequate proliferation of
cardiac progenitors (Kim et al,, 2009), supported by gain-of-
function murine experiments, leading to cardiomyocyte
proliferation defects as ventricular hypoplasia; 3) miR-106a is
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significantly upregulated in cardiac hypertrophy, as
demonstrated by in vivo and in vitro analyses (Guan et al,
2016); and 4) although miR-100 function is not relevant to
hypertrophic gene expression, its role in cardiac regeneration
has been widely demonstrated in zebrafish and mice, and it also
plays specific roles in adult isoform cardiac gene regulation
(Tarantino et al., 2010; Aguirre et al., 2014).

Since these microRNAs have proved significant in cardiac
structural and functional features, we will proceed to discuss
their relevance during cardiac development. Previously, the
expression profile of miR-23b has been identified in the
cardiac tissue of fetal mice from E12.5 to E18.5 (Cao et al,
2012). Also, miR-23b expression has been observed in
developing chicks, although restricted to the atrium and the
dorsal aorta, since stage HH22. On the other hand, a
widespread expression of miR-130a, miR-106a, and miR-100
has been described (Darnell et al, 2006), although cardiac
expression of these microRNAs has not been previously
described. In our study, we carried out a detailed analysis of
miR-23b, miR-130a, miR-106a, and miR-100 expression
profiles, from early gastrulation stages to the formation of
the early cardiac looping stage. Our results reveal miR-23b,
miR-130a, and miR-106a expressions in the primitive streak
and the first heart field, maintaining their expressions in both
primitive endocardial tubes and cardiac tube formation. In
addition, miR-100 expression is observed during cardiac
looping stages. Subsequently, these four microRNAs show
common expression in specific cardiac structures, including
inflow and outflow tracts, as well as the dorsal mesocardium
and the proepicardium. This is the first time that the cardiac
expression profiles of these four microRNAs have been
described, suggesting that they could play crucial roles in
multiple cardiac development processes from early stages.

In our study, we show that numerous Hox genes are
expressed in the sinus venosus at stages HH11 and HHI5.
These data are relevant since, to date, only the expression of a
few Hox genes—Hoxal, Hoxa3, Hoxa4, Hoxbl, and
Hoxb4—has been demonstrated in different species (Searcy
and Yutzey, 1998; Makki and Capecchi, 2010; Bertrand et al.,
2011; Barak et al., 2012; Roux et al., 2015; Lescroart and Zaffran,
2018; Stefanovic et al., 2020). We have subsequently explored
the possibility that those microRNAs studied by ISH, the
expression of which is particularly observed in the sinus
venosus, could recognize 3'UTRs regions of the Hox genes
and modulate their expression. Based on in silico analysis, we
observe that one or more of the microRNAs under study
recognized all cranially expressed Hox genes, including all
paralogues (Hoxa to Hoxd) from 1 to 6, except Hoxa6. The
potential modulation of Hox gene expression is confirmed by
the results we obtained from in vitro assays in cardiomyoblasts
and ex vivo assays in sinus venosus explants.

The role of retinoic acid (RA) in differentiation and
morphogenesis of structures derived from the posterior
segment of the heart tube has been widely described
(Bertrand et al., 2011; De Bono et al., 2018b). Deficient
RA synthesis results in cellular hypoplasia and,
consequently, in morphogenetic defects in both the atrium
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FIGURE 6 | gPCR analysis of the Hoxa cluster at stage HH11 (A) and HH15 (B); Hoxb cluster at stage HH11 (C) and HH15 (D); Hoxc cluster at stage HH11 (E) and
HH15 (F), and Hoxd cluster at stage HH11 (G) gene expression in sinus venosus explants after miR-23b, miR-130a, miR-106a, and miR-100 gain-of-function assays
illustrating significant up- and downregulation of these Hox genes. Student’s t-test: *p < 0.05, **p < 0.01, **p < 0.005, ***p < 0.001.
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TABLE 2 | Hox genes modulated by microRNAs in the sinus venosus at stage HH11.

Hoxa2 Hoxa3 Hoxa4 Hoxa5 Hoxa6
miR-23b — & (— & &
miR-130a N N L 4 N N
miR-106a 1 & — & 4
miR-100 (] 3 3 &4 ]
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Hoxb2 Hoxb5 Hoxb6 Hoxc6 Hoxd3 Hoxd4
L 4 N L 4 N N L 4
| = | | | &
L 4 i L 4 L 4 N N
L 4 i i L 4 i L 4

Diagram illustrating Hox genes modulation exerted by miR-23b, miR-130a, miR-106a and miR-100 after gain-of-function assays in sinus venosus explants at stage HH11 (obtained from
Figures 6A, C,E, G). Green arrows: upregulated. Red arrows: downregulated. Black lines: Do not regulate.

TABLE 3 | Hox genes modulated by microRNAs in the sinus venosus at stage HH15.

Hoxa2 Hoxa3 Hoxa4 Hoxab5 Hoxa6
miR-23b -— - 3 3 —
miR-130a 3 —_— -— 3 —
miR-106a & = & & ]
miR-100 i — $ i i

Hoxb2 Hoxb5 Hoxb6 Hoxc6 Hoxd3 Hoxd4
] ] ] 3 ND ND
— 4 i 4 ND ND
] ] ] ] ND ND
] ] ] 3 ND ND

Diagram illustrating Hox genes modulation exerted by miR-23b, miR-130a, miR-106a and miR-100 after gain-of-function assays in sinus venosus explants at stage HH15 (obtained from
Figures 6B, D, F). Green arrows: upregulated. Red arrows: downregulated. Black lines: Do not regulate. ND: no detectable.

and the sinus venosus (Niederreither et al.,, 1999, 2001).
Interestingly, the administration of RA during mouse lung
development is sufficient to induce Hoxa4 expression (Packer
etal., 1998, 2000). Also, this gene has been recognized in many
tissues as a potent inhibitor of cell mobility (Bhatlekar et al.,
2017; Cheng et al., 2018). In our study, Hoxa4 provides an
interesting example of a Hox gene downregulated by the
microRNAs analyzed, as illustrated by both in vitro and ex
vivo assays. In this context, it should be noted that the mobility
of the cardiac progenitors is a dynamic and continuous
determinant process during heart remodeling and
conformation. Similarly, adequate cardiac physiological
function requires certain cell subpopulation movement, not
yet fully defined, from their origin to other cardiac regions.
The repression of Hoxa4 that we observed in the sinus venosus
at stages HH11 and HHI15 reflects a much more complex
mechanism, which may be responsible for cell mobility
regulation of the different cardiac progenitors, likely
involved in the developing venous pole of the heart.
Although Hoxa4 modulation by means of microRNAs has
not yet been described, some authors have demonstrated a
negative modulation of Hoxa5 by miR-130a, after induction of

Hoxa5 by RA (Yang et al., 2013). Supporting these data, our
luciferase assays reveal that Hoxa4 is repressed by miR-23b
and miR-106a, as the consequence of a direct physical
interaction exerted between these microRNAs and its
3'UTR region.

On the other hand, we observe that Hoxd3 is upregulated both
in the cardiomyoblasts and the sinus venous at stage HHII.
Previous reports have pointed out that Hoxd3 is not expressed
at later stages of cardiogenesis and also that treatment with RA is
sufficient to repress its expression (Searcy and Yutzey, 1998),
showing an opposite behavior to that of Hoxa4. In agreement
with the above, in our study we observed that the expression of
Hoxd3 is not detected in the sinus venosus at stage HH15. This
fact could be a consequence of the specific restricted pattern of the
microRNAs—miR23b, miR-130a, miR-106a, and miR-100-
during this stage.

In summary, this study shows several novel findings in the
field of cardiac development. Our data show a dynamic
expression of miR-23b, miR-130a, miR-106a, and miR-100
from early stages of cardiogenesis. We also identify the
expression of several Hox genes in the sinus venosus at
stages HH11 and HHI15. Noticeably, we observe that there
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FIGURE 7 | Dual luciferase assays. Representative data of Hoxa4 (A-C) and Hoxal (D-F) 3'UTR luciferase assays after miR-130a, miR-106a, miR-23b, and
miR-100 overexpression in 3T3 fibroblasts. Student’s t-test: *p < 0.05, *p < 0.01, **p < 0.005, ***p < 0.001.

is a negative modulation of several Hox genes by microRNAs,
both in cardiomyoblasts and sinus venosus. Finally, the
convergent expression of these microRNAs regulating Hox
gene expressions in the sinus venosus/inflow tract supports the
hypothesis of a potential role in differentiation and
compartmentalization of the cardiac venous pole.

MATERIALS AND METHODS

Whole-Mount LNA In Situ Hybridization
(ISH) and Sectioning

Fertilized eggs (Granja Santa Isabel, Cordoba, Spain) were
incubated at 38°C in forced-draft, humidified incubators.
Embryos were collected at stages HH3 to HH17 (Hamburger
and Hamilton, 1951, 1992; Lopez-Sanchez et al., 2005) and fixed
overnight at 4°C in 4% PFA, dehydrated in methanol, and stored
at —20°C. Embryos were processed for LNA-ISH following our
previous procedure (Lopez-Sanchez et al., 2015a) using miR-23Db,
miR-130a, miR-106a, and miR-100 LNA-labeled microRNA
probes (miRCURY LNA™ Detection probe 5'-DIG and 3'-
DIG labeled, Exiqon), respectively.

For histology, embryos were dehydrated with an ethanol
series, cleared in isopropanol, and processed for paraplast
embedding, obtaining 15-um transverse serial sections.

H9c2 Cell Culture and microRNAs

Transfections

The H9c2 cell line (kindly provided by Dr. Paulo J. Oliveira,
Coimbra, Portugal) was cultured in DMEM medium
supplemented with 10% foetal bovine serum, 100 U/mL
penicillin, and 100 pg/ml streptomycin in 100-cm® culture
disks at 37°C in a humidified atmosphere of 5% CO,. Cells
were fed every 2-3days. Two sub-cultured condition
transfections were performed. Myoblast H9c2 was sub-
cultured at  50-60%  confluence  while induced-
cardiomyocyte H9c2 reached 80-90% confluence. H9¢2 cells
(6 x 10° cells per well) were transfected with microRNA
mimics for miR-23b, miR-130a, miR-106a, and miR-100
precursors (Thermo Fisher) as previously described (Branco
et al., 2015).

Sinus Venosus Resection and microRNAs

Transfections

Groups of embryos were collected at stages HH11 and HH15 and
maintained in EBSS (Gibco) at low temperature until
manipulation. The sinus venosus was resected from the
embryos and transfected in hanging drops (Bonet et al., 2015;
Duenas et al., 2020) with microRNA mimics, including miR-23b,
miR-130a, miR-106a, and miR-100 precursors, for 24 h at 37°C.
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Pre-miRNAs transfection was carried out with Lipofectamine
2000 (Invitrogen) following the manufacturer’s instructions.
Negative  control  explants treated only with
Lipofectamine and were run in parallel.

RNA Isolation and gRT-PCR

Samples obtained from H9c2 cells and sinus venosus explants
after microRNA transfections and control samples were
subjected to qRT-PCR analysis following MIQE guidelines
(Bustin et al., 2009; Bonet et al.,, 2015; Lozano-Velasco
et al,, 2015). RNA was extracted and purified by using a
ReliaPrep RNA Cell Miniprep System Kit (Promega)
according to the manufacturer’s instructions. For mRNA
expression measurements, 1 pg of total RNA was used for
retro-transcription with a Maxima First Strand cDNA
Synthesis Kit for qRT-PCR (Thermo Scientific). Real-time
PCR experiments were performed with 2 uL of cDNA, Go
Taq qPCR Master Mix (Promega), and corresponding primer
sets (Supplementary Table S2). For microRNA expression
analyses, 20 ng of total RNA was used for retro-transcription
with a universal cDNA Synthesis Kit II (Exiqon), and the
resulting cDNA was diluted 1/80. Real-time PCR experiments
were performed with 1 uL of diluted cDNA and Go Taq qPCR
Master Mix (Promega) as well. All qPCRs were performed
using a CFX384TM thermocycler (Bio-Rad) following the
manufacturer’s recommendations. The relative expression of
each gene was calculated by using Gusb and Gadph as internal
controls for mRNA expression analyses and 5S and 6U for
microRNA expression analyses, respectively (Livak and
Schmittgen, 2001). Each PCR reaction was carried out in
triplicate and repeated in at least three distinct biological
samples to obtain representative means. qPCR data were
analyzed using ADeltaCt (Deepak et al., 2007).

were

Amplification of Hox Genes From Sinus

Venosus cDNA at Stages HH11-HH15
CDNA from the sinus venosus at stages HH11 and HH15 was
obtained and processed as described above. For mRNA
expression detection, Dream Taq polymerase (2x) and specific
primers (Supplementary Table S2) were used, taking Gapdh as
the internal loading control.

Luciferase Assays of 3’UTRs Hox Genes
Hoxal and Hoxa4 3'UTR constructs were PCR-amplified from
chicken genomic DNA using primers bearing Spel/HindIII
restriction sites and cloned into the pGLuc-Basic vector (New
England BioLabs). 3T3 fibroblasts (ATCC) were co-transfected
with 100 ng of the Hoxal and Hoxa4 luciferase vector, 300 ng of
pcLux vector control for internal normalization, and 20 nM of
each microRNA. Luciferase activity was measured at 24 h after
transfection (Pierce™ Gaussia Luciferase Flash Assay Kit) and
normalized to the pcLux vector control (Pierce™ Cypridina
Luciferase Flash Assay Kit). Luciferase activity was compared
to non-transfected controls. Each luciferase assay was carried out
in triplicate and repeated in at least three distinct biological
samples to obtain representative assays.

Specific MicroRNAs in “Sinus Venosus” Differentiation

Statistical Analysis
Student’s t-test was used. Significance levels or p-values are stated

in each corresponding figure, p < 0.05 being considered as
statistically significant.
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The development of the nervous system is a time-ordered and multi-stepped process that
includes neurogenesis and neuronal specification, axonal navigation, and circuits
assembly. During axonal navigation, the growth cone, a dynamic structure located at
the tip of the axon, senses environmental signals that guide axons towards their final
targets. The expression of a specific repertoire of receptors on the cell surface of the
growth cone together with the activation of a set of intracellular transducing molecules,
outlines the response of each axon to specific guidance cues. This collection of axon
guidance molecules is defined by the transcriptome of the cell which, in turn, depends on
transcriptional and epigenetic regulators that modify the structure and DNA accessibility to
determine what genes will be expressed to elicit specific axonal behaviors. Studies
focused on understanding how axons navigate intermediate targets, such as the floor
plate of vertebrates or the mammalian optic chiasm, have largely contributed to our
knowledge of how neurons wire together during development. In fact, investigations on
axon navigation at these midline structures led to the identification of many of the currently
known families of proteins that act as guidance cues and their corresponding receptors.
Although the transcription factors and the regulatory mechanisms that control the
expression of these molecules are not well understood, important advances have been
made in recent years in this regard. Here we provide an updated overview on the current
knowledge about the transcriptional control of axon guidance and the selection of
trajectories at midline structures.

Keywords: neuron, growth cone, axon pathfinding, target, transcriptional regulation, circuits development

INTRODUCTION

The survival of organisms relies on their ability to detect stimuli, process sensory information
and generate adequate motor responses. These functions depend on the precise organization of
neural networks that enable communication between cells in an efficient and accurate manner.
These networks emerge during embryonic development when newly born neurons extend axons
away from the cell body to navigate through the developing embryo in order to reach their final
targets. The growth cone at the tip of the travelling axon is a specialized structure armed with a
plethora of receptors that defines the response of the growing axon to the environmental cues and
determines its direction. The existence of both commissural neurons that project to the opposite
side of the brain and ipsilateral neurons that connect with targets in the same hemisphere, is
essential for the distribution and integration of sensory information and the subsequent
generation of coordinated motor responses in species with bilateral symmetry (Colamarino
and Tessier-Lavigne, 1995). Intense research during the last few decades focused on how
ipsilateral and contralateral axons behave at the midline in different species and contexts has
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lead to the identification of many families of cues, receptors,
and signaling cascades involved in axon pathfinding. Post-
transcriptional mechanisms such as the microRNA-dependent
regulation of guidance receptors (Yang et al., 2018), the
regulation of local translation in axons (Zhuang et al., 2019;
Corradi and Baudet, 2020), the role of lipids in axon guidance
(Guy and Kamiguchi, 2021), novel ways of presenting guidance
proteins (Dominici et al., 2017; Moreno-Bravo et al., 2017;
Varadarajan et al., 2017; Wu et al., 2019; Dorskind and
Kolodkin, 2021), interactions between different families of
receptors (Zelina et al.,, 2014) or the targeted degradation of
ligands or receptors (Gorla et al., 2019), all contribute to
guarantee proper axon guidance progression and today we
know that aberrant expression of axon guidance proteins or
alterations in any of these mechanisms may result in a wide
variety of neurodevelopmental diseases (Engle, 2010; Izzi and
Charron, 2011; Nugent et al., 2012; Chédotal, 2014; Blockus
and Chédotal, 2015; Van Battum et al., 2015; Roig-Puiggros
et al, 2020). Despite these remarkable advances on the
molecular mechanisms underlying axon guidance processes,
current knowledge about the transcription factors (TFs) and
the regulatory networks that orchestrate the expression of
guidance molecules is still very limited (Butler and Tear,
2007). Here we provide an updated overview of the
transcriptional mechanisms that control axonal trajectories
during embryonic development paying particular attention
to the navigation of neural axons at midline structures.

Identification of Regulatory Factors
Controlling Axon Guidance

Pioneer work on Drosophila initially identified a number of TFs
involved in controlling the trajectories of motoneurons (MNs)
axons towards their corresponding muscles and, subsequent work
in vertebrates, revealed some of the transcriptional regulators that
define specific limb muscles innervation (Landgraf et al., 1999;
Keleman and Dickson, 2001; Dasen et al., 2003; Fujioka et al.,
2003; Broihier et al., 2004; Dasen et al., 2005; Labrador et al., 2005;
Garces and Thor, 2006; Layden et al., 2006). Further studies in
vertebrates proposed that combinatorial codes of LIM proteins
specify different MN trajectories and these TFs control the
expression of specific axon guidance receptors from the EphA
family to define MN trajectories to the different limb regions
(Tsuchida et al., 1994; Sharma et al., 1998; Thor et al., 1999; Kania
et al,, 2000; Kania and Jessell, 2003; Shirasaki et al., 2006). In
addition, another member of the homeobox TF family, Nkx2.9,
was described to control the expression of the Slit receptor Robo2
and promote dorsal axon exit from the spinal cord in vertebrate
spinal accessory MNs (Dillon et al., 2005; Bravo-Ambrosio et al.,
2012).

Subsequently, other families of TFs have been associated
with determining axonal trajectories in different neural
circuits. For instance, the POU-domain TF Acj6 (abnormal
chemosensory jump) was described as essential for the
targeting of olfactory projection neurons in Drosophila
(Komiyama et al., 2003), and Pou4f2, another member of
the POU-family (aka Brn3.2 or Brn3b), seems to play an
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important role in the specification and pathfinding of
retinal ganglion cell (RGC) axons (Erkman et al., 2000;
Wang et al., 2000). Also in the visual system, members of
the FOX family (FoxG1 and FoxD1) regulate the expression of
the ephrinA receptors to determine the termination of retinal
projections along the anterior-posterior axis at the visual
targets (Herrera, 2004; Carreres et al., 2011). In the mouse
cortex, the zinc-finger TFs Fezf2 and Ctip2 direct the
projections of layer 5 corticospinal axons towards
subcortical regions (Arlotta et al., 2005; Bin Chen et al,
2005; Jie-Guang Chen et al., 2005; Molyneaux et al., 2005;
Lodato et al., 2014) and Ctip2 together with Satb2 control the
formation of the corpus callosum (Srivatsa et al., 2014). In
both vertebrates and invertebrates the Run-containing
domain TFs control specific axonal trajectories since
missexpression of Runt in Drosophila photoreceptors
results in axons targeting the medulla instead of the lamina
(Kaminker et al., 2002) and alterations in the levels of Runx3
shift the laminar termination of somatosensory neuron axons
along the dorsoventral axis of the mouse spinal cord (Chen
et al., 2006).

In addition to the abovementioned examples, two neuronal
populations have been particularly useful to study the molecular
mechanisms underlying axon pathfinding: spinal neurons at the
time their axons navigate the floor plate, and retinal ganglion cells
when their axons traverse the optic chiasm. In the following
sections we review recent findings on the transcriptional
regulation of neuronal trajectories using these two classic
midline axon guidance models.

Transcriptional Regulation of Axon Midline

Crossing

The population of early born interneurons located in the most
dorsal part of the spinal cord is known as dI1. As soon as dI1
neurons differentiate, they migrate ventrally to finally occupy the
deep dorsal horns (Junge et al., 2016). A large number of reports
studying this neuronal population have contributed to the current
knowledge of how axons are attracted/repelled by guidance cues
and their receptors [for recent reviews see (Chédotal, 2019;
Comer et al,, 2019)] and investigations on these neurons have
also provided major insights into the regulatory mechanisms
controlling axon guidance. There are two main subtypes of dI1
neurons: a population that occupies the medial intermediate
spinal cord and project contralaterally (dIlc) and another
cluster of cells that settle in the lateral intermediate spinal
cord and avoid the floor plate to project ipsilaterally (dIli).
Both subtypes are derived from progenitor cells expressing the
bHLH TF Atohl (Helms and Johnson, 1998, 2003; Lee et al.,
1998; Helms et al., 2000; Gowan et al., 2001; Saba et al., 2005).
Atohl induces the expression of the homeobox TFs Groucho co-
repressors Barhll and Barhl2 (Bermingham et al, 2001; Saba
et al,, 2005; Reig et al., 2007) that are expressed in both dI1i and
dllc. Gain-of-function experiments showed that Barhll
overexpression results in ectopic expression of Robo3, Nrp2
and DCC, and promotes midline crossing (Kawauchi et al,
2010). Using a similar approach, it was shown that Barhl2 also
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promotes a commissural phenotype and that Barhl2
overexpression leads to the induction of the adhesion molecule
Tag-1 (Saba et al., 2003).

On the other hand, it has been reported that Atoh1 induces the
expression of the LIM homeodomain TFs Lhx2 and Lhx9, either
directly or indirectly through Barhl TFs (Bermingham et al., 2001;
Gowan et al., 2001; Nakada, 2004). Barhl2 mutant mice exhibited
a shift in the position of dIli neurons from lateral to medial
regions concomitant with a dramatic loss of ipsilateral projections
and an increased number of commissural axons, which agrees
with the observed aberrant upregulation of the homeodomain TF
Lhx2 in the dIli neurons of these mice. In vitro, Barhl2 binds to
the regulatory sequences of Lhx2 and represses its expression
(Ding et al., 2012). Gain-of-function experiments have shown
that this TF is able to induce Lhx2 and another member of the
same family, Lhx9 in spinal neurons (Kawauchi et al, 2010).
Together these results suggest that Barhl2 represses Lhx2 in dI1i
neurons to block the commissural phenotype. Independent gain-
of-function experiments in the chick spinal cord suggested a role
for Lhx9 in dIlc axons after midline crossing in the control of
rostral turning and the dorsoventral positioning of axons in the
longitudinal plane (Avraham et al., 2009), but these two Lhx
factors seem to contribute to the diversification of dI1c and dIli
subtypes at earlier stages of dll differentiation.

Both Lhx2 and Lhx9 are expressed in dIlc neurons whereas
dIli neurons express only Lhx9 (Wilson et al., 2008). Single Lhx2
or Lhx9 mutant mice do not exhibit guidance phenotypes in dI1
neurons but commissural axons do not cross the midline in
double Lhx2/9 mutants, similarly to the phenotype observed in
Robo3 mutants (Sabatier et al., 2004). This pointed at Robo3 as a
downstream target of Lhx TFs (Wilson et al., 2008). Chromatin
immunoprecipitation (ChIP) assays in vitro and in vivo revealed
that Lhx2 binds the Robo3 promoter (Wilson et al., 2008; Marcos-
Mondéjar et al., 2012) and gain-of-function experiments in the
mouse spinal cord demonstrated that Lhx2 is capable of inducing
Robo3 (Kawauchi et al., 2010). All these experiments suggested
that the Lhx2/9-Robo3 cascade is the default program in dll
neurons and this program needs to be repressed in order to
generate ipsilateral neurons. Supporting this idea, it was shown
that ectopic expression of Robo3 in dorsal spinal neurons
redirects ipsilateral axons towards and across the floor plate
(Escalante et al., 2013). Interestingily, another member of the
Robo family, Robo2, is differentially expressed in the dll
subpopulations and, while dIlc projections are not affected in
Robo2 mutants, dl1i axons project aberrantly through the motor
neuron pool closer to the midline (Wurmser et al, 2021).
Additionally, different components of the Wnt signaling
pathway, including B-catenin and several Wnt receptors seem
to be also required for midline crossing in dllc (Avilés and
Stoeckli, 2016).

Despite all this progress, it is difficult to reconcile a simple
linear cascade in the gene regulatory network (GRN) specifying a
commissural versus ipsilateral choice in dI1 neurons given the
complexity of the regulatory mechanisms linking Atoh1, Barhl1/
2, Lhx2/9 and downstream targets. Together with a more precise
definition of the GRN controlling the specification of dll
subtypes, other questions such as whether Lhx TFs activate
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other guidance receptors such as DCC, Robo2 or members of
the Wnt pathway, or whether Robo3 expression is regulated by
other homeodomain TFs in different types of commissural
interneurons remain to be answered.

In the mouse visual system, the majority of retinal ganglion
cell axons cross the ventral diencephalon at the optic chiasm level
(cRGCs) while a minority of these axons project to the ipsilateral
hemisphere (iRGCs). In this model, also largely used to study
axon guidance mechanisms, another member of the LIM
homeodomain TF family, Islet2 (Isl2), is differentially
expressed in the ipsi and the contralateral RGCs
subpopulations (Pak et al., 2004). Is]2 mutant mice show an
increased number of iRGCs at the expense of the cRGCs.
However, this only affects the subgroup of cRGCs that are
born in the ventrotemporal region of the retina at late
developmental stages and the targets of Isl2 to control the
projection of this late-born RGC population have not been
identified. The TF Pou4fl (aka Brn3a) is also expressed in
c¢RGCs but not iRGCs (Quina et al., 2005) but its function in
axon guidance at the midline is still a matter of investigation.
Finally, other TFs implicated in the establishment of cRGCs
identity are the members of the SoxC family, particularly
Sox4, Sox11 and Sox12 (Kuwajima et al., 2017). SoxC proteins
bind to the Hes5 promoter to repress Notch signaling and induce
cRGCs differentiation. SoxC genes regulate the expression of
Plexin-A1l and Nr-Cam, which are required in cRGCs for correct
axonal decussation at the chiasm (Kuwajima et al., 2012). Also, an
ectopic ipsilateral projection is apparent in Sox4/Sox11/Sox12
triple conditional mutant mice (Kuwajima et al, 2017),
suggesting that these proteins may be repressing the
differentiation of iRGCs.

Transcriptional Regulation of Axon Midline

Avoidance

While the transcriptional regulation of midline crossing was
originally described in dIl spinal neurons, the regulation of
axon midline avoidance was initially characterized in the
visual system. The zinc finger TF Zic2, expressed in ipsilateral
but not in contralateral RGCs, was reported as the main
determinant of iRGC (Herrera et al.,, 2003). The expression of
Zic2 and the generation of iRGCs in the ventrotemporal retina
depends, at least partially, on the expression of CyclinD2 in a
populatin of neural progenitors located at the ciliary margin zone
of the embryonic retina (Marcucci et al, 2016). Functional
experiments in mice initially demonstrated that Zic2 is
necessary and sufficient to induce the expression of the
tyrosine kinase receptor EphB1 that mediates axonal repulsion
throught its ligand ephrinB2 expressed by midline cells (Williams
et al, 2003; Garcia-Frigola et al., 2008). The upregulation of
EphB1 by Zic2 in iRGCs was later confirmed by chromatin
immunoprecipitation assays followed by massive secuencing
(ChIP-seq) which also identified other Zic2 targets including
different members of the Wnt signaling pathway (Morenilla-
Palao et al,, 2020). In agreement with previous observations in
spinal dllc neurons (Avilés and Stoeckli, 2016), loss-of-function
experiments in RGCs demonstrated that -catenin is essential also
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FIGURE 1 | Transcriptional control of ipsilateral trajectories in the visual
system. The TF Zic2 controls the trajectory of ipsilateral RGC axons through
the transcriptional upregulation of the tyrosine receptor EphB1, which in tumn
mediates repulsion from glial cells at the midline that express ephrinB2.
Concomitantly, Zic2 induces the expression of several Wnt receptors and
cytoplasmic proteins to inhibit the attractive response towards Wntb5a -also
expressed at the midline-experienced by contralateral RGCs. Zic2 also
represses the expression of the Netrin1 receptor Uncbc in iRGCs to allow
axon growth through a Netrin1-expressing area at the chiasm.

for midline crossing in visual axons. Further functional experiments
ruled out the canonical Wnt pathway as a regulator of axon guidance
at the midline and demonstrated that, while contralateral axons
enhance their growth upon Wnt5a exposure, ipsilateral axons
collapse in response to Wnt5a, suggesting that a non-canonical
Wnt signaling pathway mediates midline crossing. ChIP-Seq assays
in RGCs also demonstrated that the differential response of ipsi- and
contralateral visual axons to Wnt5a is regulated by binding of Zic2 to
the regulatory regions of specific Wnt receptors and other Wnt
signaling components such as Apc2. The induction of Zic2 results in
the accumulation of B-catenin which is potentially phosphorylated
by EphBl at the growth cone after contact with ephrinB2 at the
midline (Morenilla-Palao et al., 2020). Another component of the
Zic2-controlled program is the Netrin receptor Unc5c. Unc5c is
expressed in a subset of cRGCs that transiently project to the
opposite retina during early postnatal stages. Netrinl is expressed
in the ventral diencephalon to impede the growth of these retino-
retinal axons into the optic chiasm. In iRGCs, Zic2 binds to
regulatory regions near the Unc5c locus and represses its
expression in order to facilitate their growth into the diencephalic
region (Murcia-Belmonte et al., 2019) (Figure 1). Thus, Zic2 binds to
the regulatory regions of many genes, including EphB1, different
components of the Wnt pathway and Unc5c, to specify iRGCs and
regulate their guidance at the midline.

The positive correlation between the number of ipsilateral
axons and the expression of Zic2 in the retina of different species
pointed to this TF as a determinant of iRGCs identity across
evolution. In addition to being expressed in the developing
mouse retina, Zic2 is expressed in ferrets in a larger retinal area
that coincides with the zone occupied by iRGCs in this species.
In humans, Zic2 and EphB1 are both expressed in the temporal
half of the retina also coinciding with the location of iRGCs and,
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in Xenopus, Zic2 is expressed in the retina during
metamorphosis when a late-born ipsilateral projection is
generated. However, in zebrafish and chicken Zic2 is not
expressed in RGCs during development and accordingly
these species lack an ipsilateral projection (Herrera et al,
2003; Lambot et al., 2005; Murcia-Belmonte et al., 2019;
Vigouroux et al, 2021). Interestingly, ectopic expression of
Zic2 in zebrafish RGCs leads to the appearance of an ectopic
ipsilateral projection (Vigouroux et al., 2021), revealing that
Zic2 is able to activate a transcriptional module that controls
midline avoidance even in species that naturally lack an
ipsilateral projection. Recent reports have shown that non-
teleost bony fish also have an ipsilateral retinal projection
(Vigouroux et al., 2021) but the function of this projection is
still unknown and future experiments are needed to uncover
this question and also to dilucidate the regulatory mechanisms
that control this ancient ipsilateral projection.

Further functional experiments in chick and mice
demonstrated that Zic2 does not only determines axon
midline avoidance in the visual system but also in other types
of ipsilateral neurons such as the thalamocortical projections and
the late-born population of excitatory interneurons (dILB)
located in the dorsal horns of the spinal cord. dILB neurons
are born very close to the dorsal midline (Alaynick et al., 2011;
Gross et al., 2002; Helms and Johnson, 2003; Lewis, 2006; Miiller
et al.,, 2002; Petkd and Antal, 2012). These cells but not their
inhibitory counterpart dILA neurons that project locally and
contralaterally (Escalante and Klein, 2020; Tulloch et al., 2019),
express Zic2 which, in turn, is necessary and sufficient to define
their ipsilateral trajectory (Escalante et al., 2013) (Figure 2).
Chromatin immunoprecipitation experiments in a cell line and
in spinal neurons, demonstrated that Zic2 is able to bind to the
promoter of another Eph receptor, EphA4. Further functional
experiments in chick and mice also confirmed that, instead of
regulating EphB1 as in the visual system, in spinal neurons Zic2
controls the expression of EphA4 (Escalante etal., 2013; Luo et al.,
2015; Morenilla-Palao et al., 2019). As EphB1, EphA4 binds to
ephrinBs to mediate axon repulsion and it has been shown that
ephrinB1, ephrinB2 and ephrinB3 are all expressed at the spinal
cord midline (Kullander et al., 2001; Kullander et al., 2003;
Escalante et al., 2013; Paixdo et al., 2013; Klein and Kania,
2014; Haimson et al., 2021).

All together, these observations point to the existence of
several gene programs that control axonal laterality in
ipsilateral spinal neuron populations with dispar ontogeny.
Early born dll neurons locate far away from the midline
because the ventricle and the subventricular zone (SVZ),
which is rich in progenitor cells, occupy the medial region of
the dorsal tube. As progenitors exit the cell cycle, the SVZ shrinks
and the somas of the late born dILB neurons locate close to the
midline. In contrast to the dlli population whose axons never
approach the midline and their projection patterns rely on Lhx
factors, dILB neurons are born in close contact with the midline
and their axons need to be repelled as soon as they start growing
in order to project ipsilaterally. Thus, it is not surprising that
although both populations, dIli and dILB neurons project
ipsilaterally, they developed alternative strategies to control the
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FIGURE 2 | Axon guidance strategies in different subtypes of spinal cord neurons. dI1 neurons are born early in neural tube development and are separated from

the midline by the subventricular zone, populated by progenitor cells. Expression of Lhx2 in di1 neurons activates a contralateral program, in part through the
upregulation of Robo3. Ipsilateral di1 neurons do never confront midline cues and project their axons into the ipsilateral lateral funiculus, likely through
the expression of Robo2 and possibly mediated by Lhx9. Later, by the time that dILB neurons are born, progenitor neurons have already differentiated and
postmitotic neurons distribute at both sides of the dorsal midline. In this scenario, EphA4 and likely other guidance molecules, are controlled by Zic2 to ensure midline
repulsion and ipsilateral projection through the dorsal and lateral funiculi. These TFs are downregulated following development and are not expressed in adulthood.
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guidance of their respective axons (Escalante et al., 2013)
(Figure 2).

CONCLUSION

Despite the increasing number of rapidly emerging innovative
techniques that largely facilitates research on the transcriptional
mechanisms regulating gene expression, only a handful of TFs
have been convincingly shown to control genetic programs
involved in the regulation of axonal behaviors. In the last
decade, the interest to understand how neural circuits function
has exponentially increased and the development and application
of genetically encoded, magnetic and thermal tools to manipulate
neuronal circuits is helping us to disentangle brain connectivity
and circuits function. However, it is surprising that in the era of
next generation sequencing and single cell transcriptomic
approaches (Escalante et al., 2020) there are still very few
studies taking advantage of these technologies to elucidate the
genetic programs that precisely control the definition of axonal
trajectories. Incorrect circuit wiring during embryonic
development may have a huge impact in the adult individual
and we are still far from understanding how circuits are built in
the first place. Future efforts devoted to understand the regulatory
logic underlying neuronal trajectories will certainly contribute to
prevent pathologies derived from neural circuits miswiring.
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FoxK1 is Required for Ectodermal Cell
Differentiation During Planarian
Regeneration
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Forkhead box (Fox) genes belong to the “winged helix” transcription factor superfamily.
The function of some Fox genes is well known, such as the role of foxO in controlling
metabolism and longevity and foxA in controlling differentiation of endodermal tissues.
However, the role of some Fox factors is not yet well characterized. Such is the case of
FoxK genes, which are mainly studied in mammals and have been implicated in diverse
processes including cell proliferation, tissue differentiation and carcinogenesis. Planarians
are free-living flatworms, whose importance in biomedical research lies in their
regeneration capacity. Planarians possess a wide population of pluripotent adult stem
cells, called neoblasts, which allow them to regenerate any body part after injury. In a
recent study, we identified three foxK paralogs in the genome of Schmidtea mediterranea.
In this study, we demonstrate that foxK7 inhibition prevents regeneration of the ectodermal
tissues, including the nervous system and the epidermis. These results correlate with
foxK1 expression in neoblasts and in neural progenitors. Although the triggering of wound
genes expression, polarity reestablishment and proliferation was not affected after foxK7
silencing, the apoptotic response was decreased. Altogether, these results suggest that
foxK1 would be required for differentiation and maintenance of ectodermal tissues.

Keywords: FOXK, planarian, nervous system, regeneration, stem cell, differentiation

INTRODUCTION

Forkhead box (Fox) genes belong to the “winged helix” superfamily of transcription factors, showing
a Forkhead DNA-binding domain. Over 2,000 Fox proteins, phylogenetically classified into 25
families (A to S), have been identified in a number of species of fungi and metazoans (Benayoun,
Caburet, and Veitia 2011; Pascual-Carreras et al., 2021). Fox genes control essential processes such as
cell death, cell cycle and cell differentiation during all stages of development and in adult tissues,
although many members show a tissue/stage-specific expression and function (Benayoun, Caburet,
and Veitia 2011). The function and the implication of some Fox genes in human diseases is well
known, such as the role in the differentiation of endodermal tissues of FoxA factors, the control of the
cell cycle by FoxM, the role of FoxO in regulating metabolism and longevity and the contribution to
speech acquisition of FoxP (Golson and Kaestner 2016). Some Fox transcription factors, especially
FoxA, FoxO and FoxI members, are shown to act as pioneer factors, which open compacted
chromatin to facilitate the binding of other transcription factors at enhancer sites (Lalmansingh,
2012). However, the function of some Fox families has not been properly addressed. An example are
the FoxK genes, which are characterized by containing a forkhead-associated domain (FHA) besides
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FIGURE 1 | foxK1 silencing impairs planarian regeneration and eye differentiation. (A) foxK7 RNAi animals present smaller anterior and posterior blastemas in
comparison to controls. Red arrowhead points to the epidermal injuries observed in foxK7 RNAi animals. Scale bar: 500 um. (B-D) Aberrant eye regeneration after
silencing foxK1. (B) foxK71 RNAi animals present smaller eyes that differentiate closer to the pre-existing tissue in comparison to controls (yellow arrows). Visualization of
the eyes with an anti-VC1 immunostaining reveals defects in eye regeneration and an incorrect guidance of visual axons (red arrows). Scale bar: 100 pm. (C) Whole-
mount in situ hybridization analysis of the expression of ovo in foxK7 RNAi animals. Scale bar: 200 pm. Quantification of ovo + cells/mm2 shows a significant decrease in
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FIGURE 1 | the number of eye progenitor cells in foxK7 RNAi animals (n = 3) compared to gfio RNAi animals (n = 6). Values represent the mean + standard deviation [s.d].
*p-value < 0.01. (D) Quantification of the eye distance/head tip distance ratio shows a significant increase in foxK7 RNAi animals (n = 14) compared to control gfo (RNAI)
animals (n = 17). **p-value < 0.01. (A-D): All animals shown and analyzed are at 7 days of regeneration after anterior-posterior amputation. In the schematic planarians,

red lines indicate the amputation planes and black squares the region analysed.

the Forkhead DNA-binding domain, which mediates its
interaction with multiple proteins (Ji et al.,, 2021). Few studies
have been reported on the function of foxK genes, and they are
mainly performed in mammals, which show two members
(FoxK1 and FoxK2). From these studies, it is known that
FoxK proteins are not tissue-specific but are ubiquitously
expressed, and they regulate diverse biological processes,
including cell proliferation, myogenic differentiation, cell cycle,
autophagy, DNA damage and carcinogenesis (Liu et al., 2019).

Planarians are Lophotrochozoans well known for possessing
pluripotent adult stem cells (called neoblasts) that confer them an
extreme plasticity. They can regenerate any body part and change
their size according to food availability (Wagner, Wang, and
Reddien 2011; Baguiia 2012; Cebria, Adell, and Salé 2018; Molina
and Cebria 2021). Previous studies of Fox genes function in
planarijans have demonstrated their evolutionary conserved role,
and provided new data about their cellular function (Scimone,
Lapan, and Reddien 2014; Vogg et al., 2014; He et al,, 2017;
Scimone et al., 2018). For instance, foxA was found to be essential
for the maintenance of the pharynx and endodermal tissues
(Koinuma et al., 2000; Adler et al., 2014) and foxO showed a
conserved role in regulating metabolism during planarian
regeneration and homeostasis (Pascual-Carreras et al., 2021).
In a recent study, we identified 3 foxK paralogs in the genome
of the planarian species S. mediterranea (Smed foxK-1-2-3). In
this study, we aimed to analyze the function of Smed-Fox genes to
provide new data about the role of this family in a model that, in
contrast to mammals, displays stem cell-based
maintenance and regeneration.

We found that foxKI, expressed in neoblasts and their
progenitors, is required for regeneration of neural and
epidermal tissues. We hypothesize that foxKI may play a role
in activating and maintaining lineage specific enhancers.

tissue

RESULTS

foxK1 RNAI Planarians Can Properly
Regenerate Neither the Eyes nor the

Nervous System

In a previous study, we identified 3 paralogs within the FoxK
family in S. mediterranea (foxK1-2-3) (Pascual-Carreras et al.,
2021). In this study, we have inhibited the three foxK genes by
RNAI, showing that RNAi of foxkl generates the strongest
phenotype (Figure 1A) (Supplementary Figure S1A). foxkl
(RNAI) animals cannot regenerate proper anterior or posterior
structures and 25% of them die after developing epidermal lesions
after a single round of injection and amputation (Figure 1A).
Prolonged silencing of foxKI eventually impaired the viability of
all the treated animals.

FoxK1 RNAIi planarians regenerated smaller blastemas and
eyes (Figure 1A). In some animals, eyes were merged in the
midline (Figure 1B). Immunostaining of photoreceptors
demonstrated that visual axons were aberrant and not
properly connected to form a correct optic chiasm
(Figure 1B). The expression of ovo, a pan-eye marker (Lapan
and Reddien 2011), corroborated the decrease in the number of
both differentiated and progenitor eye cells (Figure 1C). It also
showed that eyes were more separated and closer to the anterior
tip in foxK1-silenced planarians (Figure 1D). A phototaxis assay
showed that foxKI RNAi animals do not respond to the light
stimulus, suggesting that although they could regenerate some
photoreceptor cells (Figure 1B), these were not fully functional
(Supplementary Figure S1B).

Analysis of the nervous system of foxKl RNAi animals
through anti-synapsin and anti-a-tubulin immunostaining
showed that cephalic ganglia did not regenerate, and only a
few axons at the level of the neural nerve cords (VNCs)
crossed the midline (Figure 2A). The analysis of the
expression of markers of differentiated neural cells such as
gpas (Cebria, Nakazawa, and Mineta 2002; Iglesias et al,
2011), pc2 (Collins et al., 2010) and th (Nishimura et al., 2007;
Fraguas et al., 2011) corroborated that cephalic ganglia could not
be formed (Figure 2A). The expression of sim, a marker of
differentiated and progenitor neural cells (Cowles et al., 2013),
was decreased in foxKI RNAi animals (Supplementary Figure
S2A). Quantification of differentiated (sim+) and progenitor
(sim+/PIWI1+) neural cells indicated that both populations
were decreased in foxKI RNAi planarians (Figure 2B). The
problem in regenerating the nervous system was not anterior
specific, but it also affected the regeneration of proper posterior
VNCs in the tail (Figure 2C).

According to the RNAi phenotype, foxK1 was expressed in the
nervous system of intact animals and during regeneration
(Supplementary Figure S1C). Furthermore, the analysis of the
expression pattern of foxK1 in irradiated animals showed that it
was expressed in differentiated cells and also in progenitors
(Supplementary Figure S1C), which agrees with published
single-cell RNAseq databases (Plass et al., 2018; Zeng et al,
2018) (Supplementary Figures S1D-F).

foxK1 RNAi Animals Cannot Regenerate a
Proper Epidermis

foxK1 appears expressed in the neural and in the epidermal
lineages according to the published single-cell RNAseq data
(Supplementary Figure S1C). Furthermore, its inhibition
produced epidermal lesions (Figure 1A). Thus, we analyzed
deeper the integrity of the epidermal tissue in RNAi animals.
Quantification of the nucleus demonstrated a decrease of cell
density in the epidermis (Figure 3A). Interestingly, the nucleus
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FIGURE 2 | foxK1 silenced animals show a reduced number of neural progenitors and almost absent differentiated neural structures. (A) Whole-mount

immunostaining and in situ hybridization analyses (WISH) of the anterior nervous system regeneration in foxK7 RNAi animals 7 days post amputation. From top to
bottom: immunostaining of the brain ganglia visualized with anti-synapsin which labels the brain synapsis; Immunostaining of the brain ganglia visualized with anti-a-
tubulin which labels axons; WISH of gpas, pc2 and th which label differentiated neural cells. Scale bar: 100 pm. (B) Whole-mount fluorescence in situ hybridization

analysis (WFISH) combined with immunostaining of the anterior blastemas in foxK7 RNAi animals 7 days post amputation. From left to right: WFISH with sim, which
labels both neural progenitors and differentiated neurons; immunostaining with anti-PIWI1 which labels stem cells; double sim+/PIWI1+ positive cells, which indicate
neural progenitors; Scale bar: 100 pm. Quantification of sim + PIWI + cells/mm2 reveals a decreased number of neural progenitors in foxK7 RNAi animals. Values
represent the mean + standard deviation [s.d] of a mean of 5 samples per condition. **p-value < 0.001. (C) Whole-mount immunostaining analysis of the posterior
nervous system regeneration in foxK7 RNAi animals at 7 days post amputation. From top to bottom: anti-synapsin labelling the synapsis and anti-a-tubulin labeling the
axons, showing defects in the posterior VNCs. Scale bar: 100 pm. In the schematic planarians, red lines indicate the amputation planes and black squares the region

analysed.

appeared bigger in foxK1 RNAi animals, as demonstrated by the
quantification of their area (Figure 3A). Furthermore, the cilia of
the epidermal cells in the dorsal midline were not properly
regenerated (Figure 3B) and, in the ventral part, appeared
disorganized (Figure 3B). Immunolabeling of adherens
junctions with anti-B-catenin2 antibody indicated that these
structures were not properly assembled in foxKI1 silenced
animals, since the signal was dimmer and the pattern was
irregular (Figure 3B).

On the other hand, other tissues such as the digestive or the
excretory systems seemed not to be affected after foxKI inhibition
(Supplementary Figures S2B-D).

Overall, these results suggest that foxKI is required for
maintenance and regeneration of the epidermis in planarians.

Apoptotic Response is Affected in foxK1
RNAi Animals

Regeneration of the missing tissues in planarians is preceded by the
triggering of early signals that activate the expression of the early

genes as well as the proliferative and apoptotic response (Salé and
Bagufia 1984; Wenemoser and Reddien 2010; Wenemoser et al,
2012; Pirotte et al., 2015; Owlarn et al., 2017; Jaenen et al., 2021).
Analysis of the expression of the early response gene runtI, as well as
the polarity genes notum and wntl, whose early expression is
independent of polarity and occurs after any injury (Wenemoser
et al,, 2012; Sandmann et al., 2011; Petersen and Reddien 2009, 2011),
indicated that the early gene response was not affected after foxK1
inhibition (Figure 4A).

In addition, quantification of the proliferative response near
the anterior and the posterior wounds showed that the dynamics
of proliferation was not perturbed in foxK1 RNAi animals, and
the two mitotic peaks at 6 and 48 h described during planarian
regeneration occurred normally (Figure 4B). It must be noted,
however, that proliferation appeared to be increased in
regenerating animals before amputation, but this did not
interfere with a proper proliferative response after injury. On
the other side, quantification of the apoptotic response showed a
decrease in foxKI RNAi animals, both at early (4h) and late
phases of regeneration (7 days) (Figure 4C).
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shown. Scale bar: 50 pm. In the schematic planarians, red lines indicate the amputation planes and black squares the region analysed.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

164

February 2022 | Volume 10 | Article 808045


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Coronel-Cérdoba et al.

foxK1 Function in Planarians

A | g (RNA) || foxK1 (RNA) |
g
N
g
2
Q
<
77 77
B Proliferation dynamics
o 1000
E 2004 ~o- gfp (RNAI)
% s00 ~i= foxK1 (RNAI)
& 400+
I
& 2004
- nlh 6h 15‘"\ Aillh 1‘:1
600+
T 500
E 400
@
g 300-
& 200
I
& 1001
N Olh 6Ih 1éh 4l:h 7Id
c Caspase-3 activity
4000 * ns )
£ (p=0.047) (0=0064) gfp (RNAI)
B 3000 ot ® foxK1 (RNAI)
o : —
2 20004 *
£ ‘. ’
S 1000 % .
1 T+, *
4h 72h 7d
the region analysed.

gfo (RNAI)

| | foxK1 (RNAI)

| wnt11-2 || wnt11-1 || hox4b || post-2d ||

=

FIGURE 4 | Apoptotic response is affected in foxK1 RNAi animals, but the polarity establishment and proliferative response occurs normally. (A) Whole-
mount in situ hybridization analysis of the expression of the early wound response genes in controls and foxK7 RNAi animals 6 h post amputation (runt7 and
notum) and 12 h post amputation (wnt7). From top to bottom: runt1 in anterior wounds, notum in anterior wounds and wnt7 in posterior wounds. Scale bar:
100 um. (B) Quantification of mitotic PH3* immunolabeled cells after silencing foxK1 at several time points after anterior-posterior amputation. h, hours; d,
days (*p-value < 0.05; ** p-value < 0.01 ****p-value < 0.0001. Student’s t-test). Values represent the mean + standard error of the mean [s.e.m] of a mean of at
least 4 samples per time point and condition. (C) Quantification of caspase-3 activity after silencing foxK7 at several time points after anterior-posterior
amputation. h, hours; d, days (*p-value < 0.05; Student’s t-test). Values represent the mean + standard error of the mean [s.e.m] of a mean of 3 biological
samples per time point and condition. (D) Whole-mount in situ hybridization analysis of the expression of the genes responsible for establishing the anterior and
posterior identity in controls and foxK7 RNAi animals 3 days post amputation (notum, wnt1, frz4, post2d and hox4b), 6 days post amputation (wnt77_7 and
wnt11_2) and 7 days post amputation (sfrp7). Anterior polarity genes (from top to bottom): notum and srfp1. Posterior polarity genes (from top to bottom):
wnt1, frz4, post-2d, hox4b, wnt11-1 and wnt11-2. Scale bar: 100 pm. In the schematic planarians, red lines indicate the amputation planes and black squares

=3

s 555
" ‘ 36
8i8 -
33
8/8
8/8 515
8/8 6/6

Frontiers in Cell and Developmental Biology | www.frontiersin.org

165

February 2022 | Volume 10 | Article 808045


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Coronel-Cérdoba et al.

These results indicate the only event found deregulated in
foxK1 RNAI animals during the early wound response is the
activation of apoptosis.

foxK1 RNAi Animals Show a Correct Polarity

Establishment

During planarian regeneration, the general early wound response
is followed by a pole-specific response, which includes the
expression of genes specific to anterior or posterior wounds
that are required to specify the identity and to differentiate the
proper missing tissue (Wurtzel et al., 2015; Cebria, Adell, and Salo
2018). To clarify whether the problems of foxK1 RNAi planarian
regeneration could be associated with an incorrect pole-specific
response, we analyzed several genes specific to anterior and
posterior regeneration. The results showed that both anterior
and posterior poles were properly formed in foxKI silenced
planarians, since notum and wntl were restricted to anterior
and posterior wounds, respectively (Figure 4D) (Petersen and
Reddien 2011; Adell et al., 2009). post2-d and wntll-2, two
positional control genes (PCG) (Witchley et al., 2013) that are
specifically expressed in posterior facing wounds after wntl
(Adell et al., 2009; Currie et al., 2016; Tewari et al., 2019), also
showed a proper expression in foxKI RNAi planarians
(Figure 4D). However, the expression of some anterior and
posterior PCG appeared decreased in foxKI RNAi animals,
such as sfrpl in anterior; and fz4, hox4b and wntll-1 in
posterior (Gurley, Rink, and Alvarado 2008; Petersen and
Reddien 2008; Currie et al., 2016).

These results suggest that polarity was not affected in foxKI
silenced planarians, even though the inability to regenerate a
correct head and tail was associated with a decreased expression
of some markers of anterior and posterior polarity.

DISCUSSION

In this study, we have found that inhibition of foxKI impedes
correct regeneration of missing structures, while inhibition of
foxK2 or foxK3 only produces mild defects. The strong phenotype
observed after foxK1, but not foxK2 or foxK3 inhibition, could be
due to the fact that the last two are mainly expressed in
differentiated cells (Pascual-Carreras et al., 2021), while foxK1
is also expressed in progenitors and in neoblasts. foxkl RNAi
animals cannot properly regenerate the nervous system or the
epidermis, which correlates with a decrease in the number of
differentiated neural and epidermal cells. At least in the case of
the nervous system, foxKI RNAi animals also show a decrease in
the number of progenitors (sim+/PIWI1+) cells. However, the
number of cycling cells is not decreased. This result could indicate
that foxK1 is required for maintenance and differentiation of the
neural precursors and may be for specification of neoblasts
towards the neural fate. This result agrees with a recent study
in human ESCs, in which the FoxK2 transcription factor is found
to be bound to thousands of regulatory regions and to act as a
pioneer factor, playing a role in enhancer priming during
differentiation (Ji et al., 2021). Thus, foxKI could also act as a

foxK1 Function in Planarians

pioneer factor during neural determination in planarians. This
pioneer role has been already demonstrated for other Fox
families, such as FoxA, FoxD or FoxH (Krishnakumar et al,
2016; Charney et al.,, 2017). In human ESCs, FoxK2 binding to
enhancers is maintained as cells differentiate to neural precursor
cell types (Ji et al., 2021). This could also be the case of foxK1 in
planarians. In contrast to other Fox factors, foxKI could be
recruited not only in enhancer regions prior to their
activation, but its binding could be retained as enhancers
become activated during differentiation, since both progenitor
and differentiated cells are decreased in RNAi animals.

Although the cephalic ganglia are more affected than VNCs in
foxK1 RNAI planarians, foxKI seems to be required for nervous
system differentiation in general, since posterior fascicles of the
VNCs appear thinner and the decrease in the expression of sim
affects to all the body regions.

The defect in the eyes of foxK1 RNAi animals is one of the first
traits that can be observed, since they are the only structures
clearly identified when planarians regenerate the head. With the
analysis of specific markers, we demonstrate that eyes are not
properly specified nor differentiated, since both eye precursor and
eye differentiated cells are decreased. However, we cannot clarify
whether this defect is due to an autonomous role of foxK1 in the
eye cells or it is linked to the inability of these animals to
regenerate the cephalic ganglia, since the eyes connect to the
brain while they both are regenerating. We have not observed the
expression of foxKI in eye cells, but we cannot discard it.

FoxK1 RNAi animals die after developing epidermal lesions,
thus it can be due to its role in the maintenance of the epidermal
layer. We observed a decrease in epidermal cell density and an
increase in the size of the nucleus, which agrees with the role of
foxK1 for correct terminal differentiation of epidermal cells.
However, we cannot conclude whether foxK1 is also required
for maintenance and differentiation of epidermal progenitors,
and whether it also acts as a pioneer factor in the epidermal
lineage, since the number of epidermal precursors has not been
analyzed. It is tempting to speculate that the increase in the size of
the nucleus could be related with a decompaction of the
chromatin, which would agree with the role of foxKl as a
pioneer factor, although it could also be due to other mechanisms.

FoxK1 expression is not neural or epidermal specific, thus it
could be also required for specification or differentiation of other
tissues. However, its RNAi inhibition apparently only affects the
ectodermal lineages, as the digestive or the excretory system
appear normal.

Despite in other models, as Drosophila, foxK has been involved
in the control of proliferation of myogenic stem cells (Garry et al.,
2000), our results indicate that in a stem cell-based model as
planarians the FoxK family is not required for neoblast
proliferation. foxK2 and foxK3 are not expressed in neoblasts,
and foxK1 is expressed in neoblasts but we have found that the
bimodal proliferative response triggered by injury is correct in
foxK1 RNAi planarians, and in animals that have already
regenerated there are more proliferative cells. This result
agrees with the hypothesis that foxKI is activating neoblast
and progenitor enhancers required for determination and
differentiation, but it is not required for their proliferation. If
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foxK1 is required to prime neoblasts, they would maintain their
naive and cycling properties when foxK1 is not functional, which
would explain the increase in proliferation seen in regenerated
animals that must maintain their tissues. However, the triggering
of stem cell proliferation after injury is not dependent on foxK1.

foxK1 RNAi animals present a correct early mitotic response
and early wound gene expression. However, we have found that
inhibition of foxK1 decreases the early apoptotic response at 4 h
of regeneration, suggesting that this gene could have a key role in
controlling apoptosis. In this study we have not been able to
clarify the impact of the early apoptotic decrease in the phenotype
observed. However, the fact that the apoptotic activity seems also
reduced at later stages of regeneration in foxKI RNAI planarians
suggests that the observed decrease in the number of neural
progenitors and epidermal cells is not due to an increase in their
cell death.

Polarity establishment is neither affected in foxKI RNAi
planarians. Some PCGs are not correctly expressed, such as
sfrpl in anterior and fz4, hox4b and wntll-1 in posterior.
However, this could be associated with the inability to form a
proper head or tail, but not to the incorrect pole formation, since
notum and wnt1 are correctly expressed at all regeneration stages.
A possibility is that the expression of those PCGs genes could
require the differentiation of a nervous system.

While several Fox proteins have been implicated in enhancer
activation in a tissue-specific manner, the role of the FoxK has
been associated to a range of biological processes apparently
unconnected. This could be mainly due to its ubiquitous
expression and to having an additional conserved domain, the
FHA domain, which binds to multiple proteins. Analysing foxK1
function in planarians we have been able to characterize a specific
role of foxK1 in the differentiation of the neural tissue, possibly by
acting as a pioneer factor, as other members of the Fox family,
which allows and maintains the activation of enhancers during
differentiation of neural progenitors. Furthermore, the role of
foxK1 in controlling apoptosis deserves further attention, since a
functional relationship between FoxK and apoptosis has only
been suggested in cancer cells (Liu et al., 2019).

MATERIALS AND METHODS

Animal Maintenance

S. mediterranea from the asexual clonal line BCN-10 were used
for all experiments. Animals were maintained at 20°C in 1X PAM
water as previously described (Cebria et al., 2007). Animals were
fed twice per week with organic veal liver and were starved for at
least 1 week before experiments. For irradiation experiments,
planarians were exposed to 86 Gray (Gy) of y-irradiation.

RNA Interference

Double-stranded RNA (dsRNA) for Smed-foxK genes were
synthesised as previously described (Sanchez Alvarado and
Newmark 1999). The region amplified by the foxKI specific
forward primer 5 AATCTCATTCTTTTATTCCT 3' and
reverse primers 5 AGTATCGTTCATCAGTCCAT 3’ or 5
TTGAGCGTATGAATATGGAGG 3’ was used to synthesize
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the dsRNA. The injection protocol consisted of 1 round of 4
consecutive days of injections or 2 rounds of 3 consecutive days of
injections separated by a 4-days interval. A Nanoject II
(Drummond Scientific, Broomall, PA, United States) was used
to administer 3 injections of 32 nl of dsRNA (1 ug/ul) per day.
Control animals were injected with gfp dsRNA. In each round,
1 day after the last injection, planarians were amputated to induce
anterior and posterior regeneration.

Single-Cell Sequencing Data

FoxK1,2,3 genes expression profile (dd_Smed_v6_4500,
dd_Smed_v6_5767 and dd_Smed_v6_7583, respectively) were
obtained from the planaria single-cell database hosted by the
Rajewsky lab at the Berlin Institute for Medical Systems Biology
of the Max Delbriick Center, Berlin (Plass et al., 2018) and the
planaria single-cell database hosted by the Sanchez Alvarado lab
at Planosphere website (Zeng et al., 2018).

Whole-Mount In Situ Hybridisation and
Whole-Mount Fluorescent In Situ
Hybridisation

Whole-mount in situ hybridisation (WISH) (Currie et al., 2016)
whole-mount fluorescent in situ hybridisation (WFISH) (King
and Newmark 2013) were performed as previously described.
Riboprobes for in situ hybridisation were synthesised using the
DIG RNA labe ling kit (Sp6/T7, Roche) following the
manufacturer’s instructions. Samples were mounted in 70%
glycerol/PBS solution.

Immunohistochemistry

Whole-mount immunohistochemistry was performed as
previously described (Ross et al., 2015). Treated animals were
euthanised by immersion in cold 2% HCI in ultrapure H,O for
5 min, washed with PBS-Tx (PBS +0.3% Triton X-100) at room
temperature (RT), and placed in a fixative solution (4%
formaldehyde in PBS-Tx) for 15min at RT with agitation.
Subsequently, samples were washed with PBS-Tx and bleached
in 6% H,O0, (in PBS-Tx) at RT for 16 h under direct light.
Bleached animals were then washed with PBS-Tx, incubated
for 2h in 1% blocking solution (1% BSA in PBS-Tx), and
overnight at 4°C in the primary antibody (diluted in blocking
solution). The following primary antibodies were used: anti-
phospho-histone3 (PH3, Cell Signaling Technology) to detect
mitotic cells, diluted 1:300; anti-SYNAPSIN, a pan-neural marker
(anti-SYNORF1, Developmental Studies Hybridoma Bank),
diluted 1:50; anti-VC-1, specific for planarian photosensitive
cells (Sakai et al., 2000), diluted 1:15,000; anti-SMEDWI-1,
specific for neoblasts, diluted 1:1,500 (Rouhana et al., 2010)
(Mérz, Seebeck, and Bartscherer 2013); polyclonal antibody
against Smed-fB-catenin-2 used to visualize adherens junctions
(Chai et al., 2010), and used at a 1:2,000 dilution; the AA4.3
antibody (Developmental Studies Hybridoma Bank), specific for
a-tubulin to visualize the epithelial cilia, diluted 1:20. The
following secondary antibodies were used: Alexa-488-
conjugated goat anti-mouse (Molecular Probes), diluted 1:400;
and Alexa 568-conjugated goat anti-rabbit (Molecular Probes),
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diluted 1:1,000. Samples were mounted in 70% glycerol/PBS
solution. Nuclei were stained with DAPI (1:5000; Sigma-
Aldrich) and TO-PRO®-3 (1:3,000, Thermo Fisher Scientific,
Waltham, MA, United States).

Phototactic Assay

Phototactic assay was carried out using a modified version of the
method described by (Inoue et al., 2004). Planarian behavior
was recorded during 120s using an overhead digital video
camera (Canon EOS550D). The behavior analysis software
SMART v.2.5.21 (Panlab, Spain) was used to quantify the
time spent by the animals in each of the three virtual
subdivisions of a transparent container of 60 x 30 x 10 mm,
filled with planarian water. To obtain a light gradient, the
container was protected by a black screen with a hole that
allowed the entrance of 500 lux of white light from one side of
the container.

Caspase-3 Activity Assay

The protein concentration of the cell lysates of three biological
samples of 4-7 planarians each was measured using BioRad
protein reagent. Fluorometric analysis of caspase-3 activity was
performed as described previously (Gonzalez-Estévez et al., 2007)
using 16 pg of protein extract after incubation for 2 h at 37°C with
the caspase-3 substrate Ac-DEVD-AMC. A Fluostar Optima
microplate fluorescence reader (BMG Labtech) and a
luminescence spectrophotometer (Perkin- Elmer LS- 50) were
used to measure luminescence. The following settings were
applied: excitation, 380 nm; emission, 440 nm. Three technical
replicates were analysed per condition.

Microscopy, Image Acquisition, and Image

Analysis

Live animals were photographed with an sCM EX-3 high end
digital microscope camera (DC.3000s, Visual Inspection
Technology). WISH, WFISH, and immunostained animals
were observed with a Leica MZ16F stereomicroscope. Images
were captured with the ProGres C3 camera (Jenoptik) and then
processed in Photoshop CS6 for publication. Representative
images of WFISH and immunostained animals were captured
with confocal laser scanning microscopy (Leica TCS-SPE
microscope) and processed in Image]2.3.0 and Photoshop CS6
for publication.

Statistical Analysis
All comparisons were performed using the unpaired Student’s
t-test, after first confirming data normality and homogeneity
using the Shapiro-Wilk test.
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Supplementary Figure S1 | RNAI silencing and expression pattern of the three
foxK S. mediterranea paralogs. (A) foxK2 or foxK3 silenced planarians regenerate
the missing head and tail. Scale bar: 500 um. (B) Phototactic assay. Schematic
representation of the position of treated planarians in each of the three subdivisions
of 20 cm each after 120 s of light exposure. Red dots represent the position of foxK1
silenced animals and blue dots the position of gfo RNAi control planarians. Graphical
representation of the quantification of the velocity (meter/seconds) of gfp and foxK1
silenced planarians showing the reduced mobility of foxK7 silenced planarians. (C)
Whole-mount in situ hybridization of foxK7 in intact, y-irradiated and planarians at
2 days of regeneration after anterior-posterior amputation. Scale bar: 200 pm. (D)
Schematic representation of single-cell transcriptomic expression of foxK genes
[according to (Plass et al., 2018)]. It must be noted that in a previous publication
(Pascual-Carreras et al., 2021), these plots were not properly assigned, but this is
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corrected in the present publication. (E) Schematic representation of single-cell
transcriptomic expression of foxK7 in all planarian neoblasts (Nb) subtypes
[according to (Zeng et al., 2018)]. (F) Relative gene expression of foxK7 and
piwi1 for the individual stages during differentiation of the epidermal and
neuronal planarian cell lineages (in pseudotime) according to single cell analysis
[https://shiny.mdc-berlin.de/psca/, (Plass et al., 2018)]. a.u, arbitrary units. In the
schematic planarians, red lines indicate the amputation planes and black squares
the region analysed.

Supplementary Figure S2 | Expression pattern of tissue-specific markers in foxK1
RNAI planarians. (A) Whole-mount in situ hybridization of the neural marker sim
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Muscle development is a multistep process that involves cell specification, myoblast
fusion, myotube migration, and attachment to the tendons. In spite of great efforts trying to
understand the basis of these events, little is known about the molecular mechanisms
underlying myotube migration. Knowledge of the few molecular cues that guide this
migration comes mainly from studies in Drosophila. The migratory process of Drosophila
embryonic muscles involves a first phase of migration, where muscle progenitors migrate
relative to each other, and a second phase, where myotubes migrate searching for their
future attachment sites. During this phase, myotubes form extensive filopodia at their ends
oriented preferentially toward their attachment sites. This myotube migration and the
subsequent muscle attachment establishment are regulated by cell adhesion receptors,
such as the conserved proteoglycan Kon-tiki/Perdido. Laminins have been shown to
regulate the migratory behavior of many cell populations, but their role in myotube
migration remains largely unexplored. Here, we show that laminins, previously
implicated in muscle attachment, are indeed required for muscle migration to tendon
cells. Furthermore, we find that laminins genetically interact with kon-tiki/perdido to control
both myotube migration and attachment. All together, our results uncover a new role for
the interaction between laminins and Kon-tiki/Perdido during Drosophila myogenesis. The
identification of new players and molecular interactions underlying myotube migration
broadens our understanding of muscle development and disease.

Keywords: myogenesis, migration, adhesion, myotendinous junction (MTJ), drosophila, laminin, Kon-tiki, NG2

INTRODUCTION

Muscle development is a complex process where a series of cellular events need to be timely
coordinated to render functional contracting muscles. First, myoblasts are specified, then they
fuse with each other to form nascent myotubes, which migrate and attach to the tendons, then
final differentiation takes place (Bate, 1990; Schulman et al., 2015). The formation of a stable
myotendinous junction (MTJ) is key to withstand the strong forces generated by muscle
contraction, and MT] defects have been associated with myopathies in animal models and in
human (Mayer et al., 1997; Bassett and Currie, 2003; Conti et al., 2008; Wang et al., 2008;
Perkins et al., 2010).
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LanB1 Regulates Muscle Migration

FIGURE 1 | Embryonic pattern of the body wall musculature. (A) Scheme of the Drosophila muscle pattern at the end of embryogenesis (adapted from Bate and
Martinez Arias, 1993). (B=G) Representative examples of confocal projections of stage 16 embryos. In each case, a complete penetrance of the shown phenotypes was
observed [n = 12(B); n = 9(C); n = 4(D); n = 5(E); n = 5(F); n = 24(G))]. Muscles are labeled with anti-Tropomyosin; arrowheads indicate examples of myospheres; asterisk

indicates accumulation of detached muscles.

ey
kon , LanB1/kon , LanB1

Drosophila MT] formation is a well-established model to study
cell adhesion in organogenesis, where both the genes and cell
behaviors are conserved. At late stages of muscle development,
once muscle and tendons have physically contacted, final
adhesion takes place by the assembly of a robust hemi-
adherens junction between these cells (Schnorrer and
Dickson, 2004; Schweitzer et al, 2010). This junction
contains cell adhesion receptors and extracellular matrix
(ECM) proteins (Valdivia et al., 2017), and the absence of
these types of molecules leads to the formation of rounded
muscles or myospheres. Myospheres can be observed in
mutants of genes encoding cell adhesion receptors such as
integrins (Martin-Bermudo et al., 1998) and Kon-tiki/
Perdido (Kon) (Estrada et al., 2007; Schnorrer et al., 2007),
as well as in genes encoding ECM components such as Tsp
(Chanana et al., 2007; Subramanian et al., 2007), basement
membrane proteins type IV collagen (Borchiellini et al,
1996) and laminins (Martin et al., 1999; Urbano et al,
2009; Wolfstetter and Holz, 2012). Although the formation
of myospheres has been traditionally attributed to defects in
the stabilization of the MTJ, defects in the earlier process of
muscle migration towards tendon cells can also lead to the
same phenotype (Kramer et al., 2001; Swan et al., 2004).

Myotube migration towards tendons depends on several
factors, including the initial polarity of the muscle cell, local
signals available during the migration, target recognition and
terminating migration signals. It involves a cross-talk between
muscles and tendons, where the latter not only serve as
attachment sites but also provide guiding cues for the

migrating myotube (Schweitzer et al, 2010). Then
myotendinous contact and final adhesion takes place
(Schnorrer and Dickson, 2004; Schweitzer et al., 2010).

Although there have been shown a few genes involved in
myotube migration and elongation (Maartens and Brown,
2015), very little is known about the underlying mechanisms
regulating myotube migration. The conserved single-pass
transmembrane proteoglycan Kon has been related not only
with the assembly of the MTJ, but also with myotube
migration. Muscles mutant in the gene kon fail to migrate in a
directed manner being often lost or “perdidos” (in Spanish) and
ending up as rounded unattached muscles (Estrada et al., 2007;
Schnorrer et al., 2007; Pérez-Moreno et al., 2014). Kon interacts
with PS2 integrin and the ECM protein Tsp in the formation of a
stable muscle attachment (Pérez-Moreno et al., 2017) and it has
been proposed to interact with aPS1 in the tendon (Estrada et al.,
2007). Moreover, Kon contains a PDZ binding domain that forms
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FIGURE 2 | Development of ventral-longitudinal muscle 1 (VL1). (A) Left panel shows a representative example of the confocal projection in a stage 16 embryo.
5053-GAL4 expresses the plasma membrane marker src:GFP in the VL1 muscle of each segment (dotted line indicates one example) and the gut (asterisk). Right panels
show representative examples of the different morphological phenotypes observed in VL1 muscle for the genotypes indicated. (B-D) Quantification of the proportion of
VL1 muscles according to their morphology at different embryonic stages for the indicated genotypes. Bar colors indicate VL1 muscle phenotypes: WT, blue;
Misoriented, green; Misshaped projection, red; Myospheroid, purple. Sample size indicates the total number of muscles over the number of embryos indicated between

parentheses.

a protein complex with the PDZ intracellular protein Grip, also ~ assemble into networks where they recruit other basement
involved in myotube guidance (Swan et al,, 2004). However, it is ~ membrane components (Mouw et al.,, 2014). The Drosophila
still unclear which are Kon extracellular ligands during myotube =~ genome encodes only four laminin chains: two « chains (al,2
migration. ECM molecules play important roles in embryonic cell ~ and a3,5), one f§ chain and one y chain. These form two trimers,
migration (Walma and Yamada, 2020) but there are no ECM lamininA (@3,5; B1; 1) and lamininW (al,2; f1; y1). Laminins
molecules yet identified to play a role in myotube migration. are key regulators of embryonic morphogenesis, where they play

Laminins are main basement membrane components,  different roles, such as migration processes. For instance, laminin
consisting of single a, § and y chains that coil to form a cross  «l,2-chain regulates embryonic tracheal migration and muscle-
shape heterodimer, and are well-known integrin ligands  tendon adhesion (Martin et al., 1999), and LanA regulates axonal
(Hohenester, 2019). They are secreted and proposed to self-  pathfinding (Garcia-Alonso et al., 1996). Since laminins play a
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FIGURE 3 | LanB1 and kon interaction during the development of the VL1 muscle. (A) Quaternary plot showing the embryo distribution among genotypes
according to the morphology of their muscles. Multivariate analysis of variance (MANOVA) statistical test, p < 0.00001. (B,C) Quantification of the proportion of VL1
muscles according to their morphology at different embryonic stages for the indicated genotypes. Bar colors indicate VL1 muscle phenotypes: WT, blue; Misoriented,
green; Misshaped projection, red; Myospheroid, purple. Representative examples of these phenotypes are shown in Figure 2. Sample size indicates the total
number of muscles over the number of embryos indicated between parentheses. Binomial distribution test was performed for pairwise comparisons: misoriented
muscles at st. 13, 14 between LanB1 and kon, LanB1/+. p = 0.046; misoriented muscles at st. 13, 14 between kon, LanB1 and kon, LanB1/+. p = 0.55; total abnormal
muscles at st. 13, 14 between kon, LanB1 and kon. p = 0.60; total abnormal muscles at st. 15 between kon, LanB1 and kon. p = 0.43.
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FIGURE 4 | LanB1 distribution at the MTJ. (A,B) Representative examples of confocal projections of st. 16 embryos, where the VL muscles of two hemisegments
are shown. Muscles are labeled with anti-Tropomyosin; arrowheads indicate MTJ regions (intersegmental regions) showing LanB1 enrichment; asterisks indicate
haemocytes. See Supplementary Figure S2 for a detailed view of the corresponding confocal sections.

kon

role in embryonic cell migration; are required for muscle-tendon
attachment (Martin et al., 1999; Urbano et al., 2009); bind the
tendon expressed aPS1BPS integrin (Gotwals et al., 1994), which
might play a role in early events of the formation of the MT]
(Roote and Zusman, 1995; Estrada et al., 2007); and genetically
interact with Kon (Wolfstetter and Holz, 2012), we aimed to study
the potential role of laminins in myotube migration and its
cooperation with Kon during this process. In particular, we
analyze the role of LanBI, the only Drosophila gene encoding
for the laminin f§ subunit, present in both functional laminin a-
B-y heterotrimers. We show that LanBI plays specific roles in
both muscle migration and attachment to tendon cells, as well as a
strong genetic interaction between LanBI and kon during these
processes. Our work suggests a key role for both muscle cell
receptors and ECM components during different stages of MT]
morphogenesis.

MATERIAL AND METHODS

Drosophila Strains and Genetics

The following stocks were used: kon (kon™?) (Estrada et al,
2007); LanBI1PPF and LanB1'™ (Urbano et al., 2009); 5053-GAL4
(Bloomington Drosophila Stock Center: 2702) (Swan et al., 2004);
UAS-src:GFP (Lesch et al., 2010). The CyO, twist-GAL4, UAS-
2EGFP (Halfon et al., 2002), CyO, ftz-LacZ (Knoblich and Lehner,
1993), and CyO, act:GFP (Bloomington Drosophila Stock Center)

balancer chromosomes, were used to identify homozygous
mutants. In both Figure 1 and Figure 3, we used the kon™?,
LanBI”"" (Rec8) recombinant chromosome to analyze double
kon and LanBl mutation.

Embryo Immunohistochemistry and

Microscopy

Embryo antibody stainings were carried out as described
previously (Carmena et al, 1998). The following primary
antibodies were wused: 1:5000 rabbit anti-$-galactosidase
(Cappel, 55,976); 1:5,000 rabbit anti-GFP (Invitrogen, A-6455),
1:5,000 mouse anti-GFP (Invitrogen, A-11120), and 1:400 rat
anti-Tropomyosin ~ (Babraham  Bioscience  Technologies,
MACI41). The following secondary antibodies were used: 1:
200 goat anti-rabbit-Cy2 (Jackson, 111-225-144), 1:200 goat
anti-rat-Cy5 (Jackson, 112-175-143), 1:200 goat anti-mouse-
488 (Life Technologies, A-1101), and 1:200 goat anti-rabbit-
Cy5 (Jackson, 111-175-144). Confocal images were obtained
using SP2 and Stellaris five confocal microscopes from Leica,
and processed with Adobe Illustrator and Image].

Data Analysis

The identification of specific embryonic stages was performed by
following previous characterization (Campos-Ortega and
Hartenstein, 1997). Stage 13-14 embryos showed head
involution with retracting clypeolabrum, germ band retraction,
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yolk sac protruding dorsally and dorsal closure of midgut and
epidermis; Stage 15 embryos showed retracted clypeolabrum,
completion of dorsal closure, and growth of the hindgut; Stage
16 embryos showed midgut constrictions and final pattern of
somatic musculature was developed. In LanBI mutants there is a
failure in midgut constriction so that staging of these embryos
was based on the other morphologies. Quantification of
phenotypes in VL1 muscle morphology was performed by
counting the number of each type of phenotype per embryo.
Image analysis was performed from both confocal z-stacks and
maximal projections using Image] software.

Our VLI muscles data consisted of relative proportions of WT
and several types of muscle phenotypes across genotypes. Since
the relative proportion of muscles in each category was not
statistically independent from each other, we first conducted
an overall compositional data analysis (Aitchison, 1982) using
the package CoDaPack (Comas and Thio-Henestrosa, 2011).
Visual inspection of the data distribution across the
tetrahedron (Figure 3A) suggested that genotypes differed
markedly in the proportion of abnormal muscles, which was
confirmed statistically by a Multiple Analysis of Variance
(MANOVA). Confirmed these overall differences across
genotypes, we then tested for statistical differences between
genotypes or within genotypes across stages in the proportion
of specific muscle phenotypes. We tested such comparisons
fitting Generalized Linear Models with a binomial error
distribution and a logit link function, where the dependent
variable was number of muscles with a given phenotype vs total
number of muscles scored in a given embryo.

RESULTS

LanB1 and Kon Interact Genetically During
the Development of the Myotendinous

Junction in Drosophila Embryos

To study the role of laminins and their interaction with kon,
during the development of the MTJ, we first studied the pattern of
the body wall musculature at the end of embryogenesis, stage 16
(st. 16) (Figure 1A), in both control and mutant embryos. To
study kon function, we analyzed embryos for the null mutant
allele kon™™? (hereafter referred as kon). In agreement with
previous findings (Estrada et al., 2007; Schnorrer et al., 2007),
we found that, while control embryos (kon/+) did not show any
defect in the musculature (Figure 1B), some muscles from kon
embryos, particularly the ventral-longitudinal ones (VL), formed
myospheres, a term used to describe rounded shape muscles due
to detachment from their tendon cells (Wright, 1960) (arrowhead
in Figure 1C). To study laminin function, we analyzed embryos
carrying a deficiency that eliminates the only Drosophila gene
encoding the laminin f§-subunit, LanBI, hereafter referred as
LanBI embryos (Figure 1D). Similar to kon embryos, LanBI1
mutant muscles also formed myospheres, particularly the VL
ones (Urbano et al., 2009) (arrowhead in Figure 1D). Since loss of
function of either kon and LanB1 showed myospheres, we studied
their cooperation during MTJ] development by performing

LanB1 Regulates Muscle Migration

genetic interaction experiments. To do this, we generated flies
with a recombinant chromosome for both mutations. Double
kon, LanBI heterozygous mutants showed a wild-type muscle
pattern (Figure 1E), suggesting that a single functional allele for
each gene is enough to properly establish the muscle pattern.
However, we found that the muscle detachment phenotype of
LanBl embryos that were also kon heterozygotes, was
dramatically enhanced compared with either kon or LanBI
single mutants (Figure 1F). Moreover, complete loss of both
kon and LanB1 (hereafter referred as kon, LanB1 embryos) led to
a generalized presence of myospheres (Figure 1G) (quantification
below). The high number of detached muscles in the mutant
combination kon, LanB1 (either partial or complete), resulted in
the formation of gaps in the muscle pattern (Figures 1F,G and
Supplemetary Figure S1). Since LanB1 deficiency also removes
the 5" UTR of the adjacent CG72143 gene, we validated our results
by recombining kon™' with a null allele for LanB1, LanB1'"
(Urbano et al., 2009). Consistently, these recombinant mutant
embryos showed the same phenotype as the kon, LanBI embryos
(Supplemetary Figure S1). Altogether, this data supports a
cooperative role for LanBI and kon in the formation of the MT]J.

LanB1 is Required for Muscle Migration

Towards Tendon Cells

The muscle detachment phenotype observed at the end of
embryogenesis in LanBI embryos (Figure 1D) (Urbano et al,
2009) might be caused by defects in either muscle guidance and/
or muscle attachment to tendon cells. To distinguish between
these two possibilities, and to further characterize the role of
LanBI in the formation of the MTJ, we characterized muscle
migration and attachment in both control and LanBI embryos.
Previous studies have shown that as muscles migrate towards
their tendon cells they extend projections towards future
attachment positions (Volk, 1999; Schnorrer and Dickson,
2004). The visualization of the complete body wall
musculature (Figure 1) complicates the analysis of the
morphology of individual muscles as they migrate, as well as
their cellular protrusions. To solve this, we decided to label just
one specific muscle, VL1, using 5053-GAL4 driver (Swan et al.,
2004) to express a GFP-tagged plasma membrane marker, src:
GFP (Lesch et al,, 2010) (Figure 2). wild type (wt) muscles
(Figures 2A,B) (Schnorrer et al, 2007) first project
protrusions anteriorly towards their future attachment
positions at the anterior segment border (st. 13-14). The
posterior end does not migrate, as it is already placed near the
posterior segment border, the other attachment point. Then
muscles initiate (st. 15) and stabilize (st. 16) the attachment to
tendon cells (Figure 2A). In LanB1 embryos (Figure 2C), at early
stages (13-14), 6% of the VL1 muscles showed misoriented
projections, that is, muscles with projections oriented
perpendicularly to the normal posterior to anterior direction
of migration (Figure 2A). At st. 15, LanBI loss caused a few
cases of myospheroid-shape muscles (rounded, and detached
muscles) (2%) and of muscles with misshaped projections
(2%), muscles whose projections were properly oriented but
longer than normal, and presenting a small contact surface
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with the attachment site (Figure 2A), which reflects a defect in
the initial contact between muscle and tendon cells. Moreover, at
st. 16, 5% of the muscles were myospheres, and some muscles
showed misoriented or misshaped projections (2% each). Our
data suggests that LanBI regulates muscle targeting to tendon
cells at early stages and stabilization of muscle attachments later
in embryogenesis. The fact that LanB1 muscles send projections
suggests that LanB1 is not required for the overall formation of
filopodia during muscle migration, although we cannot
distinguish if they are intact at this resolution.

As in LanB1 embryos, we had observed that kon embryos also
showed myospheres at the end of muscle development (Figure 1)
(Estrada et al., 2007; Schnorrer et al., 2007). However, the specific
analysis of VL1 muscle morphology at early and late stages
revealed striking differences between both genotypes (Figures
2C,D) (Estrada et al., 2007; Schnorrer et al.,, 2007). At st. 13-14,
kon mutants showed a remarkable proportion of muscles with
misshaped projections (63%), already indicating an altered ability
to initiate contacts with tendon cells. However, unlike LanBI
mutants, loss of kon did not produce muscles with misoriented
projections at these early stages (Figure 2D) (Estrada et al., 2007;
Schnorrer et al., 2007). Later, at st. 15, kon embryos showed an
increase in the number of misshaped projections (from 63 to
86%), supporting the known role of kon in mediating muscle-
tendon attachment. Remarkably, kon mutants also showed some
misoriented muscles at this stage (5%), likely consequence of
failed attachment, as previously reported (Schnorrer et al., 2007).
Finally, at st. 16, 69% of kon mutants showed misshaped
projections and 21% myospheres, indicating respectively
incomplete and failed muscle attachments. Together, this data
supports that the myospheres observed in late kon embryos could
be due to defects in muscle-tendon migration and/or attachment
formation, while LanB1 additionally showed a specific role in
projection orientation at the early stages of muscle migration.

Kon and LanB1 Cooperate in Muscle

Guidance and Attachment to Tendon Cells
To better understand the specific role of LanBI and kon and their
interaction, we first analyzed, independently of the stage, VL1
muscle morphology in different dosages of mutant alleles for
LanB1 and kon. The spatial distribution of the observed muscles
with different phenotypes within a polyhedron showed that there
is a statistically significant difference in their distribution among
genotypes. Specifically, loss of one or two copies of LanBI in a kon
background caused the displacement of the kon phenotypes
towards the misoriented muscle morphology, suggesting an
interaction between LanBI and kon in muscle migration and
attachment formation. This statistical analysis (Figure 3A and
Supplementary Movie) (see Material and Methods for more
details) allowed us to carry out the specific pairwise comparisons
of the phenotypes among genotypes in different stages.

At st. 13-14, we observed that while embryos with only one
functional copy of kon showed no alterations in muscle
development (Figure 2B), the additional loss of one LanBI
allele (double heterozygous) (Figure 3B) showed around one
third (28%) of all muscles with misoriented projections.

LanB1 Regulates Muscle Migration

Interestingly, this was significantly higher than what we found
in either LanBI (6%) or kon (0%) single mutant embryos (Figures
2C,D), supporting a cooperation between both kon and LanBI in
muscle targeting. Moreover, kon, LanB1 mutants (Figure 3C),
presented a similar amount of misoriented projections than double
heterozygote mutants (Figure 3B; 34 and 28% respectively), but
the former additionally showed misshaped muscles and
myospheres (likely unable to send projections). Together, this
resulted in that more than the half (57%) of the muscles in kon,
LanBI embryos presented some type of muscle phenotype at early
stages. Therefore, our data supports a role for LanBI in muscle
guidance and its cooperation with kon in this process.

At st. 15, comparing kon, LanBl (Figure 3C) with kon
(Figure 2D) embryos, they both showed a similar proportion
of total number of muscles with any of the described phenotypes
(86 and 91% respectively), while this proportion was only 3% in
LanBI mutants (Figure 2C). However, kon, LanBl mutants
showed 37% myospheroids and 23% misoriented muscles,
phenotypes which were respectively non-observed or milder
(5%) in kon mutants. Therefore, the early formation of
myospheres and the relatively high number of misoriented
muscles in kon, LanBl embryos, suggest a cooperation
between both genes to regulate the later stages of muscle
migration and the attachment formation between muscle and
tendon cells.

At st. 16, all the muscles were affected in kon, LanBI mutants
(Figure 3C), where 95% were myospheres and 5% misshaped
projections. The remarkable difference of the myospheres/
misshaped projections ratio between kon (21/70) (Figure 2D)
and kon, LanBI mutants (95/5) (Figure 3C), supports a strong
cooperation between kon and LanBl in the stabilization of the
myotendinous junction.

Kon is Not Essential for LanB1 Localization
at the MTJ

The transmembrane proteoglycan Kon is a cell adhesion receptor
that mediates the interaction between the muscle cell and the
ECM (Estrada et al., 2007; Schnorrer et al., 2007; Pérez-Moreno
et al., 2017). Therefore, the observed cooperation between kon
and LanBl during the formation of the MTJ might suggests a
potential role for Kon in localizing LanBl at the MT]. As
previously reported in wt condition (Urbano et al, 2009;
Wolfstetter and Holz, 2012), we observed that control
embryos showed LanBl enrichment at the MTJ (arrowheads
in Figure 4A and Supplementary Figure S2A). In kon
embryos, despite the decreased MT]J surface of attachment of
VL muscles, we still detected accumulation of LanB1 where
muscles were attached (arrowheads in Figure 4B and
Supplementary Figure S2B). This result indicates that Kon is
not essential to recruit LanB1 at the MT].

DISCUSSION

The development of the MTJ requires cell adhesion receptors and
ECM components (Maartens and Brown, 2015; Valdivia et al,
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2017). This is supported by studies, mainly in Drosophila,
showing that the loss of these types of molecules leads to MTJ
disruption. The physical interaction between cell adhesion
receptors, mostly integrins, and the ECM is well-known, as
well as the requirement of this interaction in multiple cellular
and developmental events (Walma and Yamada, 2020). However,
the specific contribution of each of these components and
interactions between them to the different cellular processes
underlying MT] development, such as migration, recognition
and attachment, remains largely unknown. Here, we show that
laminins, previously involved in muscle attachment, are also
required for proper muscle migration to the tendon cells.
Furthermore, our results support that kon interacts with
laminins both during migration and attachment.

It has been reported that kon and LanB2 interact genetically
during the MTJ formation (Wolfstetter and Holz, 2012). We
extended this analysis by exploring the interaction between
kon and LanB1. Remarkably, we observed that double loss of
kon and LanBl caused a more dramatic disruption of the
body wall musculature than the previously reported in kon,
LanB2 mutants. The secretion of an individual laminin
subunit has been only observed in vitro (Yurchenco et al.,
1997), being widely studied that laminins are only secreted
and functional as heterotrimers in vivo (Hohenester, 2019).
Therefore, the different grade of disruption of the muscle
pattern observed between kon, LanB2 mutants (Wolfstetter
and Holz, 2012) and kon, LanB1 mutants (this work) might
be due to differences in the genetic background of both
studies. Here, we validated our data by analyzing the
genetic interaction between kon and two different mutants
for LanB1 (LanBI1PEF and LanB1'P3).

Beyond its general role in MTJ formation, it was unknown
whether laminin (and other ECM components) only accumulates
at the MT]J to form and/or stabilize the junction, or whether it also
participates during the earlier process of muscle guidance. To
study this, here, we explored the effect of LanB1 loss during MT]
development. First, we observed a requirement of LanB1 at the
early stages of muscle development, supported by the presence of
some misoriented muscles at stage 13-14 in LanBI1 mutants. The
inability to polarize filopodia in the right direction could be due to
a failure in sensing guidance cues, and it also suggests that LanB1
is not required for filopodia formation. Similarly, our previous
studies have shown that while haemocytes from LanBI embryos
can form protrusions they are not orientated in the direction of
migration. Formation and stabilization of lamellipodia play a
critical role in achieving directionally persistent migration in cell
culture (Petrie et al, 2009). As we showed that haemocytes
produced their own laminins, this led us to propose a role for
laminins in reinforcing directional migration by stabilizing
cellular protrusions locally. In the future, it will be interesting
to analyse whether muscles can also produce their own laminins
to enhance directional migration.

In contrast to the muscle guidance defects observed in LanBI
mutants, early kon embryos (stage 13-14) only showed
misshaped projections, what suggests that Kon plays a role in
muscle-tendon recognition/attachment (Estrada et al, 2007;
Schnorrer et al, 2007). Although kon embryos showed

LanB1 Regulates Muscle Migration

misoriented projections at stage 15, this might be a
consequence of the failed muscle-tendon recognition/
attachment observed at earlier stages. The genetic interaction
observed between kon and LanBI further supports a role for
both LanBl and Kon in muscle guidance. It remains open,
however, whether LanB1 only plays a role in muscle guidance or
whether it has an additional role in the stabilization of the
attachment. The observation of myospheres at late stages in
LanBI embryos could be partially due to a LanB1 role during
muscle guidance, but also to an additional role in muscle-
tendon adhesion. However, the fact that practically all
muscles form myospheres in late kon, LanBl embryos,
cannot be only correlated with the proportion of misoriented
muscles observed earlier in the same embryos. Since there are no
muscle contractions at st. 15 and only isolated brief muscles
twitches by the end of st.16 (Perenau et al., 2007; Crisp et al.,
2008), the observed myospheres in our study are most likely due
to failed formation of the MT]J and not to a contraction-derived
detachment. Therefore, our data suggests that misoriented
muscles, muscles with misshaped projections and also some
muscles with no phenotype, detached from tendon cells in late
kon, LanB1 embryos, supporting a role for LanB1 in stabilizing
the MT]. This potential role is also supported by the progressive
accumulation of LanB1 in the mature MT]J from st. 14 to 16
(Martin et al., 1999), and by the fact that LanA is required for the
adhesion of the basement membrane to the muscle surface in
the formation of a similar hemi-adherens junction, the one in
the neuromuscular junction (Prokop et al., 1998; Tsai et al.,
2012).

Despite the requirement of both LanBl and Kon during
muscle development, we propose they are likely acting in
parallel. The strong genetic interaction observed suggests they
are neither upstream/downstream of each other in the same
pathway nor working together as ligand and receptor. In
addition, we observed that LanB1 localization is not regulated
by Kon. However, they still might be part of the same molecular
complex, where loss of different components could affect its
functionality. In fact, it has been shown that the Kon
orthologue, NG2, can physically interact in vitro with laminin
(Burg et al.,, 1996).

Cell receptors can influence the ECM which in turn feedback
on cell adhesion through the receptors (Maartens and
Brown, 2015). In fact, later in MT] development, Kon localizes
the ECM protein Tsp and enhances PS2 integrin adhesion (Pérez-
Moreno et al., 2017). Both LanB1 and Kon have been shown to
interact with integrins (Estrada et al., 2007; Maartens and Brown,
2015) but how these protein complexes are coordinated in
regulating the intricate molecular mechanisms underlying
muscle guidance and adhesion to the tendons needs to be
further elucidated.
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