MECHANISMS OF HOX-DRIVEN
PATTERNING AND MORPHOGENESIS

EDITED BY: Edwina McGlinn, Ernesto Sanchez-Herrero and Marie Kmita

,frontiers Research Topics


https://www.frontiersin.org/research-topics/16998/mechanisms-of-hox-driven-patterning-and-morphogenesis#articles
https://www.frontiersin.org/research-topics/16998/mechanisms-of-hox-driven-patterning-and-morphogenesis#articles
https://www.frontiersin.org/research-topics/16998/mechanisms-of-hox-driven-patterning-and-morphogenesis#articles
https://www.frontiersin.org/journals/cell-and-developmental-biology

:' frontiers

Frontiers eBook Copyright Statement

The copyright in the text of
individual articles in this eBook is the
property of their respective authors
or their respective institutions or
funders. The copyright in graphics
and images within each article may
be subject to copyright of other
parties. In both cases this is subject
to a license granted to Frontiers.

The compilation of articles
constituting this eBook is the
property of Frontiers.

Each article within this eBook, and
the eBook itself, are published under
the most recent version of the
Creative Commons CC-BY licence.
The version current at the date of
publication of this eBook is

CC-BY 4.0. If the CC-BY licence is
updated, the licence granted by
Frontiers is automatically updated to
the new version.

When exercising any right under the
CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or eBook, as
applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of

others may be included in the

CC-BY licence, but this should be

checked before relying on the
CC-BY licence to reproduce those
materials. Any copyright notices
relating to those materials must be
complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed

in any copy, derivative work or
partial copy which includes the
elements in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers” Conditions for Website
Use and Copyright Statement, and
the applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-83250-215-0
DOI 10.3389/978-2-83250-215-0

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a
pioneering approach to the world of academia, radically improving the way scholarly
research is managed. The grand vision of Frontiers is a world where all people have
an equal opportunity to seek, share and generate knowledge. Frontiers provides
immediate and permanent online open access to all its publications, but this alone
is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access,
online journals, promising a paradigm shift from the current review, selection and
dissemination processes in academic publishing. All Frontiers journals are driven
by researchers for researchers; therefore, they constitute a service to the scholarly
community. At the same time, the Frontiers Journal Series operates on a revolutionary
invention, the tiered publishing system, initially addressing specific communities of
scholars, and gradually climbing up to broader public understanding, thus serving
the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include some
of the world’s best academicians. Research must be certified by peers before entering
a stream of knowledge that may eventually reach the public - and shape society;
therefore, Frontiers only applies the most rigorous and unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding
research, evaluated with no bias from both the academic and social point of view.
By applying the most advanced information technologies, Frontiers is catapulting
scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals
Series: they are collections of at least ten articles, all centered on a particular subject.
With their unique mix of varied contributions from Original Research to Review
Articles, Frontiers Research Topics unify the most influential researchers, the latest
key findings and historical advances in a hot research area! Find out more on how
to host your own Frontiers Research Topic or contribute to one as an author by
contacting the Frontiers Editorial Office: frontiersin.org/about/contact

Frontiers in Cell and Developmental Biology 1

September 2022 | Mechanisms of Hox-Driven Patterning


https://www.frontiersin.org/research-topics/16998/mechanisms-of-hox-driven-patterning-and-morphogenesis#articles
https://www.frontiersin.org/journals/cell-and-developmental-biology
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/about/contact

Topic Editors:

Edwina McGlinn, Monash University, Australia

Ernesto Sdnchez-Herrero, Centre for Molecular Biology Severo Ochoa,
Spanish National Research Council (CSIC), Spain

Marie Kmita, Montreal Clinical Research Institute (IRCM), Canada

Citation: McGilinn, E., Sdnchez-Herrero, E., Kmita, M., eds. (2022). Mechanisms of
Hox-Driven Patterning and Morphogenesis. Lausanne: Frontiers Media SA.
doi: 10.3389/978-2-83250-215-0

Frontiers in Cell and Developmental Biology 2 September 2022 | Mechanisms of Hox-Driven Patterning


https://www.frontiersin.org/research-topics/16998/mechanisms-of-hox-driven-patterning-and-morphogenesis#articles
https://www.frontiersin.org/journals/cell-and-developmental-biology
http://doi.org/10.3389/978-2-83250-215-0

Table of Contents

04

06

17

30

50

64

75

86

102

120

141

Editorial: Mechanisms of Hox-Driven Patterning and Morphogenesis
Marie Kmita, Edwina McGlinn and Ernesto Sanchez-Herrero
Developmental Robustness: The Haltere Case in Drosophila

Guillaume Giraud, Rachel Paul, Marilyne Duffraisse, Soumen Khan,

L. S. Shashidhara and Samir Merabet

Anterior Hox Genes and the Process of Cephalization

James C.-G. Hombria, Mar Garcia-Ferrés and Carlos Sanchez-Higueras
Homeotic Genes: Clustering, Modularity, and Diversity

Nikhil Hajirnis and Rakesh K. Mishra

Hox Proteins in the Regulation of Muscle Development

Gabriela Poliacikova, Corinne Maurel-Zaffran, Yacine Graba and
Andrew J. Saurin

Mechanisms Underlying Hox-Mediated Transcriptional Outcomes
Brittany Cain and Brian Gebelein

The Lung Elastin Matrix Undergoes Rapid Degradation Upon Adult Loss of
Hox5 Function

Mu-Hang Li, Leilani M. Marty-Santos, Paul R. van Ginkel,

Aubrey E. McDermott, Andrew J. Rasky, Nicholas W. Lukacs and
Deneen M. Wellik

Roles of Drosophila Hox Genes in the Assembly of Neuromuscular
Networks and Behavior

Rohit Joshi, Rashmi Sipani and Asif Bakshi

Elevated Hoxb5b Expands Vagal Neural Crest Pool and Blocks Enteric
Neuronal Development in Zebrafish

Aubrey G. A. Howard IV, Aaron C. Nguyen, Joshua Tworig, Priya Ravisankar,
Eileen W. Singleton, Can Li, Grayson Kotzur, Joshua S. Waxman and
Rosa A. Uribe

Hoxa5 Activity Across the Lateral Somitic Frontier Regulates Development
of the Mouse Sternum

Kira Mitchel, Jenna M. Bergmann, Ava E. Brent, Tova M. Finkelstein,
Kyra A. Schindler, Miriam A. Holzman, Lucie Jeannotte and

Jennifer H. Mansfield

Diversification and Functional Evolution of HOX Proteins

Narendra Pratap Singh and Robb Krumlauf

Frontiers in Cell and Developmental Biology

3 September 2022 | Mechanisms of Hox-Driven Patterning


https://www.frontiersin.org/research-topics/16998/mechanisms-of-hox-driven-patterning-and-morphogenesis#articles
https://www.frontiersin.org/journals/cell-and-developmental-biology

a' frontiers ‘ Frontiers in Cell and Developmental Biology

@ Check for updates

OPEN ACCESS

EDITED AND REVIEWED BY
Moises Mallo,

Gulbenkian Institute of Science (IGC),
Portugal

*CORRESPONDENCE
Ernesto Sanchez-Herrero,
esherrero@cbm.csic.es

SPECIALTY SECTION

This article was submitted to
Morphogenesis and Patterning,

a section of the journal

Frontiers in Cell and Developmental
Biology

RECEIVED 12 July 2022
ACCEPTED 26 July 2022
PUBLISHED 01 September 2022

CITATION

Kmita M, McGlinn E and
Sanchez-Herrero E (2022), Editorial:
Mechanisms of hox-driven patterning
and morphogenesis.

Front. Cell Dev. Biol. 10:992341.

doi: 10.3389/fcell.2022.992341

COPYRIGHT
© 2022 Kmita, McGlinn and Sanchez-
Herrero. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Cell and Developmental Biology

TvpPE Editorial
PUBLISHED 01 September 2022
Dol 10.3389/fcell.2022.992341

Editorial: Mechanisms of
hox-driven patterning and
morphogenesis

Marie Kmita'?3, Edwina McGlinn* and
Ernesto Sdnchez-Herrero®*

'Département de Médecine, Faculté de Médecine, Université de Montréal, Montreal, QC, Canada,
2Genetics and Development Research Unit, Institut de Recherches Cliniques de Montréal, Montreal,
QC, Canada, *Department of Experimental Medicine, McGill University, Montreal, QC, Canada,
“Australian Regenerative Medicine Institute, Monash University, Clayton, VI, Australia, >*Centre for
Molecular Biology Severo Ochoa, Spanish National Research Council (CSIC), Madrid, Spain

KEYWORDS

hox genes, drosophila, mouse, zebrafish, patterning, morphogenesis, evolution

Editorial on the Research Topic
Mechanisms of hox-driven patterning and morphogenesis

The Hox genes have attracted the interest of scientist for decades. Their organization
in genetic clusters, their ordered chromosomal alignment and the correlation of this
disposition with the evolutionary conserved gene expression along the anteroposterior
axis have excited the curiosity of researchers and prompted countless investigations. Hox
proteins have also been studied as examples of transcription factors that activate
particular genes at certain positions. The present Research Topic Mechanisms of
Hox-Driven Patterning and Morphogenesis gathers a series of reviews and original
articles on Hox expression and function in different model organisms.

The seminal work of Ed Lewis characterized transformations in the Drosophila cuticle
due to mutations in Bithorax Complex (BX-C) genes. Subsequent studies revealed that
Hox genes are expressed and required also in muscles or nervous system. Two reviews
focus on the role of Hox genes in these tissues. The manuscript by Poliacikova et al.
reviews the role of Hox genes in the different steps of muscle specification in Drosophila
and vertebrates. The authors describe Hox activity in somatic/skeletal, cardiac and visceral
muscle development, explain the cooperation of Hox proteins with muscle-specific
proteins and explain the role of these genes in neuromuscular circuits. These
neuromuscular networks are detailed in the work of Joshi et al. They report muscle-
motoneuron circuits in Drosophila and how these impact on development and behavior.
The authors first summarize Hox role in specification of the central nervous system and
then review recent advances in Hox determination of motoneuron morphology and
physiology, focusing in two larval behaviors, locomotion and feeding, and two adult ones,
egg-laying and self-righting.

Although it is well established that Hox genes are required during development,
recent studies have uncovered a Hox function in adults, as described in the above review.
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The original article by Li et al. demonstrates a role for Hox5 in
adults. In a conditional triple mutant Hoxa5/Hoxb5/Hoxc5, in
which Hox5 function is eliminated in the mesenchyme of adult
mice, the investigators observed elimination of the elastin matrix,
change in alveolar structures and an emphysema-like phenotype.

Two other research articles also unveil Hox5 function. In one
of them (Mitchel et al.,) the activity of Hoxa5 in the development
of the mouse sternum is analyzed. The authors first characterize
in detail the origin and development of this structure. Then, they
show Hoxa5 expression and requirement in the presternum,
demonstrate the coordinated activity of other Hox genes in the
formation of this structure and discuss the evolutionary
implications of such function. In the second original article,
by Howard et al,, it is demonstrated that high levels of Hoxb5b in
a restricted time window expand zebrafish neural crest cell
number, increase the expression of the vagal neural crest cell
markers foxd3 and phox2bb, and extend the number of enteric
neural progenitors; however, these progenitors do not expand
later on to make enteric neurons along the gut. To explain the
early expansion of neural crest cells but the later reduction of
neurons, the authors argue that it can be due to the dynamic
expression of Hox cofactors of the TALE family or to
insufficiently timed signals needed for the continuous
expansion and differentiation.

The most famous Hox mutation transforms halteres into
wings in the fruitfly. Giraud et al. investigate the genetic basis of
robustness and variation in haltere morphology, which is
governed by the Hox gene Ultrabithorax. To this aim they
carry out a genetic screen looking for haltere morphology
changes in a wildtype or sensitized mutant background. Based
on their results the authors postulate a self-sufficient mechanism
whereby high levels of Ultrabithorax allow proper development
of the haltere without the need for cofactors, thus ensuring its
developmental stability.

The relationship between Hox gene function and evolution,
originally proposed by Ed Lewis, is addressed in two reviews. In the
first one, by Hombria et al, the authors describe the process of
cephalization in vertebrates and arthropods and convincingly argue
that the appearance of Hox cephalic genes predates the evolution of
head structures in both groups of animals. As the formation of the
cephalic region progressed during evolution, it incorporated trunk
segments, and the Hox genes expressed in these segments acquired
the control of specific genes to define cephalic structures. The second
review (Krumlauf and Singh) deals with the role of Hox gene
duplication and divergence in the development of morphology
and in the emergence of new features in vertebrates. The authors
discuss Hox gene duplication in evolution, showing examples of
conservation and divergence of gene function, and explaining the
role of the different domains of Hox proteins in the acquisition of
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specificity. They conclude that new specificity of Hox function can
be achieved with just a few aminoacid changes in conserved regions
and through interactions with proteins of the PBC class.

Cain and Gebelein discuss how the activity of different Hox
proteins can determine the development of distinct structures by
specific DNA binding and activation of particular genes. They
summarize recent genomic and interactome data revealing how
Hox proteins differ in the way they can bind closed chromatin,
showing that some of them need PBC cofactors as pioneer
factors. Then, they explain how the interaction of Hox
proteins with cofactors and collaborators impinges on the way
Hox proteins activate or repress gene expression, illustrating this
differential Hox activity with the Drosophila Abdominal-A
protein.

Finally, the comprehensive review by Hajirnis and Mishra
discuss Hox organization and function. They first describe
dispersion and clustering of Hox genes in different species,
and then review the ordered disposition of cis-regulatory
modules in the BX-C, and the opening of the BX-C
chromatin, with emphasis on the organization of the
Abdominal-B gene. They also review Hox function away from
their traditional role of specifying particular structures and finally
stress the importance of controlling Hox levels of expression by
presenting examples of how increasing Hox protein levels can
lead to cancer.
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Developmental processes have to be robust but also flexible enough to respond to
genetic and environmental variations. Different mechanisms have been described to
explain the apparent antagonistic nature of developmental robustness and plasticity.
Here, we present a “self-sufficient” molecular model to explain the development of a
particular flight organ that is under the control of the Hox gene Ultrabithorax (Ubx)
in the fruit fly Drosophila melanogaster. Our model is based on a candidate RNAI
screen and additional genetic analyses that all converge to an autonomous and
cofactor-independent mode of action for Ubx. We postulate that this self-sufficient
molecular mechanism is possible due to an unusually high expression level of the Hox
protein. We propose that high dosage could constitute a so far poorly investigated
molecular strategy for allowing Hox proteins to both innovate and stabilize new forms
during evolution.

Keywords: Hox, transcription, evolution, flight appendage, insects

INTRODUCTION

Hox genes are well-known master developmental regulators that have extensively been exploited
for diversifying animal body forms during evolution (Pearson et al., 2005; Pick and Hefter, 2012).
Numerous cases of morphological diversification have been described as resulting from subtle
modulations of the Hox gene expression profile in invertebrates (see for example Averof and Akam,
1995; Stern, 1998; Kittelmann et al., 2018) and vertebrates (see for example Gomez and Pourquié,
2009; Di-Poi et al., 2010; Mallo, 2018). Morphological innovations can also result from changes in
the Hox protein sequence itself, as described for abdominal leg repression in arthropods (Galant
and Carroll, 2002; Ronshaugen et al., 2002; Pearson et al., 2005; Saadaoui et al., 2011). Thus, despite
a fundamental role during embryonic development, which involves a certain degree of stability
for the underlying developmental programs, Hox genes remain tolerant for genetic variations and
the evolution of phenotypic traits. Here we propose to directly tackle this apparent paradox by
focusing on the flight appendage formation in insects in general, and in the fruit fly Drosophila
melanogaster in particular.

Insects display an astonishing level of morphological diversity, as exemplified in their flight
appendages, which differ from one order to the other. Ancestral insects had two pairs of wings
on their second (T2, forewing) and third (T3, hindwing) thoracic segments (Carroll et al., 1995),
most often of identical or highly similar morphology, as observed in damselflies and dragonflies
(Odonata order). Forewings and hindwings can also be of different shape, size and/or color, as
observed in the bees (Hymenoptera order) or butterflies (Lepidoptera order). In addition, wings
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Hox Dosage and Developmental Robustness

can also be strongly diverged into a new organ, as found
in coleopterans, which have developed a protective envelope
called elytron in place of the T2 wing, or in dipterans, which
have developed a tiny dumbbell-shaped organ called haltere in
place of the T3 wing.

What about the role of Hox genes in the morphological
diversifications of flight appendages in insects? Most of our
current understanding stands from studies in Drosophila
melanogaster and the beetle Tribolium castaneum. Pioneer
genetic work in Drosophila established the critical role of a single
Hox gene, Ultrabithorax (Ubx), for the repression of anterior
wing and the formation of posterior haltere on the third thoracic
segment (Morata and Garcia-Bellido, 1976; Lewis, 1978; Bender
et al., 1983; Carroll et al., 1995). A similar scenario was observed
in Tribolium, where Ubx was shown to act by repressing the
anterior elytron fate for ensuring posterior wing formation in the
T3 segment (Tomoyasu et al., 2005).

Another striking feature relates to the relative morphological
plasticity of halteres during dipteran evolution despite their
critical role of flight. The role of halteres for flight behavior is
well established (Dickinson, 1999; Hall et al., 2015): a fly without
halteres cannot fly, and these balancing organs produce anti-
phase beats and the inertial forces to stabilize the flight. Halteres
display a certain level of morphological diversity amongst the
different dipteran orders. Not only the shape but also the size
(often but not systematically in correlation with the size of
the adult insect) of the distal bulb part can fluctuate to some
extent. In addition, some variation is observed in the region that
connects the distal part of the haltere to the body, in particular
in the arrangement of sensory elements (Agrawal et al., 2017).
This level of morphological variation underlines that the Ubx-
dependent haltere developmental program is not refringent to
changes during insect evolution.

The ability of Ubx to specify different flight appendages during
insect evolution while also ensuring a robust developmental
program presents us with one of the most fascinating yet
unsolved paradoxes. Our work aims at tackling this controversial
issue, taking the opportunity of this special issue to present a
brief research report that supports, together with a previous
published work (Paul et al., 2021), a speculative model based
on the Hox dosage.

RESULTS

From Ubx Expression Level to the Design
of an RNAI Screen for Ubx Modulators in
the Haltere Disc

Ubx is expressed in the entire haltere imaginal disc, but with
distinct levels depending on the region: it is highly expressed
in the so-called pouch region, which will give rise to the
distal bulb called capitellum (Figure 1A), and less strongly
expressed in the proximal regions that will give rise to the
hinge (composed of the pedicellum and scabellum parts) and
metanotum in the adult (Figure 1A; White and Wilcox, 1985;
Delker et al., 2019). Early (Irvine et al., 1993), and recent (Delker

et al.,, 2019) work showed that a negative autoregulatory loop
contributes to the stabilization of distinct Ubx expression levels
along the proximal-distal axis within the haltere imaginal disc
of Drosophila melanogaster. Considering the robust regulation
of Ubx levels within the haltere disc, we asked whether this
expression profile was conserved in other Drosophila species.
We observed the same proximal-distal bias in the third instar
larval haltere imaginal discs of Drosophila virilis and Drosophila
simulans, suggesting that the strong expression level of Ubx in
the haltere pouch is not trivial (Figure 1A). Accordingly, changes
in the Ubx expression level in the pouch have also been shown
to increase (upon lower expression levels) or decrease (upon
higher expression levels) the size of the capitellum (Crickmore
et al., 2009). Interestingly, removing 40% of Ubx in a particular
genetic background (a heterozygous context for the abxbxpbx
mutation: Figure 1B (Casares et al., 1996; Paul et al., 2021) led
to a significant increase of the size of the capitellum (Figure 1B’)
and the apparition of a few wing-like bristles (Figure 1B”).
Altogether these observations highlight that high Ubx levels in
the pouch allow buffering against changes in the Ubx dose for
ensuring a robust development of the haltere bulb. This feature
was considered in our attempt to identify additional players
that could participate in the Ubx-dependent haltere specification
program in Drosophila melanogaster.

Our approach relied on a functional candidate RNAi screen
that was performed in both the wild type (Figure 1C) and
heterologous abxbxpbx (Figure 1C’) contexts. Each candidate
RNAI was specifically expressed in the pouch with the MS1096
driver, with the rationale that they could affect upstream
regulators of Ubx and/or Ubx cofactors (Figures 1C,C’). In any
case, the abxbxpbx/+ background was considered as a sensitized
context that could allow revealing phenotypes potentially
buffered (and therefore not revealed) by the high level of Ubx in
the wild type background.

A Candidate RNAi Screen Reveals
Ubx-Autonomous Activity for Haltere
Specification

In contrast to the wing, the haltere has never been the object
of dedicated genetic screens and a large number of genes is
more generally annotated for wing and not haltere development
in Drosophila." The master regulatory Ubx protein is known to
specify the haltere in part by acting at several hierarchical levels
to inhibit the wing developmental program (Akam, 1998; Mohit
et al., 2003; Crickmore and Mann, 2006; de Navas et al., 2006a;
Pallavi et al.,, 2006; Hersh et al., 2007; Makhijani et al., 2007;
Pavlopoulos and Akam, 2011). Importantly, as mentioned above,
ectopic expression of Ubx in the wing primordium is sufficient
to transform the wing into a haltere, underlining that the wing-
transformed tissue contains the set of molecular players that allow
haltere development upon the Hox regulatory impulse. We thus
decided to perform a candidate RNAi screen by targeting genes
described to be expressed in the wing. More particularly, we
focused on transcription factors encoding genes that have already
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FIGURE 1 | Genetic model for the candidate Ubx regulators screening in the Drosophila haltere pouch. (A) Ubx (red) is expressed at high level in the pouch of the
third instar larval haltere discs of Drosophila melanogaster, Drosophila simulans, and Drosophila virilis. The pouch (p) and hinge (h) regions will give rise to the
capitellum (cp) and pedicellum (pc)+ scabellum (sc), respectively. Bottom images are illustrative confocal acquisition. Upper images are illustrative SEM acquisitions
of adult halteres. (B) Haltere morphology (upper SEM picture) and Ubx expression profile (red, bottom confocal picture) in the haltere pouch in the abxbxpbx
background context, as indicated. Yellow stars indicated ectopic wing-like bristles (B’). Boxplot representation of the quantification of the adult haltere size in the wild
type (wt) and abxbxpbx backgrounds. (B”) Boxplot representation of the quantification of the number of ectopic wing-like bristles in the wild type (wt) and abxbxpbx
backgrounds. (C-C’) Model for the candidate RNAi screen that could affect upstream Ubx regulators or Ubx cofactors in the wt (C) or sensitized (C’) background.
The RNAI screen is targeting transcription factors (TFs).
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been tested in a RNAi screen for wing development (Schertel
et al., 2015) and whose expression in the haltere imaginal disc
was confirmed by RNA-seq (Khan et al,, in preparation; see also
section “Materials and Methods”).

In total, we tested 117 genes in the wild type and
abxbxpbx/+ context backgrounds (Supplementary Table 1).
Two different phenotypes of the capitellum linked to a wing-
like transformation, therefore to affected Ubx activity, were
specifically analyzed: the size and the number of wing-
like bristles. As expected, the control experiment with RNAi
against Ubx led to a strong haltere-to-wing transformation
phenotype while the haltere remained unchanged in the
MS1096/+ background (Figure 2A). In contrast, RNAi against
Antennapedia (Antp), which is expressed in a few cells of
the hinge of the haltere disc (Paul et al., 2021), had no
effects (Supplementary Table 1). Surprisingly, although the large
majority of the 117 tested genes are known to play a role
for wing development (Schertel et al., 2015), very few (7/117)
affected the haltere capitellum in the wild type (MSI1096/ +)
background (Figure 2B and Supplementary Table 2). These
genes correspond to different types of TF classes. Two genes,
engrailed (en) and cubitus interruptus (ci) led to size increase
and ectopic bristles (Figure 2C and Supplementary Table 2),
highlighting a role for the Hedgehog (Hh) signaling pathway
in the Ubx developmental program. Interestingly, the regulation
of a direct Ubx target gene has been shown to rely on the
integration of the Hox and Hh pathways in the haltere disc
(Hersh and Carroll, 2005). Two other genes, Polycomb (Pc) and
Adh transcription factor 1 (Adf-1), led to size decrease with (Pc) or
without (Adf-1) ectopic bristles (Figure 2C and Supplementary
Table 2). Given the general role of Pc-G proteins as repressors
of Hox gene expression (Kassis et al., 2017), we hypothesized
that the effect observed with Pc RNAi could most likely result
from increased Ubx expression in the haltere pouch. Finally,
RNAi against armadillo (arm), Distallless (DII), and homothorax
(hth) led to ectopic bristles with no significant capitellum size
defects (Figure 2C and Supplementary Table 2). Ectopic bristles
were specifically observed in the pedicellum in the case of hth
RNAI, which reflects the expression domain of MSI1096 outside
the pouch in the imaginal disc (Paul et al., 2021). Previous work
showed that Hth and Ubx are co-expressed in the hinge region
and that Hth is downregulating Ubx to control its expression level
outside the haltere pouch (Delker et al., 2019). The appearance of
ectopic bristles on the pedicellum upon hth RNAi suggests that
Hth could also act as a Ubx cofactor in this region. Accordingly,
Ubx and Hth display a striking similarity in their genome-wide
binding profiles in the haltere disc (Choo et al., 2011; Slattery
et al., 2011) and the two proteins have been shown to interact
in vivo (Bischof et al., 2018).

The other haltere phenotypes were observed in the
abxbxpbx/+ background only. However, this sensitized
background did not reveal a large number of positive genes
(14/117 led to a phenotype: Figure 2D and Supplementary
Table 3). Interestingly, 7 genes belong to the Trx group and one
to Pc-G (Supplementary Table 3), highlighting that the abxbxpbx
background is preferentially revealing upstream regulators of
Ubx. The remaining 6 genes encode for different types of TFs (half

of them coding for zinc-fingers containing TFs; Supplementary
Table 3). None of these genes had a phenotype on both the size
and bristles number upon RNAI, highlighting that their effects
were moderate despite the sensitized genetic background.

In conclusion, the candidate RNAi screen revealed few
potential cofactors of Ubx in the wild type (Arm, Ci, DII, En, Hth)
or sensitized (Apterous, Beadex, Deaf-1, Jumu, Mes-2, Zth-2,
Z£30c) background. This small number (12/117) was unexpected
given the general tendency of Hox proteins to interact with many
TFs in Drosophila (Baéza et al., 2015; Bischof et al., 2018).

A Minimal Form of Ubx Is Sufficient to
Specify the Haltere Developmental
Program in Drosophila

Results obtained from the candidate RNAi screen suggest
that Ubx could trigger the haltere developmental program by
interacting with an unexpectedly small number of transcriptional
partners. In order to explore this molecular aspect further,
we dissected the region(s) of the Ubx protein that could
be necessary for its activity. The underlying hypothesis was
to postulate that a large part of the protein sequence could
potentially be dispensable because of a minimum number of
interacting cofactors in the haltere disc. The role of the different
regions in Ubx was assessed in the context of the genetic
rescue of a mutant allelic combination where the haltere is
transformed into a small wing in the adult fly (Figure 3A;
Casares et al, 1996; Paul et al, 2021). These rescue assays
are based on the allelic combination of abxbxpbx with an
hypomorphic Gal4 insertion (allele Ubx!PN; Casares et al,
1996; de Navas et al., 2006b) that allows to simultaneously
express UAS constructs in this background (Brand and Perrimon,
1993). Here, rescue assays were performed with mutated and
deleted forms that have previously been used to reveal an
atypical nuclear export signal (NES) in Ubx (Figure 3A;
Dulffraisse et al., 2020).

As expected, the expression of wild type Ubx in the mutant
allelic combination led to a complete rescue of the phenotype,
with de novo formation of a normal haltere (Figure 3B). In
contrast, expression of a HD-mutated form that cannot bind
DNA (construct Ubx/P>1) led to a partial rescue, with the
formation of a structure that displays both wing and haltere
characteristics (a similar size to a small wing, with a mixture
of wing-like and haltere-like hairs, together with the presence
of a number of wing-like bristles on the margin: Figure 3B).
This result underlines that the DNA-binding of Ubx is important
for its correct activity in the haltere disc. In contrast, DNA-
binding integrity was shown to be less critical for DI repression
in the epidermis (Sambrani et al., 2013). The first deleted form
that we tested was truncated in the N- and C-terminal part
(construct Ubx¥N1304CYy and was not able to rescue the haltere-
to-wing transformation phenotype (Figure 3B). This form has
previously been shown to be constitutively exported, due to the
absence of a NES inhibitory domain in the first 130 amino acids
(Duffraisse et al., 2020). We confirmed that Ubx?N1304C g also
constitutively exported in the haltere pouch, explaining that this
deleted form was inactive in the rescue assay (Figures 3C,C’).
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FIGURE 2 | A candidate RNAI screen for transcription factors revealed few potential Ubx cofactors in the haltere disc. (A) Control haltere phenotypes in the
MS1096/+ or MS1096/+; UAS-UbxRNAI/+ backgrounds, as indicated. (B) Summary of the number of genes leading or not to a phenotype (size and/or ectopic
wing-like bristles) in the wild type (wt, corresponding to MS1096/ +) or sensitized (abxbxpbx/ +) contexts. (C) lllustrative SEM pictures of phenotypes obtained with
the different targeted genes in the wild type context, as indicated. (D) lllustrative SEM pictures of phenotypes obtained with the different targeted genes in the
sensitized context, as indicated. Ectopic wing-like bristles are indicated when present (yellow stars). See also Supplementary Tables 1-3.
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hexapeptide (HX) motif of Ubx (Duffraisse et al., 2020). (B) lllustrative SEM pictures of the activity of the different deleted and mutated forms of Ubx in the rescue
assay. The haltere-to-wing mutant context results from the combination of the abxbxpbx allele over the hypomorphic UbXLPN that corresponds to the insertion of a
PGal4 in Ubx upstream regulatory sequences (Casares et al., 1996). The NES of Ubx has to be mutated for allowing the rescue with the deleted forms.
Enlargements depict the haltere-like and/or wing-like hairs in the different genetic backgrounds. Wing-like bristles on the margin are also highlighted (yellow stars).
Note that the Ubx"P5" construct leads to incomplete rescue with the formation of a structure that resembles to a wing in terms of size, hairs (with a mixture of
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complete rescue, although halteres are two times bigger than wild type halteres on average and contain few remaining wing-like bristles. All the phenotypes depicted
in the pictures were robustly obtained from two independent experiments for each genetic background. (C) Expression of the various mutated and deleted forms of
Ubx used in the rescue assay. Immunostaining was performed with an anti-GFP antibody that recognizes the C-terminal fragment of Cerulean (CC) fused to each
construct (Duffraisse et al., 2020). The N-terminal deletions induced constitutive nuclear export except when the NES is mutated, as previously described (Duffraisse
et al., 2020). (C’) Boxplot representation of the quantification of the GFP immunostaining in the haltere pouch upon expression of the different Ubx constructs (1-6)

with the MS7096 driver.

We thus repeated the analysis with the additional mutation of
the NES (construct UbxN1304CNES, Dyffraisse et al., 2020). In
this context, the deleted form was able to rescue the mutant
phenotype, confirming that the first 130 and last 29 residues of
Ubx were not necessary for the haltere developmental program
when the protein is properly addressed in the nucleus. An
identical level of rescue was observed when deleting even more
the N-terminal part in the context of the NES mutation (construct

Ubx4N183dCNES, Figure 3B). In contrast, using a minimal form
of Ubx that corresponds to the HD only (Ubx?N2824C) was not
sufficient for rescuing the phenotype (Figure 3B), although it
was correctly localized in the nucleus (Figures 3C,C’). Altogether,
these results show that a large part of Ubx is dispensable for its
DNA-binding dependent activity in the haltere disc and that the
region included between the residues 183 and 351 is sufficient for
ensuring the proper haltere developmental program.
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DISCUSSION

The developmental program underlying haltere formation
in Drosophila is highly robust, which is best exemplified
by the fact that almost normal halteres are formed
when 40% (abxbxpbx/+ background) or 50% (Ubx! null
allele/+ background) of Ubx level is lost. The wing-like
phenotypes (haltere size and ectopic wing-like bristles on the
margin) obtained in these genetic backgrounds are weak, which
is surprising given that no other Hox gene is expressed in the
haltere pouch (there is therefore no redundancy, as it could
be in other structures like the leg discs; Wirz et al., 1986; Paul
et al.,, 2021). Strong haltere-to-wing transformation starts to be
observed at 60% loss of Ubx (Paul et al., 2021), underlining that
the high level of Ubx in the haltere pouch is a way to buffer
against mutations that could affect Ubx expression. Interestingly,
previous work with the Ubx! mutant allele also led to the
conclusion that haltere development is under strong stabilizing
selection (Gibson and Van Helden, 1997) and the notion of
“potential variance” with a threshold-dependent response to Ubx
haploinsufficency was proposed in this particular developmental
context (Gibson et al., 1999). Thus, high Ubx level allows both
a stable development of the haltere and subtle morphological
changes upon variation. What are the molecular cues underlying
Ubx transcriptional activity in this particular context?

Here, we propose that Ubx is working as a “self-sufficient” TF
to regulate the set of its target genes and ensure the developmental
robustness of the haltere capitellum.

First, a high dosage of Ubx could be used to recognize
several monomeric binding sites on the different target enhancers
(Figure 4). For example, Ubx has been shown to repress wing-
promoting genes in the haltere disc through the recognition of
several consensus monomeric binding sites in repressed target
enhancers (Galant et al., 2002; Hersh and Carroll, 2005). Ubx has
also been shown to recognize low-affinity binding sites, which
are by now established as being critical for ensuring both the
specificity and the robustness of Hox-controlled developmental
enhancers (Crocker et al., 2015, 2016; Merabet and Mann, 2016).
In this context, high doses of the Hox protein could be essential
for efficient recognition and binding on these atypical sites
in vivo. The multiplication of consensus and non-consensus
monomeric binding sites could therefore, provide a certain
degree of redundancy (Figure 4), making the expression of the
enhancer very stable even when half of the monomeric binding
sites are not occupied (due to mutations affecting the nucleotide
sequence and/or Ubx levels).

Second, a high expression level could confer cofactor-
independent activity to Ubx, explaining why our candidate
RNAI screen was not successful in revealing phenotypes in the
haltere capitellum, even in the sensitized abxbxpbx background.
Some transcriptional partners might be involved in the case
of the regulation of a few target genes and/or be required on
a few binding sites in target enhancers, eventually leading to
subtle phenotypes that were not captured in the screen. In
any case, given that Ubx can perfectly bind to monomeric
sites upon high level of expression, we hypothesize that such
transcriptional partners could preferentially act as collaborators

and modulate Ubx transcriptional activity rather than improving
Ubx DNA-binding affinity and/or specificity. The presence of
non-consensus binding sites could also be a way to increase
monomeric DNA-binding specificity in the absence of cofactors,
explaining that only Hox proteins with a similar HD to Ubx
(Antennapedia, Antp and Abdominal-A, Abd-A) or strong
monomeric DNA-binding activity (Abdominal-B, AbdB) could
replace Ubx for haltere specification upon high Ubx-like
expression level (Casares et al., 1996; Paul et al., 2021). This self-
sufficient molecular model is reinforced by our observation that a
minimal form of Ubx can perform the job of haltere specification.
This model contrasts with other cofactors’ and collaborator’s
based-models (Mann et al., 2009; Merabet and Mann, 2016;
Sédnchez-Higueras et al.,, 2019), illustrating the diversity of the
molecular strategies that could be used by Hox proteins in vivo.

Third, a cofactor-independent mode of activity could allow
stabilizing the Ubx developmental program against genetic
variation. By definition, requiring fewer cofactors will diminish
the number of mutations that could affect/modify the Hox
function. Only mutations affecting Ubx levels at various extents
could impact on haltere morphology (Figure 4). In this context,
the comparison with the wing developmental program is
interesting. Indeed, recent work showed that the Hox gene Antp
is necessary for proper wing formation in Drosophila (Paul
et al., 2021). However, in contrast to Ubx, Antp is expressed
at low levels in specific regions of the pouch of the wing
disc. We speculate that this low Hox dose background could
serve as a genetic decanalization template for allowing more
sensitive phenotypic variability of wings when compared to
the haltere capitellum. At the molecular level, the activity of
Antp could potentially be more dependent on the interaction
with various transcriptional partners when compared to Ubx
in the haltere disc. This cofactor-dependent mode of activity
could make the wing developmental program more sensitive
to genetic perturbations therefore, more plastic for phenotypic
variation than the haltere capitellum (Parchem et al., 2007;
Soto et al., 2008; Koshikawa, 2020). The same rational could
potentially apply in the pedicellum of the haltere, which contains
a lower expression level of Ubx when compared to the pouch,
for example for varying the arrangement of sensory neurons
(Agrawal et al, 2017). Interestingly, one of the rare strong
candidate cofactor revealed in our screen (Hth) had a role in this
particular region.

Whether a similar dose-dependent scenario could apply in
other insect species remains to be investigated. Insect species
with similar or dissimilar forewings and hindwings were shown
to have similar or dissimilar Hox expression levels in their
corresponding wing primordia (Paul et al, 2021). Hox level
was also shown to be systematically higher in the hindwing
primordia in insect species having different pairs of wings.
Whether this differential expression profile is responsible for the
phenotypic change is not known. Still, we speculate that a Hox
dosage-based model (in contrast to a Hox-specific based model)
could constitute a useful molecular mechanism for diversifying
flight appendage morphologies in insects. This model is based
on the finding that increasing the dose of Antp in the wing
disc pouch was sufficient to transform the wing into a haltere
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FIGURE 4 | The “self-sufficient” molecular model of Ubx in the haltere disc. Ubx (blue balls) recognizes several redundant high affinity (dark-blue large boxes) and
low-affinity (light-blue large boxes) monomeric binding sites in target enhancers at normal (high) doses in the haltere disc. Few cofactors (colored balls) are acting as
collaborators (without making dimeric DNA-bound Ubx/cofactor complexes) that modulate the transcriptional output of Ubx. In the context of the heterologous
abxbxpbx mutant background, there is still enough Ubx molecules to bind on the majority of the redundant monomeric sites, allowing ensuring the haltere
developmental program without major morphological variations. The loss of one cofactor in the wild type (not shown in the figure) or mutant context could potentially
affect the regulation of some target genes, eventually leading to a subtle phenotype. The haltere morphology could also be moderately affected when targeting an
upstream regulator of Ubx. Finally, only a strong decrease of Ubx expression level will affect the haltere developmental program, due to the inactivity of most
monomeric binding sites in target enhancers.
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(Paul et al., 2021). This phenotype recalls the controversy of flight
appendages in Strepsiptera, which regroups endoparasitic insects
with an inverted T2 haltere and T3 wing when compared to
Diptera (Foottit et al., 2018). Thus, rather than resulting from
de novo expression of Ubx in T2 as initially proposed (Whiting
and Wheeler, 1994), the wing/haltere exchange could “simply”
result from an inverted high and low expression level of Antp and
Ubx, respectively.

MATERIALS AND METHODS

Drosophila Strains and Genetics Crosses
Drosophila strains were cultured following standard procedures
at 25°C. Yellow white was used as a wild-type strain. All the RNAi
TRiP lines were obtained from Bloomington (Supplementary
Table 1). The following GAL4 were used: MSI1096-Gal4
(Bloomington, #8696) and Ubx-GAL4:PN. UAS RNAi lines were
crossed with MS1096-Gal4 and MS1096-Gal4; abxbxpbx followed
by incubation at 25°C and emerging flies were observed for the
haltere phenotype.

RNA-Sequencing From Wing and Haltere

Imaginal Discs

Wandering third instar larvae from Drosophila melanogaster (CS
strain) were cut and inverted in PBS at 4°C. Wing and haltere
imaginal discs were dissected and stored in Trizol separately.
RNA extraction and sequencing were performed at Genotypic
Technologies at Bangalore, India. Raw reads were filtered for
adapter sequences and aligned to the dmé6 genome using the
HISAT?2 software. The full sequencing data will be available in
another work (Khan et al., in preparation).

Immunofluorescence Assay in

Drosophila Imaginal Discs

Imaginal discs were fixed following dissection in 4%
paraformaldehyde (methanol free) for 15 min. Washes were done
with 1 x PBS 0.1%TritonX solution (PBTx). Samples were then
blocked with 2% BSA solution for 2 h. Primary antibodies were
incubated for ON at 4°C and then washed in PBTx and secondary
antibodies incubated for 2 h at room temperature. Samples were
then washed in PBTx and mounted in Vectashield (Vector
laboratories) for confocal acquisition. Primary antibodies used
were mouse anti-Ubx/ABD-A FP6.87 (1:20; DSHB) and rabbit
anti-GFP PABG1 (1:500; Chromotek).

Imaging

The adult Drosophila appendage phenotype images were taken
by Scanning electron microscope Hirox SH-3000. All the
fluorescence microscopy images of haltere imaginal discs were
captured using confocal Zeiss LSM 780. Images were captured
at a 1,024 x 1,024 pixel resolution using 40x oil objective. The
expression levels were quantified by measuring the intensity of
GFP using the histogram function of the FIJI Software. The
threshold was subjected to minute adjustment (using the « Image
calculator» function) to create an image containing all positive

nuclei (using the « Subtract » function) that were analyzed
for fluorescence quantification (using the « analyze particles »
function) and deduce the mean fluorescence intensity.
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Supplementary Table 1 | Full list of the candidate genes tested in the RNAI
screen. The type of DNA-binding domain (DBD) and Bloomington RNAI line
number are indicated. Boxes highlighted in yellow and orange denote genes that
affect haltere formation in the wild type or sensitized background, respectively.
Expression levels of each tested candidate gene analyzed from RNA-seq data are
given in the standard RPKM (reads per kilobase per million) unit in the wing and
haltere discs.

Supplementary Table 2 | List of genes leading to haltere phenotype upon RNAI
in the wild type context. Haltere size and ectopic bristle quantifications are
indicated. These phenotypes were reproducibly obtained from two independent
experiments.

Supplementary Table 3 | List of genes leading to haltere phenotype upon RNAi
in the sensitized context. Haltere size and ectopic bristle quantifications are
indicated. These phenotypes were reproducibly obtained from two

independent experiments.
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During evolution, bilateral animals have experienced a progressive process of
cephalization with the anterior concentration of nervous tissue, sensory organs and the
appearance of dedicated feeding structures surrounding the mouth. Cephalization has
been achieved by the specialization of the unsegmented anterior end of the body (the
acron) and the sequential recruitment to the head of adjacent anterior segments. Here
we review the key developmental contribution of Hox1-5 genes to the formation of
cephalic structures in vertebrates and arthropods and discuss how this evolved. The
appearance of Hox cephalic genes preceded the evolution of a highly specialized head
in both groups, indicating that Hox gene involvement in the control of cephalic structures
was acquired independently during the evolution of vertebrates and invertebrates to
regulate the genes required for head innovation.

Keywords: Hox genes, cephalogenesis, evolution, arthropods, vertebrates

EVOLUTIONARY RELATIONSHIPS OF CEPHALIC HOX GENES

Hox genes are found in almost all animals, generally organized in large clusters of up to 15 genes.
Their amino acid sequence has been used to classify Hox proteins in distinct homology groups
and to infer how the cluster evolved (Zhang and Nei, 1996). Comparative analyses indicate that
well developed clusters comprising at least seven Hox genes were already present more than 550
million years ago, suggesting their evolution was concurrent with the diversification of the main
animal body plans that appeared during the Cambrian explosion (de Rosa et al., 1999).

The comparison of Hox complexes among living animal groups allows inferring the cluster’s
temporal evolution. No Hox genes have been found in simple animal forms like Sponges,
Ctenophores, and Placozoa (Biscotti et al., 2014) but are present in Cnidarians (jellyfish and sea
anemones), where they also control axial development (He et al., 2018). Cnidarian Hox genes are
only related to the Anterior and the Posterior Hox groups, suggesting the Cnidarians diverged
from other animals at an early stage in the complex’s expansion (Figure 1). Slightly more diverse
Hox complexes are present in the Acoels (extremely simple wormlike creatures), which probably
constitute a sister group to all other bilaterians (Achatz et al., 2013). Acoels possess Hox proteins
related to the Anterior, Central and Posterior paralogy groups. In contrast, all other animals studied
to date have expanded clusters containing between 8 and 15 Hox genes that belong to seven defined
groups (Biscotti et al., 2014). These include complex animals like the Chordates (which include the
vertebrates), the Lophotrochozoa (which include the annelid worms and the molluscs); and the
Ecdysozoa (which include the arthropods and the Onychophora).
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FIGURE 1 | Schematic phylogenetic tree showing the predicted evolution of the Hox paralogous groups. lllustrations of major extant animal groups are presented on
top joined by their currently accepted branching points (not to temporal scale). The predicted appearance of particular Hox paralog gene precursors is depicted on
the branching points. In the vertebrate lineage the whole cluster duplicated several times (not represented) giving rise to four paralogous Hox clusters named HoxA

to HoxD in birds and mammals. In teleost fish a further duplication gave rise to eight Hox clusters. For a comprehensive analysis of Hox cluster evolution (see

Figure 2A). A, anterior; C, central; P, posterior.

Several hypotheses based on sequence similarities have been
proposed to explain how the Hox cluster expanded from a
single original Antennapeadia class homeobox protein. This
precursor protein duplicated to form an initial ProtoHox cluster
composed of an Anterior and a Posterior gene (Figure 2A).
After two consecutive duplications, or unequal crossovers, the
Anterior Hox gave rise to new genes (Gehring et al., 2009).
This resulted in a three gene-cluster composed of an Anterior,
a Central and a Posterior Hox gene and then to a four gene-
cluster encoding an Anterior, Group 3, Central and Posterior
Hox. Sequence similarities with other non-Hox Antennapedia-
class homeodomain proteins indicate that the ProtoHox gene
cluster duplicated at some point during this initial expansion
giving rise to the ParaHox cluster and the Hox cluster proper
(Garcia-Fernandez, 2005a,b).

All known Hox genes can be related to one of these
early four groups, suggesting that multiple tandem duplications
expanded this primitive four Hox cluster prior to the divergence
of the bilaterian animals. The duplication of the Anterior
gene created the ancestors of Hoxl1/Labial/PG1 and the
Hox2/Proboscipaedia/PG2 homologs in chordates, arthropods
and molluscs, respectively (Figure 2B). Group three Hox proteins

are represented today by a single Hox3/Hox3/PG3 homolog,
although in insects this gene lost its typical Hox expression and
got involved in extra-embryonic membrane specification and
the establishment of the maternal antero-posterior axis (Zen,
Zen2, and Bicoid) (Falciani et al., 1996; Hughes et al., 2004).
A stepwise duplication of the Central gene gave rise to Hox4-
8/Dfd, Scr, Antp, Ubx, abd-A/Antp, Lox5,4,2 (de Rosa et al., 1999;
Li et al., 2020). Orthologs across species are difficult to assign for
some of the Central group Hox genes. Central group sequence
comparisons only cluster reliably Hox4 with Dfd and Hox5 with
Scr, leaving uncertainty about when the Hox6-8/Antp, Ubx,
abdA/Lox5, Antp, Lox4, Lox2 precursors formed. Thus, these
must have arisen by independent duplications after the Chordate,
Lophotrocozoa, and Ecdysozoa ancestors diverged or, if present
before that time, their sequence has diverged so much that now it
is impossible to confidently assign them to specific groups (Zhang
and Nei, 1996; Hueber et al., 2010). Finally, duplication of the
posterior gene created the ancestors of Hox9-14/Abd-B/Post 1-2.

In summary, the available data indicate that the HoxI1-5
paralogy groups, that are expressed in cephalic regions, were
already present in the bilaterian common ancestor of Chordates,
Lophotrocozoa and Ecdysozoa, which may have resulted in
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FIGURE 2 | Evolution of Hox protein clusters and correlation with their DNA binding preferences. (A) Inferred cluster evolution from sequential tandem duplications of
an ancient Antp class homeobox gene. Three tandem duplications gave rise to a four-gene ProtoHox cluster. Duplication of the full ProtoHox cluster gave rise to the
ParaHox cluster (not shown) and the Hox cluster proper. The duplication of specific genes in the four-gene Hox cluster resulted in its expansion in the common
ancestor that gave rise to all bilateral animals. Phyla specific duplications resulted in the final expansion that resulted in the 10-15 Hox clusters found in modern
species. (B) Classification of the Chordate, Arthropod, and Mollusc Hox proteins into paralogy groups according to their evolutionary relationships as inferred from
their sequence similarities. Each of the seven groups is aligned over their preferred DNA binding sites either when in complex with TALE cofactors or as monomers.
For simplicity, the Hox6-Hox8 genes have been organized in columns aligned with particular arthropod and mollusc equivalents, even though direct homology for

genes in the column has not been demonstrated, see text.

binding site

these proteins sharing functional characteristics among these
highly diverse phyla.

DNA BINDING PREFERENCES IN
CEPHALIC HOX PROTEINS

Hox proteins can bind DNA as monomers or in complex with
cofactor proteins. Two cofactor proteins are conserved and have
been studied in vertebrates (Pbx and Meis) and in Drosophila
(Exd and Hth). These cofactors contain an atypical DNA-binding
homeodomain with a three aminio acid loop extension (TALE)
that gives name to their class. Recent analyses have revealed that
Hox proteins in complex with their cofactors show distinguishing
conserved DNA binding specific preferences.

When binding to DNA as monomers, several studies have
shown that Hox proteins recognize the same core sequence,
TAAT, except the posterior AbdB-like Hox proteins which favor
TTAT (Ekker et al., 1994; Noyes et al., 2008). Finding such a small

DNA binding site and the fact that most Hox proteins bound the
same sequence was at odds with their known in vivo regulatory
specificity. Further analyses found that Hox proteins increase
their target specificity using two alternative strategies: the use
of clustered monomeric Hox sites, and the binding to DNA
in complex with TALE cofactors. Hox-cofactor DNA binding
results in the enlargement of the DNA recognition site and the
increase in DNA binding affinity (van Dijk and Murre, 1994;
Ryoo et al., 1999).

A thorough SELEX-seq analysis in Drosophila melanogaster
of all possible Hox paralog complexes with Extradenticle (Exd)
and Homothorax (Hth) has revealed that cofactor interaction
uncovers a latent specificity present in the Hox protein that
modulates its DNA binding preferences. Hox-cofactor DNA
sequence preferences can be used to classify Hox proteins into
three classes. Class 1 includes the Labial and Proboscipaedia
proteins that present a higher affinity for TGATTGAT; Class 2
includes Dfd and Scr with preferential affinity for TGATTAAT;
and Class 3 includes Antp, Ubx, Abd-A, and Abd-B whose
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preferred binding site is TGATTTAT (Slattery et al, 2011;
Figure 2B). Human HoxAl, HoxA5, and HoxA9 when in
complex with the homologous vertebrate TALE cofactors have
the same in vitro binding preferences as the Drosophila paralogs
(Kribelbauer et al., 2017). In Drosophila, these in vitro differential
binding preferences translate into a differential spatial specific
downstream target activation, which can be also replicated by
the Amphioxus Hox proteins (Sanchez-Higueras et al., 2019).
Besides high affinity sites, cephalic Hox proteins may also activate
their targets through low affinity binding sites and in some
cases even share identical targets or functions with other Hox
proteins (Hirth et al., 2001; Kribelbauer et al., 2019; Sanchez-
Higueras et al.,, 2019). Despite this, not only the Hox protein
sequence, but also the conservation of high affinity DNA binding
preferences across distant species (Figure 2B) sets apart cephalic
Hox proteins from other Hox proteins, underlying their ancient
evolutionary relationship.

HOX PROTEIN CHARACTERISTICS
INFLUENCING PARALOG DNA BINDING
SPECIFICITY

Hox proteins present four regions with significant amino
acid conservation: the hexapeptide, the linker region, the
homeodomain and the C-terminal sequence adjacent to
the homeodomain.

The homeodomain is the most conserved region. Although
other transcription factors also possess homeodomains, four
specific amino acids are common to all Hox proteins and
probably confer the specific binding properties that distinguish
this protein class from other homeodomain containing proteins.
Besides the general Hox amino acids, a few amino acids are
found to be present in specific paralogous groups providing
them with specific characteristics (reviewed in Merabet et al.,
2009). The so-called hexapeptide is a four to six amino acid
sequence N-terminal to the homeodomain and separated from
it by the linker region. The hexapeptide (HX) domain mediates
the protein interaction with the TALE cofactors (Chang et al.,
1995), although in some Hox proteins additional domains have
also been found to establish physical Hox-Pbx interactions (Dard
et al., 2018; Saurin et al., 2018). The linker region separates the
HX from the homeodomain. It has a variable length that in many
species has been shown to correlate with the paralogous group
(In der Rieden et al., 2004; Merabet et al., 2009). The C-terminal
region confers specific characteristics to paralogy group 1 Hox
genes and can exert important regulatory functions (see below).

Although very few paralog specific characteristics have been
studied in detail, some have been uncovered at the molecular
level for the cephalic Hox1 and Hox5 proteins. The Labial/Hox1
paralog presents two particularities, the first one is that the
hexapeptide, besides interacting with the Pbx/Exd co-factors,
as in other Hox proteins, also has an inhibitory effect on the
homeodomain preventing Lab/Hox1 binding to DNA. Inhibition
is released when the Exd cofactor binds to the HX allowing the
homeodomain to bind DNA (Chan et al., 1996). Whether Labial
may still operate fully independent of Exd in vivo is still unclear.

A second particularity has been found by cross-species functional
analysis of Labial and its mouse orthologs HoxAl and HoxBl.
These studies uncovered how a six amino acid motif called CTM
(C-terminal motif), located C-terminal to the homeodomain,
modulates the Hox1-Pbx physical-interaction mediated by the
HX. Although sequence conservation between HoxAl and Lab
is only about 30%, expression of the vertebrate protein can fully
rescue fly labial mutant defects, indicating an ancestral function
conserved by both paralogs. The conserved CTM motif present in
both Labial and HoxA1 is required to retain an optimal physical
interaction with Exd/Pbx1 as well as to perform the ancestral
in vivo target regulation (Singh et al., 2020). In contrast, the
HoxB1 paralog that has a divergent CTM sequence cannot rescue
all labial mutant phenotypes in the fly. The divergent CTM motif
reduces HoxB1’s interaction with Pbx1, preventing the formation
of a ternary Hox-Pbx-Meis complex, which results in a different
repertoire of genomic targets in vivo. This has been proposed
to represent a case of Hox paralog neo-functionalization in
brain and head tissues during development (Singh et al., 2020).
In vitro SELEX-seq analysis of human HoxA1/Pbx shows similar
DNA binding site preferences as its Drosophila counterpart
(Kribelbauer et al., 2017). Additional structural and biochemical
studies will help to decipher whether the CTM’s modulatory
effect on HoxB1-Pbx interactions either creates a new range of
binding preferences, or forces Labial to operate preferentially as a
monomer in a context-dependent manner.

Another case of paralog specificity has been described for
the Scr/Hox5 paralog group, where it has been found that
the interaction of Scr with their main DNA binding cofactor
(Exd/Pbx) is not only necessary to recognize the DNA sequence,
but also the specific DNA shape of its target DNA backbone,
which has a strong impact on both DNA binding strength and
specificity. A combination of structural studies, biochemistry
and in vivo assays in D. melanogaster embryos showed that
the specific binding of Scr-Exd heterodimers to a target site
(AGATTAATCG) in the fkh250 enhancer relies on the optimal
interaction with the specific minor groove conformation. The
width of the minor groove is determined by the DNA sequence,
that in this case creates a narrowing of the groove in which two
key Scr paralog-conserved basic amino acids (Arg3 and Arg5)
from the homeodomain’s N-terminal arm motif “RQR” and a
Histydine from the adjacent linker region (His12) specifically
interact (Joshi et al., 2007). These Hox-DNA interactions at the
binding site’s minor groove do not involve hydrogen bonds,
unlike the direct homeodomain’s third helix recognition of the
bases in the major groove, and cannot take place without the Exd-
YPWM interaction (Joshi et al., 2007; Slattery et al., 2011). Thus,
it has been proposed that the binding preference of Dfd/Scr-
Exd complexes for Class II core sites (TGATTAAT) exhibited in
SELEX-seq experiments is strongly influenced by the conserved
“RQR” motif and linker region (Joshi et al., 2007; Slattery et al.,
2011). Moreover, high-throughput analyses including SELEX-
seq as well as in vivo experiments in embryos showed that
mutations of those Scr amino acids selecting DNA shape, bias
the Scr-Exd binding preferences toward different core motifs
including Class I (TGATTGAT) and Class IIT (TGATTTAT) (Abe
et al., 2015). Interestingly, it was also shown that Scr-Exd DNA
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binding specificity can be transferred to an Antp-Exd complex
by mutating the residues from the N-terminal arm and linker to
those involved in minor groove width recognition in Scr (Abe
et al., 2015). Therefore, Hox-Exd complexes can discriminate
differences in DNA minor groove shape through a reduced
number of key side chain amino acids to establish a different set
of functional binding specificities in vivo.

FUNCTION AND EXPRESSION OF
VERTEBRATE CEPHALIC HOX
PROTEINS

The functional analysis of vertebrate Hox genes is complicated
by the existence of several paralogous Hox clusters due to
successive duplications of the ancient Hox chordate cluster
(Holland et al., 1994). In birds and mammals there are four Hox
paralogous clusters named HoxA to HoxD containing paralogous
genes that, in many cases, have redundant functions. Despite
this, mutational analyses have demonstrated that vertebrate
Hox proteins also control the morphological differentiation of
repeated metameric structures along the antero-posterior axis. As
in insects, spatial Hox expression in partially non-overlapping
regions along the anterior-posterior body axis is key to confer
each metamere with segment specific structures.

Experimental studies in mice and chick embryos, have shown
Hox genes are required for the correct antero-posterior body
axis segmental specification in the neural tissue, the branchial
arch derivatives and the axial skeleton (Mallo et al., 2010;
Philippidou and Dasen, 2013; Parker and Krumlauf, 2020).
The requirement of Hox function is especially clear during
embryonic development when studying the formation of the
hindbrain rhombomeres, the neural crest cells and the somites,
three structures with a transient segmental organization during
early development.

Cephalic Hox Genes and Hindbrain

Development

The hindbrain is the more posterior region of the vertebrate
brain, giving rise to the pons, the medulla and the cerebellum.
During early development the hindbrain becomes subdivided
into eight segments known as rhombomeres (rh) that
constitute lineage-restricted groups of cells that do not
intermix (Figure 3A). Major nerves arise from different
rhombomeres. Cephalic Hox genes are required for both
hindbrain segmentation and for the specification of the motor
nerves originating from the rhombomeres. In mice, abnormal
rhombomeric segmentation is observed in mutations for Hox1
and Hox2 paralogy groups. Although single mutation of Hoxal
or Hoxa2 genes already affect rhombomere segmentation, these
defects increase in double mutants. Compound Hoxal/Hoxbl
mutants lack both rh4 and rh5 (Gavalas et al., 1998; Studer et al.,
1998; Rossel and Capecchi, 1999). Compound Hoxa2/Hoxb2
mutants lack boundaries between rhl and rh4 (Davenne et al.,
1999), and Hoxal/Hoxa2 double mutants completely lack
rhombomere boundaries (Barrow et al., 2000).

The formation of specific hindbrain motoneurons also
depends on cephalic Hox gene function. In mutants for Hoxa2
the motoneurons of the trigeminal nerve, which forms in rh2-
3, are disorganized and misrouted (Gavalas et al.,, 1997) while
ectopic expression of Hoxa2 in rhl generates a trigeminal-like
nerve (Jungbluth et al., 1999). In Hoxbl mutants, facial nerve
motoneurons arising from rh4 acquire the characteristics of
the trigeminal nerve leading to the loss of the facial nerve
(Goddard et al., 1996; Studer et al., 1996; Gavalas et al., 2003).
Moreover, ectopic expression of Hoxb1 in rh1 can generate facial-
like motoneurons, while its expression in rh2 transforms the
trigeminal neurons into facial neurons (Bell et al., 1999). The
abducens nerve originating in rh5 is absent in Hoxa3/Hoxb3
double mutants and ectopic Hoxa3 can induce its formation
(Gaufo et al., 2003; Guidato et al., 2003). Although these results
show the importance of Hox genes in the formation of particular
nerve types, the cross-regulatory interactions among Hox gene
expression and the requirement of more than one paralogous
Hox group for nerve specification complicates the analysis.

Cephalic Hox Genes and Neural Crest
Derivatives Development

The neural crest cells originate during development in different
antero-posterior positions of the dorsal neural tube including
the diencephalon, the mesencephalon, the rhombencephalon (the
hindbrain) and the spinal cord. These cells lose their epithelial
character and become migratory, giving rise to a variety of
structures including cartilage, bones, pigment cells, peripheral
neurons or glia depending on the segment where they are formed.
The cranial neural crest cells (c(NCC) originate from the anterior
neural tube (Figure 3A, gray arrows), specified by Otx2 and
the Hox1-4 genes (Minoux and Rijli, 2010). ctNCC originating
from the hindbrain migrate in separate streams to colonize the
pharyngeal arches (PA). These cells participate in the formation
of the ventral cranial bones and the nerve ganglia, and influence
the migratory routes of the motoneurons growing from the
rhombomeres. Cranial neural crest cells can give rise to cartilage
while trunk neural crest cells do not. The cNCC originating from
rh1 do not express any Hox gene while those from more posterior
rhombomeres express Hox1-5 paralogs. Hoxbl (and Hoxb2) is
expressed in rh4 and in the second pharyngeal arch (PA2). Hoxa2
is active in rh3 and rh5 and in the neural crest cells colonizing
PA2-A4. Hoxa3 is expressed in rh5-rh6 (and Hoxb3 is expressed
in rh6-rh8) colonizing PA3 and PA4. Hoxd4 is expressed in
PA4 (Minoux and Rijli, 2010) (Figure 3A). Hox5 is expressed
in rh8 (Philippidou and Dasen, 2013) and at PA4 (Holland
and Hogan, 1988; Kam and Lui, 2015). Mutation of the Hoxl
paralog group results in the absence of all rh4 derived neural
crest cells (Gavalas et al., 2001; McNulty et al., 2005). Mutation
of the Hox2 paralogous genes result in the transformation of
the PA2 derivatives into structures normally formed by PAl
in a typical homeotic transformation (Gendron-Maguire et al.,
1993; Rijli et al., 1993; Hunter and Prince, 2002; Santagati et al.,
2005). Ectopic Hox2 paralog gene expression in PA1 derivatives
cause their transformation into structures normally formed by
PA2 (Grammatopoulos et al., 2000; Pasqualetti et al., 2000;
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FIGURE 3 | Schematic representation of Hox expression in the cephalic mouse and Amphioxus central nervous systems. (A) Summary of Hox1-5 expression in the
hindbrain, labeling the position of the eight different rhombomeres (rh1-8). Gray arrows represent the migratory movement of the cranial neural crest cells toward the
pharyngeal arches (PA1-4). PA are colored following the pharyngeal Hox code: no Hox proteins are expressed in PA1; HoxA2 and B2 proteins are expressed from
PA2 to PA4; HoxA3, B3 and D3 from PA3 to PA4; HoxA4, B4, D4 and Hox5 in PA4. (B) Expression of three Hox genes in the anterior part of the Amphioxus CNS.
Note that the conserved relative position of Hox gene expression with respect to the mouse CNS suggest a positional correlation of both nervous systems despite
the lack of rhombomeres or neural crest cells in Amphioxus. In both panels, information only concerns antero-posterior expression and not dorso-ventral expression.
Figure based on data from references (Holland et al., 2008; Philippidou and Dasen, 2013; Parker et al., 2018).

Hunter and Prince, 2002; Kitazawa et al., 2015). Inactivation of
Hox3 paralogs cause malformations of the PA3 and PA4 skeletal
derivatives although these are not homeotic transformations
(Condie and Capecchi, 1994; Manley and Capecchi, 1997).
Interestingly, deletion of the HoxA cluster in ctNCCs causes a
partial homeotic transformation of PA3 and PA4 derivatives into
PA1-like structures, indicating a requirement for both Hoxa2 and
Hoxa3 (Minoux et al., 2009). Despite advances on our knowledge
on Hox expression and function on the neural crest cells it is still
unclear how the Hox genes integrate with the neural crest gene
network (Parker and Krumlauf, 2020).

Cephalic Hox Genes and Axial Skeletal

Development
Although not specifically cephalic structures, the cephalic Hox
genes contribute to the specification of the cervical vertebrae

during the development of the most anterior axial skeleton.
The somites are transient embryonic structures produced by
the segmental organization of the presomitic mesoderm that
appear at both sides of the nerve cord prefiguring the axial
skeleton. Besides the axial skeleton, somites give rise to several
structures including dermis, tendons and muscles. The vertebrae
originate from the ventral part of the somite, which experiences
an Epithelial to Mesenchymal Transition (EMT) giving rise
to the sclerotome.

Hoxa3/Hoxd3 are required for the development of the most
anterior vertebrae: the atlas and the axis. Some Hox3 paralog
mutants present homeotic transformations as well as defects that
could be due to lack of vertebrae primordia cell proliferation.
This defect is stronger in double Hoxa3/Hoxd3 mutations,
which present a complete deletion of the atlas (Condie and
Capecchi, 1994). Loss of Hox4 paralogs cause transformations
of cervical vertebrae (C) toward their anterior counterparts, the
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atlas and the axis. In triple Hoxa4/b4/d4 mutants, morphological
characteristics of the atlas appear in C2-C5 vertebrae as well
as some defects in C6 and C7 which resemble Hox5 mutant
phenotypes (Horan et al., 1995).

Hox5 affects both the development of posterior cervical
vertebrae and of anterior thoracic vertebrae and ribs (McIntyre
et al., 2007). Hox5 mutants show transformations of the vertebrae
toward the C2 (the axis). In this respect, Hox5 presents similar
phenotypes to Hox6 mutants although Hox6 affect only from C7
to posterior segments. Ectopic Hox6 induces ectopic ribs in the
cervical and lumbar regions.

FUNCTION AND EXPRESSION OF
ARTHROPOD CEPHALIC HOX
PROTEINS

Four Hox genes are expressed in the cephalic segments of
Drosophila: lab, pb, Dfd, and Scr which are homologous to
Hox1, Hox2, Hox4, and Hox5. The Hox3 gene homolog has
lost its homeotic function in insects and acquired new functions
in the specification of the extra-embryonic membranes and in
anterior maternal specification. However, in other arthropods
Hox3 expression fits with a homeotic activity (Figure 4).

The head of Drosophila, as that of other insects, is composed
by a non-segmented region or acron followed by six segments,
three pre-oral (labral, antennal, and intercalary) and three post-
oral (mandibula, maxilla, and labium) (Juergens and Hartenstein,
1993). The acron, the labrum and antennal segments do not
express any Hox gene although their development requires other
homeobox containing genes like otd, ems, and btd, homologs of
which are also used in vertebrates for the development of the most
anterior head structures, suggesting a deep conservation of the
anterior head’s organization (Hirth et al., 2003).

labial (lab) is the Hox gene expressed most anteriorly,
becoming activated in the intercalary segment, also known as
tritocerebral segment (Hughes and Kaufman, 2002b). Embryonic
lab loss of function in Drosophila results in larval phenotypes
such as head involution defects and the absence of the H piece,
but no homeotic transformations. Adult hypomorphs or mitotic
clones show various head defects. In the anterior region of the
head, there is a deletion of the vibrissae and the maxillary palps,
and in the posterior region of the head, a transformation toward
thoracic-like bristles and the appearance of thoracic spiracles,
suggesting a transformation toward the mesothoracic segment
(Diederich et al., 1989; Merrill et al., 1989). In pedipalp bearing
arthropods, like spiders, lab disruption induces appendage loss
from the tritocerebral segment (Pechmann et al., 2015). Several
studies have implicated lab as an essential neuronal regulator. The
tritocerebral neuromere, which corresponds to the most posterior
part of the arthropod brain, is severely affected in lab mutants,
showing loss of neuronal markers and axonal patterning defects
(Hirth et al., 1998). Interestingly, this can be rescued by ectopic
supply of any other Hox gene, except Abd-B, indicating that
cis-regulatory elements confer the specificity of the interaction,
rather than the Hox protein (Hirth et al., 2001). The role
of lab in larval neuronal control is less explored nonetheless.

Kuert et al. (2012) proposed that during the transition to the
third larval instar (L3), lab induces apoptosis on two specific
neuroblast lineages. By blocking apoptosis, they were able to
rescue these two neuroblasts in L3, which are Lab positive.

proboscipedia (pb) embryonic expression in arthropods is
highly variable, spanning from the pedipalp segment to the fourth
leg segment in chelicerates to just half of the second antennal
segment in crustaceans (Hughes and Kaufman, 2002b). Instead,
among insects Pb expression seems to be conserved (Denell et al.,
1996; Rogers and Kaufman, 1997). In Drosophila embryos, Pb
expression in the gnathal segments is dependent on Deformed
(Dfd) and Sex combs reduced (Scr) (Rusch and Kaufman, 2000),
but pb null mutants show no apparent functional role during
embryogenesis (Pultz et al., 1988). In contrast, adult pb null
mutants show transformed labial palps into legs (Kaufman,
1978). Conversely, ectopic Pb expression in the leg primordia
transforms legs into maxillary or labial palps (Aplin and
Kaufman, 1997). In Drosophila, it has been proposed that Pb is
a competence factor allowing Scr to switch from a T1 function
into a proboscis function (Percival-Smith et al., 2013).

Deformed (Dfd) is expressed in the mandibular and maxillary
segments of all arthropods (Hughes and Kaufman, 2002b). As
shown by Lohmann et al. (2002), Dfd shapes the mandibular
and maxillary boundary by controlling directly the proapoptotic
gene reaper. In Dfd mutants, the border between the two
gnathal segments is lost, and this can be rescued by restoring
Reaper expression. In Dfd mutants, the mouth hooks and the
sensory cirri do not develop and the maxillary sensory organ is
disorganized. However, some of these defects could be caused
indirectly by the defective head involution movements caused
by these mutations. Other mouth parts are abnormal in Dfd
mutants with a possible duplication of the cephalopharingeal
plates (Regulski et al., 1987). The different developmental
outcomes of Dfd activity in the mandibular and the maxillary
segments have been attributed to the modulation of Dfd
function in the mandible exerted by the Cap-n-collar (Cnc)
protein. Isoform C of the Cnc basic leucine zipper protein
in the mandible modulates the transcriptional regulation
exerted by Dfd in that segment. In cnc null alleles mouth
hooks and cirri, which are typical maxillary structures
appear in the mandible with the disappearance of certain
mandibular structures (McGinnis et al., 1998; Veraksa et al.,
2000).

Dfd is also involved in neuronal specification, in a similar
way to lab. Disruption of either one of them induces defects in
axonal patterning, indicating that both of them play a role in
the establishment of regional neuromere characteristics (Hirth
et al.,, 1998). A specific pathway has been described, where Dfd
controls autonomously the specification of maxillary neuroblasts
by induction of the cell adhesion protein Amalgam. This pathway
is redundant with a non-autonomous one controlled by lab and
Antp (Becker et al., 2016).

Cephalic neuronal and endocrine specification can be
translated into the control of specific behaviors, like feeding or
molting. Friedrich et al. (2016) have shown that Dfd is expressed
in the subesophageal ganglion, which innervates the muscles that
control food intake. They observed that Dfd is required for the
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(Hughes and Kaufman, 2002b; Janssen et al., 2014).
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Pp, pedipalp) and the four legged prosomal segments. (D) Myriapod showing the six cephalic segments (Oc, ocular; Ant, antennal; Int, intercalary; Mn, Mandibula;
Mx1, first maxilla; Mx2, second maxilla) followed by the trunk leg (L) bearing segments of which the most anterior one forms a maxilliped (Mxpd). (E) Insect showing
the six cephalic segments (Oc, ocular; Ant, antennal; Int, intercalary; Mn, Mandibula; Mx, maxilla; Lb, Labium) followed by two of the three thoracic leg (L) bearing
segments. Hox3 has not been represented as in most insects it has lost its Hox function. Note that the most anterior cephalic segments lack Hox expression, and
that anterior Hox genes required for the formation of cephalic structures in insects may be expressed in leg bearing segments in other phyla, indicating that there is
no strict correlation between cephalization vs. trunk development and Hox1-5 expression. For simplicity Crustaceans are not included in the figure and coloring
represents antero-posterior Hox expression only. Solid bars represent main or stronger expression compared to striped bars. Figure based on data from references
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specification and maintenance of the feeding unit by regulating
the synaptic stability protein Ankyrin2-XL.

Dfd is able to control endocrine primordia fate, by promoting
the specification of the Corpora Allata (CA) in the maxilla
(Sanchez-Higueras et al., 2014). The CA synthesizes juvenile
hormone, which promotes the maintenance of the larval
stage after molting (Hartenstein, 2006). Interestingly, in the
larval termite soldier, Dfd seems to be able to respond to
juvenile hormone levels to control mandible elongation by
activating the dachshund transcription factor (Sugime et al.,
2019). This indicates a reversed control mechanism where
Dfd becomes downstream of the mechanisms it activated
during embryogenesis.

Sex combs reduced (Scr) is expressed both in the last cephalic
and in the first thoracic segments, a characteristic also observed
for Hox5 in vertebrates. Embryonic Scr expression usually
occupies the labial segment (the last cephalic segment) and the
first thoracic segment (Hughes and Kaufman, 2002b). Similar
to Dfd, Scr is implicated in endocrine organ formation during
embryogenesis through the specification of the prothoracic
gland (PG) primordia (Sanchez-Higueras et al., 2014). The
PG synthesizes Ecdysone, which promotes the transition
between larval stages or induces metamorphosis depending on
the presence or absence of Juvenile Hormone (reviewed in
Hartenstein, 2006). In Drosophila, Dfd and Scr are expressed
transiently in the endocrine primordia where, together with
STAT, mediate expression of the snail transcription factor to
induce an EMT of these cells necessary for CA and PG
development (Sanchez-Higueras et al., 2014). In the hemipteran
insect bug Oncopeltus fasciatus, RNAi against Scr disrupts
prothoracic gland fate, indicating that this gene network is
conserved across insects (Hanna and Popadic, 2020). A recent
study points out that Scr is activated in Bombyx mori larval
prothoracic glands, where it negatively regulates the levels of
Ecdysone to control the number of molts (Daimon et al,
2021). This suggests that the same circuit used to specify glands
during embryogenesis is recruited at later stages to modulate
endocrine gland function.

Besides the PG, the specification of the salivary glands in the
labium also requires transient expression of Scr. Scr target genes
in the salivary glands include the fork head, sage and CrebA
transcription factors (Panzer et al., 1992; Andrew et al., 1994;
Abrams and Andrew, 2005; Abrams et al., 2006). A similar control
mechanism was proposed to mediate silk gland specification in
Bombyx mori (Kokubo et al., 1997).

As mentioned before, Scr expression pattern is not restricted
to the cephalic tagma, as it is also activated on the first thoracic
(T1) segment. RNAi against Scr in Oncopeltus fasciatus is able
to induce a small ectopic wing in T1, which is transcriptionally
different from T2 wings. This data indicate that Scr could have an
ancient function in the repression of wings (Medved et al., 2015).

HEAD EVOLUTION AND HOX GENES

As described above, Hox genes play an important role in the
formation of the posterior cephalic segments in both vertebrates

and arthropods. However, comparative analysis of cephalization
among species that diverged early in evolution from vertebrates
and arthropods, indicates that their ancestors already had a
cluster containing the Hox1-5 genes before the formation of
a complex head (Holland et al., 2008; Eriksson et al., 2010;
Janssen et al., 2014). Due to the convergent recruitment of
Hox proteins into cephalization after the split of both lineages,
it is unlikely that they regulate similar downstream targets or
gene networks in vertebrates and invertebrates. The fact that
vertebrate Hox proteins can rescue the phenotypes caused by
mutations in the homologous Drosophila Hox genes may be due
to their capability of occupying similar binding sites present in
the target genes of the other species, rather than the target genes
themselves being the same.

Amphioxus, a chordate that separated from the lineage that
gave rise to vertebrates about 500 million years ago is believed
to have a similar body plan as their common ancestor (Garcia-
Fernandez et al., 2009). Amphioxus has a simple nervous system
composed of a cerebral vesicle followed by a nerve cord without
any rhombomeric subdivisions (Figure 3B). Gene expression
analysis shows that Amphioxus Hox genes are expressed in
the anterior-posterior axis in a very similar relative position
to that of their mouse homologs (Figure 3A). This spatial
expression conservation allows comparing both CNSs despite
their different morphologies, leading to the suggestion that the
Amphioxus frontal cerebral vesicle corresponds to the vertebrate
forebrain and that the hindbrain equivalent of Amphioxus has
no rhombomeric subdivisions although it has a similar antero-
posterior expression of Hox1-4 genes (Holland et al., 2008).
Thus, the Hox1-4 spatial gene expression was set out in the
primitive chordate nervous system before the evolution of
rhombomeres or neural crest cells, implying that these Hox genes
were recruited later during vertebrate evolution to regulate novel
functions that increased cephalic complexity.

A very similar conclusion is reached when studying Hox
expression and cephalization in evolutionary distant groups
related to the arthropods. Onychophorans, the sister group of
the Arthropods, are animals with a relatively simple head despite
possessing a full set of cephalic Hox1-5 genes (Janssen et al.,
2014; Mayer et al.,, 2015). The Onychophoran head consists of
only three segments, contrasting with the six head segments
present in insects, myriapods and crustaceans (Eriksson et al.,
2010; Figure 4). In the Onychophorans, each cephalic segment
has a modified limb structure which, from anterior to posterior
give rise to an antenna, a jaw and a slime papilla. Posterior to
the head, a trunk is formed by repeated metameres with a pair
of legs of similar shape in each segment. The most anteriorly
expressed Hox genes are pb and lab which are expressed from
the slime papilla segment to the most posterior trunk segment;
Hox3 is expressed from the last few cells of the papilla segment
posteriorly; and Dfd and Scr are expressed from the first leg
segment backward (Janssen et al., 2014). All other Hox genes
are expressed in progressively more posterior trunk segments.
Therefore, compared to insects, in Onychophorans only Lab and
Pb are expressed in segments with a distinct cephalic character,
while all other Hox genes are expressed in segments with a similar
trunk external shape. This suggests that Hox gene expression

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

August 2021 | Volume 9 | Article 718175


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

Hombria et al.

Hox Genes and Cephalization

in the anterior segments of the animal, especially Dfd and Scr,
predates their involvement in cephalogenesis and, thus, they
must have been recruited later in evolution to contribute to the
formation of arthropod specific head structures. This prediction
fits with the morphological diversity observed between spiders
and other arthropods where Hox genes like Dfd and Scr, that
contribute to head morphology in centipedes, crustaceans and
insects, are expressed in leg bearing segments in the spiders
(Damen et al.,, 1998; Hughes and Kaufman, 2002a; Schwager et al.,
2007; Khadjeh et al., 2012).

An interesting observation has been made in centipedes,
which lack a differentiated abdomen and have a large trunk
made of externally similar segments. The head in these animals
is composed of six segments (ocular, antennal, intercalary,
mandibular, maxillary I and maxillary II) with the two most
anterior ones lacking Hox expression. labial and Proboscipedia
are expressed in the intercalary segment, Hox3 is expressed
mostly in the mandibular segment, Dfd is expressed from
the mandible to the maxillary II and Scr in Maxillary II
and the first trunk segment (Hughes and Kaufman, 2002a).
Interestingly, the leg appendages in this first trunk segment have
diverged in shape from those present in the rest of the trunk,
having converted into poison containing fangs. This segment,
called the maxilliped, due to its intermediate head and trunk
morphology, expresses Scr and Antp. Although no functional
data are available, this pattern of expression suggests that both
genes control its novel morphology and thus, in centipedes, a
novel cephalic segment may be in the process of being recruited
to the head and with it Antp, a Hox gene that usually has
trunk functions.

In summary, current studies suggest that an extended Hox
gene cluster had already evolved in a primitive bilateral ancestor
and that these genes were probably expressed differentially along
the antero-posterior axis in a rather undifferentiated trunk. As the
cephalic region evolved, it became more complex by sequentially
adding adjacent trunk segments to the primitive head instead
of duplicating existing cephalic segments. As a result, the Hox
genes expressed in the recruited segments were adopted as the
key transcriptional regulators modulating the expression of target
genes that gave rise to the phylum specific cephalic structures. In
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Hox genes code for transcription factors and are evolutionarily conserved. They regulate
a plethora of downstream targets to define the anterior-posterior (AP) body axis of a
developing bilaterian embryo. Early work suggested a possible role of clustering and
ordering of Hox to regulate their expression in a spatially restricted manner along the AP
axis. However, the recent availability of many genome assembilies for different organisms
uncovered several examples that defy this constraint. With recent advancements in
genomics, the current review discusses the arrangement of Hox in various organisms.
Further, we revisit their discovery and regulation in Drosophila melanogaster. We also
review their regulation in different arthropods and vertebrates, with a significant focus
on Hox expression in the crustacean Parahyale hawaiensis. It is noteworthy that subtle
changes in the levels of Hox gene expression can contribute to the development of
novel features in an organism. We, therefore, delve into the distinct regulation of these
genes during primary axis formation, segment identity, and extra-embryonic roles such
as in the formation of hair follicles or misregulation leading to cancer. Toward the end
of each section, we emphasize the possibilities of several experiments involving various
organisms, owing to the advancements in the field of genomics and CRISPR-based
genome engineering. Overall, we present a holistic view of the functioning of Hox in the
animal world.

Keywords: hox, evolution, patterning, gene regulation, bithorax complex, vertebrate hox, modularity and
adaptability, homeotic transformation

INTRODUCTION

The development of an animal progresses three-dimensionally across anterior-posterior (AP),
dorsal-ventral (DV), and left-right (LR) axes. A combination of various transcription factors,
epigenetic regulators, cell receptors, and signaling molecules are involved in the overall
development of an organism (Frangois et al., 1994; Beddington and Robertson, 1999; Levin, 2005;
Peel et al., 2005; Dequéant and Pourquié, 2008; Basson, 2012; Perrimon et al., 2012; Coutelis et al.,
2013; Berenguer et al., 2020). Homeotic genes or Hox are one of the significant contributors to
bilaterian development and are evolutionarily conserved. They are often present in clusters and
code for transcription factors (HOX) that act on the downstream genes to provide identity to
developing segments along the AP axis of a bilaterian embryo (Akam et al., 1988; Akam, 1998;
Lewis, 1998).

A series of genetic crossings and recombinations lead to the discovery of Hox in Drosophila
melanogaster. Interestingly, all the genes were mapped to the right arm of the third chromosome
in the fruit fly. Further, the genes were clustered together in two complexes of ~300 Kb
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each - Antennapedia complex (ANT-C) and bithorax complex
(BX-C), named after the initial phenotypes obtained for different
alleles in both complexes. Strikingly, the arrangement of these
genes on the chromosome followed an order that was collinear
to the segments affected in mutants from anterior to posterior
direction. Thus, in the fly, the concept of spatial collinearity
was established for Hox expression (Lewis, 1978, 1998; Kaufman
et al., 1990). This expression is under the control of several
cis-regulatory elements (CREs) that cluster together to form cis-
regulatory modules (CRMs) (Peifer and Bender, 1986; Peifer
et al., 1987; Celniker et al., 1989; Martin et al., 1995; Maeda,
2009; Chopra, 2011; Bekiaris et al., 2018). Series of discoveries
toward the turn of the 20th century showed the presence of
Hox in all bilaterians and even in cnidarians (Ferrier et al,
2000; Kourakis and Martindale, 2001; Ferrier and Minguillon,
2003; Tkuta et al., 2004; Duboule, 2007; Mooi and David, 2008;
Mallo et al., 2010; Ikuta, 2011; Janssen et al., 2014; Fritsch et al.,
2015; Schiemann et al., 2017; Wanninger and Wollesen, 2019;
Nong et al., 2020). The transcription factors coded by these
genes have a conserved helix-turn-helix motif-containing DNA
binding domain. The domain binds to DNA in a sequence-
specific manner and is called the homeodomain due to its
discovery in the factors coded by Hox. Many transcription factors
in addition to HOX across animals, plants, and fungi have the
homeodomain (McGinnis et al., 1984b,a; Scott and Weiner, 1984;
Suzuki and Yagi, 1994; Williams, 1998; Holland, 2001; Holland
et al, 2007; Son et al., 2020). Therefore, all Hox genes are
homeobox genes, but all homeobox genes are not Hox genes.
The complex interplay of HOX proteins with other players in
the system contributes toward diversity in the animal kingdom
(Akam et al., 1988; Akam, 1998; Lewis, 2007; Holland, 2015;
Rogers, 2020).

In the current review, we discuss the arrangement and
copies of Hox genes in different organisms. We then revisit
their discovery and regulation in D. melanogaster, subsequently
commenting upon their cis-regulation in vertebrates. Further, the
review highlights the presence of these genes in other arthropods
and their expansion in vertebrates, with a significant focus on Hox
expression in Parhyale hawaiensis. The crustacean is an emerging
model organism with established gene-editing techniques such
as CRISPR-Cas9 to decipher the role of Hox, adding them
to the league of other classical models, including fruit fly,
zebrafish, or mouse (Martin et al., 2016; Sun and Patel, 2019).
Notably, the function of these genes is not limited to segment
identity and homeotic transformations (Castelli-Gair Hombria
and Lovegrove, 2003). We also underline many upcoming reports
that describe their role in tissue homeostasis, embryonic cell fate
determination, organogenesis including abdominal epithelium
in flies or hair follicles in mammals, maintenance of stem
cells niche, and misregulation leading to cancer (Lewis, 2000;
Awgulewitsch, 2003; Shah and Sukumar, 2010; Estacio-Gémez
and Diaz-Benjumea, 2014; Singh and Mishra, 2014; Domsch
et al,, 2019). Toward the end of each section, we emphasize the
possibilities of novel experiments to understand the regulation
and functioning of Hox genes in different organisms. This largely
owes to the recent advances in genomics and genome editing
technologies, including CRISPR-Cas9. We thus present a bird’

eye view of the Hox field and prospective investigations required
to understand their role in various organisms.

HOX CLUSTERS: ARRANGEMENT,
POSITIONING, AND DUPLICATIONS

The animal kingdom has diverse body forms, symmetries, and
developmental axes. Hox are one of the key contributors to this
diversity as they provide identity to different segments during
embryonic development, are involved in tissue homeostasis
and organ positioning, and help in maintaining cellular
identities post-embryonic development (Lewis, 2000; Castelli-
Gair Hombria and Lovegrove, 2003; Lovegrove et al., 2006; Mallo
etal,, 2010; Sanchez-Herrero, 2013; Papagiannouli and Lohmann,
2015; Hrycaj and Wellik, 2016; Domsch et al., 2020). They are
present in cnidarians with ancestral elements of the anterior and
posterior Hox genes (Chourrout et al., 2006; Ikuta, 2011; Gaunt,
2018; Rentzsch and Holstein, 2018; Nong et al., 2020). During
evolution, bilaterians acquired another set of central Hox genes
and formed a complete set of genes responsible for the animal
development across the anterior-posterior body axis (Chourrout
et al., 2006; Hrycaj and Wellik, 2016). Usually, Hox genes are
present in a cluster and exhibit spatial collinearity; the genes
present in one end of the cluster are expressed in the anterior-
most regions (or segments) of the developing embryo. At the
same time, the genes present on the opposite end are responsible
for posterior development (Gaunt, 2015). However, this is not
universally true.

The Hox genes of California two-eyed octopus, Octopus
bimaculoides, are completely dispersed across the genome
(Albertin et al., 2015). Other than the octopus, most other
bilaterians show clustering of at least two Hox genes in cis-.
For example, in Parhyale hawaiensis, a crustacean, some of the
Hox are arranged in clusters of two and four genes. However,
the detailed arrangement of all Hox genes in Parhyale remains
elusive due to the absence of long contigs (Serano et al., 2016).
Even in a marine chordate, Ciona intestinalis, Hox appear to
be present in an exceptionally dispersed cluster, or they could
even be disseminated across the genome (Spagnuolo et al., 2003;
Tkuta et al., 2004). D. melanogaster has a partially contiguous
arrangement of Hox. As mentioned earlier, the Hox genes cluster
of Drosophila is split into two complexes with 5 and 3 Hox
in them. Both complexes are around 300 Kb in length and
are separated by a distance of ~9 Mb (Dessain and McGinnis,
1993; Rogers, 2020). Other than Drosophila, the red fluor
beetle, Tribolium castaneum, has been a subject of extensive
studies for patterning and evolution in insects. Both the insects
have similar expressions of Hox orthologs in anterior-posterior
segments. However, their arrangement is quite different in the
genome. T. castaneum Hox are organized in a single tight
cluster as opposed to the split found in Drosophila (Beeman,
1987; Telford, 2000; Brown et al., 2002; Shippy et al., 2008).
In other organisms such as the starfish, Acanthaster planci,
and sea urchin Strongylocentrotus purpuratus, Hox are present
in a cluster. Still, either their orientation is altered, or they
have re-ordered arrangement when compared to the majority
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of bilaterians that follow collinearity. In S. purpuratus, posterior
Hox (Hox11/13) have relocated to positions analogous to central
Hox and vice-versa (Howard-Ashby et al., 2006; Baughman et al.,
2014). In contrast, the Hox genes of cephalochordate amphioxus,
Branchiostoma floridae, are present as a single intact cluster in
the order of their evolutionary homologs, along the anterior-
posterior body axis. It is the most cohesive cluster of Hox
discovered in the animal kingdom from HoxI to HoxI4. Later,
analysis of the region between Hox14 and EvxA - EvxB led
to the finding of another paralogous posterior Hox gene called
Hox15. Thus, the cluster of Hox genes in amphioxus is by far the
largest intact cluster in terms of the number of Hox genes and
spans 470 Kb (Holland et al., 2008). The above examples suggest
that animals have varied arrangements of Hox genes as they
underwent multiple combinations of convergent and divergent
evolutionary processes throughout the tree of life (Figure 1A).

In several organisms, Hox genes are present in multiple copies
of paralogous genes. For instance, the cluster of Hox genes in
the annelid Helobdella robusta appear fragmented along with
varying copies of different homeotic genes. This is especially
true for anterior and central Hox orthologs such as Deformed
(Dfd) and Sex combs reduced (Scr) present in two and five
copies, respectively. The Leech homeobox gene (Lox4) is also
present in two copies, whereas orthologs like Proboscipedia
(Pb), Ultrabithorax (Ubx), and abdominal-A (abd-A) appear
completely absent. The posterior Hox gene, Post2, is also present
in three copies (Kourakis and Martindale, 2001).

Similarly, the Chinese scorpion, Mesobuthus martensii, has
two sets of Hox genes, with one of the sets being more clustered
than the other. Interestingly, the duplication of Hox genes in
scorpions is associated with variation in and extension of the
posterior-most segments of the animal, including telson (Di
et al.,, 2015). Vertebrates have at least four different paralogous
complexes of Hox genes clusters. Each complex has a different
number of Hox homologs arranged in a tight cluster of ~100 Kb.
The clustering also follows spatial collinearity like its invertebrate
counterparts. In addition to that, vertebrate Hox genes are
also expressed in a temporally collinear manner. The genes
present in one end of the complex are expressed earlier during
embryonic development and vice-versa. The different complexes
work independently, as well as in concert, to fine-tune the growth
of a developing embryo (Figure 1B; Burke et al., 1995; Medina-
Martinez et al., 2000; Suemori and Noguchi, 2000; Spitz et al,,
2001; Kmita et al., 2005; Tschopp et al., 2009; Yamada et al., 2021).

In conclusion, the Hox genes are present in different positions
and numbers across the genome, from an atomized and dispersed
manner in octopus to cleanly clustered complexes in vertebrates
(Figures 1A,B). It, therefore, becomes important to understand
the significance of clustering and ordering of Hox genes in
different organisms. Many of the available genome sequences
still lack chromosome level assemblies. With the advancement of
long-read nanopore sequencing and the use of proximity ligation
assays like Hi-C, it is possible to achieve chromosome level
assemblies (Wang et al., 2014; Kadota et al., 2020). The ongoing
earth biogenome project shall benefit from these techniques, and
analysis of Hox genes arrangement in different animals will help
us better understand their clustering and ordering throughout

the tree of life (Lewin et al., 2018). An in-depth overview of
known Hox genes clusters and their arrangement across different
organisms is nicely covered in a review by Stephen Gaunt (2018).

DROSOPHILA HOX COMPLEX: A SPLIT
THAT UNIFIED THE FIELD

Homeotic genes were discovered by Ed Lewis in D. melanogaster
in the latter half of the 20th century (Lewis, 1978). There are
two clusters of these genes in the fruit fly, the Antennapedia
complex (ANT-C) and the bithorax complex (BX-C). The ANT-C
is responsible for the identity of anterior segments of the fly from
the head through thoracic segment 2 (T2) and has five Hox genes.
In the proximo-distal arrangement concerning centromere-
telomere, these genes are ordered as labial (lab), Proboscipedia
(Pb), Deformed (Dfd), Sex comb reduced (Scr), and Antennapedia
(Antp). The BX-C has three genes in the centromeric proximo-
distal order of Ultrabithorax (Ubx), abdominal-A (abd-A), and
Abdominal-B (Abd-B). These genes provide identity to the
posterior two-thirds of the fly’s body axis from T3 to abdominal
segment 8/9 (A8/9), which is the terminal segment in the fly
(Figure 2A; Lewis, 1978, 1998; Kaufman et al., 1990; Dessain
and McGinnis, 1993). It is noteworthy that there are various
CRMs for each Hox gene in the fly. These CRMs consist of
numerous regulatory elements, including enhancers, initiators,
insulators or boundary elements (BE), Polycomb/Trithorax
response elements (P/TRE), and promoter tethering sequences
(PTS), that together orchestrate the segment-specific expression
of these genes (Figures 2B,D; Celniker et al., 1989, 1990; Simon
et al,, 1990; Sanchez-Herrero, 1991; Castelli-gair et al., 1992;
Muller and Bienz, 1992; Mishra and Karch, 1999; Bender and
Hudson, 2000; Calhoun and Levine, 2003; Lin et al., 2003; Mihaly
et al., 2006; ITampietro et al., 2010; Li et al., 2015).

There are nine CRMs of the three BX-C genes in the order
anterobithorax/bithorax (abx/bx) and bithoraxoid/postbithorax
(bxd/pbx) for Ubx, infra-abdominal2 (iab2), iab3 and iab4 for
abd-A, and iab5, iab6, iab7, and iab8/9 for Abd-B. Each of the
CRM drives segment-specific expression of the associated gene in
embryonic parasegment 5 (PS5) through PS14, corresponding to
segments T3 through A8/9 in the adult fly. Deletions of CRMs
cause loss of function (LoF) phenotypes for the associated Hox
genes and lead to anteriorization of respective segments. For
example, deletion of iab5 causes homeotic transformation of A5
to A4. The mutant has two copies of A4 after A3 that follow the
normal occurrence of A6, A7, and genitalia (A8/9) (Figure 2E;
Martinez-Arias and Lawrence, 1985; Peifer and Bender, 1986;
Turner and Kaufman, 1987; Galloni et al., 1993; Casares and
Sanchez-Herrero, 1995; Hendrickson and Sakonju, 1995; Martin
et al., 1995; Bender and Hudson, 2000; Bae et al., 2002; Estrada
et al., 2002; Deutsch, 2004; Mihaly et al., 2006; Starr et al,
2011). Further, chromatin domain boundaries separate the CRMs
of the BX-C. These include Front-ultraabdominal (Fub) that
separates bxd/pbx from iab2, Mis-cadastral pigmentation (MCP)
separating iab4 and iab5, Frontabdominal6 (Fab6) between iab5
and iab6, (Fab7) demarcating the domains of iab6 and iab7,
followed by (Fab8), which is present between iab7 and iab8/9
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FIGURE 1 | Chromosomal arrangement of Hox genes. (A) Variety of Hox arrangement observed in different animals, from a completely scattered arrangement in
octopus to a fully intact Hox cluster in Amphioxus. (B) Hox have also undergone duplication in several organisms. They have fragmented arrangements in animals
such as the freshwater leech or are present in an intact cluster, as seen in vertebrates. The depiction here is independent of phylogeny and represents the order of

clustering. Also, the organisms shown here do not represent their respective phyla.

(Figure 2B). These BEs maintain the autonomous domains of
functioning for different CRMs and genes. In contrast to the LoF
phenotypes of CRM deletions, the deletions of BEs cause gain
of function phenotypes for the associated Hox genes leading to
posteriorization of the related segments. This phenotype is due to
the ectopic activation of posterior CRM and its prevalence over
the anterior one. For instance, deletion of the chromatin domain
boundary, Fab7 leads to the homeotic transformation of A6 to
A7 as depicted in Figure 2E (Simon et al., 1990; Karch et al,,
1994; Hagstrom et al., 1996; Zhou et al., 1996; Mihaly et al., 1998;

Mishra and Karch, 1999; Muller et al., 1999; Barges et al., 2000;
Schweinsberg et al., 2004; Bender and Lucas, 2013; Postika et al.,
2018, 2021). Furthermore, multiple P/TREs adjacent to the BEs
and inside CRMs maintain the repressed or activated states
of associated CRMs. A combination of boundaries and PREs
maintain the distinct autonomy of CRMs wherein the PREs are
known to function via DNA kissing (Simon et al., 1993; Chan
et al., 1994; Mishra et al., 2001; Vazquez et al., 2006; Lanzuolo
et al., 2007; Bantignies et al., 2011; Négre et al., 2011; Singh and
Mishra, 2015). The CRM:s of BX-C are also present in a spatially
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complex (BX-C), as shown. Each gene is responsible for providing identity to a specific segment, as indicated by bold arrows. (B) Cis-regulatory modules (CRMs) of
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Polycomb/Trithorax Response Elements (P/TRE), and promoter tethering sequences (PTS). (D) Deletion mutations in CRMs of Ubx leading to phenotypes that look
similar to an odonate, like dragonfly or an arachnid, like spider. (E) Loss and gain of function mutations in the abdominal region of Drosophila due to deletions of
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collinear manner in tune with their associated genes (Lewis, 1978,
1998; Maeda, 2006). Figure 2 summarizes the arrangement of
D. melanogaster Hox and the elements of the bithorax complex.
Notably, the significance of positioning of CRMs in a collinear
manner is still elusive. A significant merit could be the sequential
regulation of the Hox genes by upstream regulators as proposed
in the open for business model of BX-C regulation (see next
section) (Maeda and Karch, 2007, 2015; Kyrchanova et al., 2015).

Since Hox genes provide identities to a developing segment,
altering the levels of these genes can tip the scale in favor of
distinct traits gained or lost during evolution, albeit they are not
the sole drivers of the process (Ho et al., 2009; Holland, 2015).
For example, mutations in the CRMs of the D.mel Ubx gene
manifest fascinating phenotypes. A triple deletion mutant for
abx, bx, and pbx causes homeotic transformation of T3 into a
copy of T2. The T3 of flies possesses a pair of rudimentary wings
called halteres that help maintain balance during flight (Lewis,
1978; Dickinson et al., 1999; Yarger and Fox, 2016). In the triple
mutant, the halteres get completely transformed into wings, and
the posterior thorax attains the morphology of the anterior one
resulting in a fly with four wings, compared to a pair of wings
and halteres in normal conditions (Figure 2C). Since the CRMs
maintain required levels of Ubx in T3, their absence leads to a
lack of expression of the gene. This loss of function causes T3
to anteriorize into a copy of T2 (Little et al., 1990; Martinez-
Laborda et al., 1996). It was a remarkable achievement for two
reasons — (1) All three mutations were within a span of 100 kb of
each other and were therefore extremely difficult to obtain in cis-
through the genetic crossing. (2) The fruit fly, a dipteran, looks
strikingly similar to an odonate like dragonfly or damselfly with
four distinct wings (Lewis, 1978). A combination of three inter-
genic mutations led to the development of body morphology that
diverged almost 500 million years before the arrival of dipterans
(Figure 2C; Misof et al., 2014). Similarly, flies hemizygous for bxd
have a partial transformation of Al into a copy of T3, resulting
in a fly with four pairs of legs instead of three. This feature is
similar to an arachnid that includes spiders, scorpions, and ticks
(Figure 2C; Shultz, 1989).

The presence of intact CRMs juxtaposed with genes
would ensure that they provide coordinated expression during
embryonic development. This is evident from the case of
Drosophila buzzati, where the gene labial (lab), an anterior
gene, is relocated to a position nearer to abd-A and Abd-
B, the genes that define the posterior development of the
fly. Nevertheless, the expression pattern for all Hox genes
remains similar to D. melanogaster. The rearrangement of the
lab locus was attributed to the presence of two transposable
elements, ISBu2 and ISBu3, that stabilized over generations.
These transposons together flank the gene lab and its associated
non-coding elements. So, the overall arrangement of transposons,
associated non-coding elements, and absence of any other coding
gene indicate the functional intactness of the locus (Negre et al.,
2003). The D. buzzati lab, hence, still expresses in the anterior part
of the body, unlike its neighbors abd-A and Abd-B (Figure 3A).

The process of cis-regulation can be effectively carried out
even in the presence of a non-related DNA element in between.
For example, few of the cis-regulators of the Dmel Scr gene are

present after a non-homeotic gene, ftz (Gindhart et al., 1995;
Calhoun and Levine, 2003). The ftz gene is, however, flanked by
two strong boundary elements SF1 and SF2, that presumably loop
out the gene and its associated regulators, thus, facilitating proper
interaction of Scr enhancer, T1, with the Scr gene (Figure 3B;
Negre et al., 2010; Li et al., 2015). This process is similar to
insulator bypass events, observed in BX-C in the presence of
boundary elements like MCP, Fab-7, or Fab-8 (Sipos et al., 1998;
Mishra and Karch, 1999; Kyrchanova et al,, 2011, 2015, 2019).
Though the genes and CRM:s can together relocate to various
positions across the genome or be reorganized by chromatin
domain boundaries, an arbitrary split in the middle of CRMs
is deleterious. This is apparent from the famous Antennapedia
mutant, Antp’3®. The Dmel Antp gene has two promoters, P1
and P2. A breakpoint of 45 Kb upstream of P2 separates it
from P1 and results in an inversion that repositioned P2 around
160 Kb away from its original locus. The inversion also leads
to repositioning a non-specific promoter of an uncharacterized
gene, responsible for dominant phenotype (rfd), in the Antp locus.
This promoter (P™@) causes ectopic expression of Antp, leading
to a gain of function phenotype, characterized by the homeotic
transformation of antennae and arista in the fly into a pair of
legs (Figure 3C). Embryos homozygous for Antp”? die early
during development. These findings support the theory that
ectopic promoters can drive the expression of nearby genes in
a non-specific manner (Laughon et al., 1986; Schneuwly et al,,
1987). Along with gaining insights into the regulation of BX-
C, Scr locus, and Antp associated dominant phenotype, the
understanding of the Hox complex in Drosophila was pivotal
for dissecting the embryonic development of an organism and
also led to a better understanding of crucial facets of gene
regulation (Figure 3). A plethora of subsequent studies in the
following decades after the discovery of Hox revealed their
existence in all bilaterians as well as cnidarians (Burke et al,,
1995; Brooke et al., 1998; Peterson et al., 2000; Ferrier and
Holland, 2001; Samadi and Steiner, 2010; Ikuta, 2011; Gaunt,
2018). Deciphering the functioning of the Drosophila Hox genes
complex, in particular, the BX-C, led to a better understanding
of embryonic development, molecular biology, patterning, and
evolution. Welcome Bender rightly proposed that the regulation
of BX-C should enter textbooks at par with lac operon, phage
transcription, and yeast mating-type (Bender, 2020).

CLUSTERING, C/S-REGULATION, AND
REMOTE CONTROLS OF HOX
EXPRESSION

Segment-specific activation and expression of Hox genes are
important for segment identity. Transcription factor coding
genes including Gap, Pair-rule, and segment polarity genes
act upstream of Hox genes and regulate their expression via
associated CRMs in insects (Capdevila and Garcia-bellido, 1981;
Reinitz and Levine, 1990; Kornberg and Tabata, 1993; Casares
and Sanchez-Herrero, 1995; Drewell et al., 2014). As mentioned
earlier, there are nine CRMs in the BX-C that direct expression
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FIGURE 3 | Functional CRMs can accommodate changes in gene order. (A) Representation of Hox in D. melanogaster and D. buzzati. Note that the gene labial (lab)
is present next to Abdominal-B (Abd-B), and the split is between Ubx and abd-A, wherein Ubx is now a part of ANT-C. Inset: Functional intactness of /ab locus
despite rearrangement owing to two transposons, ISBu2/3, that flank the regulatory cassette of the gene. (B) lllustration depicting regulation of Scr gene bypassing
ftz locus. The ftz gene and regulators are flanked by boundary elements SF1 and SF2. T1 is the enhancer for Scr. Right: Domain expression of Scr in a normal
condition. (C) Inversion involving Antp (Antp”3P) spanning ~160 Kb juxtaposes the gene to an ectopic promoter that drives its expression in antennae and arista of
the flies (colored bold gray in wild type fly). This leads to the homeotic transformation of antennae to legs (highlighted in orange).

levels and patterns of Ubx, abd-A, and Abd-B in a segment-
specific manner.

These regions are tightly regulated. Probing the chromatin
landscapes of Hox locus has shed some light on their mode of
regulation. Segment-specific ChIP-seq for H3K27me3 repressive
marks on Drosophila BX-C has pinpointed regions that were

sequentially de-methylated from anterior to posterior segment in
the fly embryo. For instance, in the head, the BX-C is marked
with H3K27me3, coinciding with the absence of expression of all
the three genes in the complex. While in A1, the Ubx domain
lacked H3K27me3 marks corroborating with the expression
status of Ubx in the segment. However, the other two genes of
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FIGURE 4 | Open for business model of the bithorax complex. (A) H3K27me3 marks on the bithorax complex in the head reveal complete repression of the locus.
The same is corroborated by a representation of the ORCA image that shows clustering of the entire BX-C in one domain. (B) In A1, only the Ubx domain is
derepressed and forms a distinct loop. Red spheres indicate contact points of Ubx enhancers with its promoter. (C) In A8/9, the entire BX-C is de-repressed and
forms multiple loop domains. Green spheres indicate contact points of Abd-B enhancers with its regulators. The above image is a conceptual representation of data
published by Bowman et al. (2014) and Mateo et al. (2019).

the same complex, abd-A, and Abd-B, were still carrying the
repressive marks (Figures 4A-C). This indicated a segment-
specific “opening” of BX-C CRMs as one would move from the
anterior to the posterior regions in the fly axis and was aptly
called the open for business model of the bithorax complex
(Bowman et al., 2014; Maeda and Karch, 2015). This model
was later reinforced by visualization of chromatin landscape

of the BX-C using the optical reconstruction of chromatin
architecture (ORCA) technique. It deploys sequential probing of
the region of interest on a chromosome, which in this case was
~320 Kb of the BX-C, by fluorescent probes. The probes are
hybridized and washed in a series. They are then coupled with
continuous imaging using two customized microscope platforms
optimized for HiLo illumination (Mateo et al., 2019). ORCA
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is advantageous over conventional confocal microscopy due to
the single-molecule resolution possible using the said platform.
Like conventional imaging, samples are uniformly illuminated,
but a high pass filter rejects the illuminated regions that are
outside focus. The extracted data is fused with low-frequency
in-focus illumination to render a spatially resolved, sharp image
(Ford et al,, 2012). ORCA of BX-C revealed interactions of
segment-specific enhancers with the associated promoters in an
in vivo context. Regions devoid of repressive marks were forming
a distinct loop, while the ones that remained repressed were
forming another closed loop domain (Figures 4A-D; Mateo et al.,
2019). The clustering of the CRMs and genes in a relatively
short region can be an efficient way to moderate Hox levels. In
the unusual cases of Hox arrangement like octopus, sea star, or
sea urchin, deciphering 3D genome architecture would provide
crucial insights into their functioning.

The range of available model organisms limits our current
knowledge. Nevertheless, in silico and synthetic biology
approaches can help in designing experiments of physiological
and evolutionary relevance. Crocker et al. (2017) modeled
functional enhancers based on the binding sites of various
transcription factors across different species of Drosophila.
They produced several synthetic enhancers which could be
validated in vivo in a developing fly embryo. However, only
a limited number of the predicted enhancers could emulate
the expression ability of the native ones (Crocker et al., 2017).
This could be because of additional factors like insulators
and Polycomb/Trithorax response elements (P/TREs) that
contribute to regulatory aspects of the genome. Toward this,
Srinivasan et al. developed in silico tools to predict chromatin
domain boundaries and P/TREs in Drosophila and other insects
(Srinivasan and Mishra, 2012, 2020). With the ever-expanding
availability of genome sequences, such tools can be extended
to model regulation of genes, including Hox, in a diverse set of
organisms (Lewin et al., 2018).

Notably, many of the regulatory elements of the genome, like
enhancers and insulators, are known to interact with regions
that are several Mbs apart (Long et al., 2016). Despite that,
the clustering of CRMs and Hox genes in complex organisms
suggests a very strong functional consequence. It is speculated
that the order of genes within the Hox complex is important for
proper body axis development. However, it may be the order of
CRMs that might be equally important.

An intriguing region to understand the significance of relative
positioning of CRMs can be the Abd-B locus in the BX-C. Each
of the iabs (CRM) in the region is demarcated by chromatin
domain boundaries (BEs) (Figures 2B,D,E). For example, iab5
specifies PS10 (A5) identity and is followed by a BE, Fab6. The
BE separates iab5 from the next CRM iab6, which specifies PS11
(A6) of the fly embryo, thus ensuring autonomous domains of the
two CRMs (Galloni et al., 1993; Lewis, 2007; Bender et al., 2011;
Postika et al., 2021). Together, the four iabs of the Abd-B locus
provide identities to four abdominal segments in the fly from A5
to A8 (terminalia). Hence, the number of these CRMs and their
relative positioning in the genome is collinear with the segment
they provide identity (Maeda, 2006; Lewis, 2007; Kyrchanova
et al., 2015; Maeda and Karch, 2015). Furthermore, many of

the BEs are known to function in an orientation-dependent
manner. However, most of these studies are done in a transgenic
context or a narrow region within the BX-C (Galloni et al., 1993;
Martin et al., 1995; Bender and Hudson, 2000; Kyrchanova et al.,
2016, 2019). In principle, the iterative arrangement of CRMs
and BEs in the Abd-B locus is a compelling case to decipher
their role in complex systems. An interesting experiment would
be to generate targeted inversions and duplications of CRMs
in the BX-C and examine the resulting novel phenotypes. The
re-arrangements should be developed in a manner that does
not affect binding sites for transcription factors, repressors, or
chromatin remodelers obtained from existing ChIP data in the
modENCODE consortium (Celniker et al.,, 2009; Negre et al.,
2010; Négre et al., 2011). Moreover, these re-arrangements should
not fuse the domains of two nearby genes or known regulators,
as indicated in Figure 5A. One could harness the potential of
Cre-LoxP or FLP-FRT systems to bring about these changes.
The recombinase recognition sequences can be knocked in at
specific sites using CRISPR/Cas9 (Li et al., 2020). For instance,
a reorganized locus with MCP followed by iab7, iab6, and iab5
will offer a new playground for cis-/trans- factors to regulate Abd-
B. The rearrangement would render iab7 flanked by MCP and
Fab7 in opposite directions, whereas Fab6 and Fab8 boundaries
will flank iab5. Although the relative positioning of iab6 would
remain the same, but, according to the open for business model
of BX-C regulation, either iab5 and iab8 will become accessible
to Abd-B promoter, or iab7 will be accessible irrespective of
re-ordering in PS11 (prospective A6). Such an experiment
can unfold the aspects of directionality, ordering, and relative
positioning of CRMs within the particular Hox gene locus.
Similarly, generating duplications of CRM:s like iab5 and iab6 will
provide a better understanding of the significance of the number
of CRMs required to specify a segment (Figure 5A). Inversions in
several cis-regulators in vertebrates have revealed the significance
of positioning distal enhancers concerning Hox genes (Kmita
et al.,, 2000; Zakany et al., 2004). Site-specific rearrangements
and deletions of vertebrate cis-regulators revealed modularity
associated with their arrangements and caused changes in the
topologically associated domains (TADs) in which they reside.
This leads to the ectopic expression of Hox genes in non-specific
regions of the limb, thereby suggesting a significant role of the
positions of CREs (Fabre et al., 2017). Since BX-C has a spatially
collinear arrangement of the CRMs with a clear understanding of
their components, the re-engineered locus will provide a deeper
understanding of the evolution of CRM positioning and copy
number variations (CNVs).

Overall, the situation is perhaps a bit more complex in
vertebrates. They have a minimum of 4 Hox complexes
distributed across different chromosomes. Each complex has
its own set of regulators. Their embryonic expression follows
spatio-temporal collinearity. This means that the genes present
toward one end of the cluster are expressed earlier in the anterior
regions. The genes present toward the other end of the cluster
are expressed later in time in the posterior regions. So, there is
an added temporal aspect of regulation in addition to the pre-
existing spatial one. Furthermore, the clustering of Hox is more
pronounced in vertebrates, with no non-homeotic genes present
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FIGURE 5 | Re-arrangement of Abd-B locus and vertebrate Hox complex with CRMs. (A) Representation of proposed experiment to re-arrange the CRMs of Abd-B
locus in the BX-C. (B) Hox genes are expressed as indicated in Mus musculus. HoxD locus is shown as a representation of regulatory modules associated with Hox
complexes. Bold, curved arrows indicate their approximate presence and interaction with Hox complex (not to scale and point precisely on a particular Hox). The
role of CR2 in modulating Hox is still unknown and is represented by a dotted arrow.

in the complex. The intergenic distance is also drastically reduced =~ Kb. The reduction in the size of the complex can be attributed
and the entire Hox complex resides within a span of ~100 Kb.In  to the positioning of CRMs of vertebrate Hox, outside the
contrast, both Hox complexes in Drosophila are larger than 300  cluster on either end, several Kbs away. These regions constitute
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the global control regions (GCRs), early enhancers (EE), late
enhancers (LE), and many other uncharacterized regulatory
elements (Soshnikova, 2014). The tight clustering of Hox in
vertebrates might also help in robust regulation during secondary
axis formation in the limbs when the collinearity is replayed
(Soshnikova and Duboule, 2009; Mallo et al., 2010; Mallo and
Alonso, 2013; Soshnikova, 2014). Some studies have shown
several regions that are ultra-conserved near the HoxD/Evx
locus of vertebrates. One of these regions, called conserved
region 2 (CR2), was shown to have an early enhancer but late
repressor activity in a transgenic context in zebrafish, Danio
rerio (Sabarinadh et al., 2004; Kushawah and Mishra, 2017). The
exact mechanism and mode of function of these elements are
still unknown. It is also not known whether these regions have
an impact on Hox genes. Deletions of these regions in several
combinations can help us dissect their significance (Figure 5B).

The spatio-temporal regulation of Hox genes in vertebrates
has some fascinating offshoots. Marsupials like Tammar wallaby,
Macropus eugenii, have delayed expression of posterior Hox
genes, HoxA13 and HoxD13, attributed to weaker hind limbs
in newborn animals. The forelimbs are relatively stronger,
which helps them to climb the brood pouch of their parent.
The delayed expression of the posterior Hox is yet another
example of modularity and differential expression, possibly due
to differences in clustering and accessibility of CRMs which can
be accessed via the genome sequence available for marsupials
(Chew et al., 2012; Deakin, 2012).

Similar variations of spatio-temporal regulation can be
observed in simpler chordates like amphioxus. Despite being
in a tight cluster, the spatially collinear expression of Hox
genes is perturbed in Branchiostoma floridae. Hox6, a central
Hox gene, expresses almost ubiquitously across the neural tube,
posterior to the cerebral vesicle. While HoxI4, a posterior
Hox gene, is expressed in the most anterior cerebral vesicle.
Furthermore, Hox14 mRNA is also detected in the pharyngeal
endoderm. Interestingly, levels of Hox6 vary greatly in closely
related species. Unlike B. floridae Hox6, which shows a uniform
expression throughout the neural tube, the B. lanceolatum
homolog expresses in a spatially restricted manner (Pascual-
Anaya et al., 2012). This indicates subtle modulations of HOX
levels in closely related species and is similar to changes observed
in invertebrates. Deep sequencing of flanking regions of Hox
loci in multiple organisms along with a Bag-of-Motif analysis to
understand protein-DNA interactions can shed light on putative
regulatory mechanisms associated with the clustering of CRMs.

In simpler organisms like annelids or mollusks, the
arrangement of Hox thus seems to be dispensable, but with
the evolution of complexity, clustering becomes a necessity
for co-regulation.

MODULATING HOX IN ARTHROPODS

The property of a system to separate and re-integrate its
components to form a viable system is called modularity.
Subtle changes in Hox expression can quickly orchestrate the
evolutionary modularity. The studies are not limited to fruit flies.

In an amphipod crustacean, Parhyale hawaiensis, the interplay
between various Hox genes and their ability to act independently
was comprehended by a series of sophisticated experiments
involving manipulation of Hox levels (Liubicich et al., 2009;
Martin et al., 2016; Sun and Patel, 2019).

The amphipod is bilaterally symmetrical and has multiple
segments with specialized appendages. A group of metameric
segments evolved to perform a common function is called tagma,
and the associated evolutionary process is called tagmatization
(Abzhanov and Kaufman, 2000). The arrangement of appendages
in the order of their occurrence from anterior to posterior
segments in Parhyale is as follows - feeding appendages
(mandible, Mn and maxillipeds Mx, or, gnathopods), claws
(T2-T13), forward (T4-T5), and reverse (T6-T8) walking legs
(pereopods), swimming appendages (pleopods or swimmerets)
in the segments Al to A3, and appendages for holding
substrates (uropods) formed in A4-A6. A simple representation
of P. hawaiensis tagmatization is depicted in Figure 6A.

Recent advances in CRISPR-based gene editing have allowed
researchers to perform knock-out experiments in P. hawaiensis.
Martin et al. (2016) knocked out Ph Ubx by CRISPR/Cas9 and
observe that the locomotor appendages acquire the identity of
feeding appendages (T2-T5 — Mn/Mxp). Further, knocking
out a posterior Hox gene Ph abd-A, which would otherwise be
responsible for forming reverse walking legs in the crustacean,
now has them transformed into a copy of forward walking legs
(T6-T8 — T4); Figure 6B. This was as expected from previous
studies in Drosophila that indicate the anteriorization of segments
in the absence of posterior Hox; a property called the posterior
prevalence of Hox genes. However, another class of legs called
pleopods or swimming appendages was transformed into a copy
of posterior appendages, uropods (A1-A3 — A4), in the Ph abd-
A knock-out animals. This was an apparent effect of the additive
function of Ph abd-A to regulate segment identity in either
direction along the AP axis. In the anterior regions, Ph abd-A
works with Ph Ubx to develop segments with reverse walking legs
(T6-T8). In the posterior regions, Ph abd-A functions with Ph
Abd-B to develop swimming appendages (A1-A3) as depicted in
Figure 6C. Strikingly, knock-out of an even more posterior gene
Ph Abd-B displayed a spectacular non-linear transformation of
uropods into copies of forward walking legs but not swimmerets
(A4-A6 — T5; not A3); Figure 6D. This suggested that the
ABD-B represses Ph Ubx in the posterior segments of the
Parhyale from Al to A6, whereas Ph abd-A expression is
independent of the ABD-B levels. Ph Abd-B knock-out animals
had derepression of Ph Ubx in the posterior segments, leading to
extreme transformation into forward walking legs. The segment
with overlapping domains of Ph Ubx and Ph abd-A developed
reverse walking legs in Ph Abd-B knock-outs while swimmerets
were altogether absent from the organism (Al1-A3 — T8);
Figures 6A,D. The studies from the crustacean suggest that
alongside collinear expression of Hox, the co-regulation, inter-
regulation, and cross-talk between different HOX cause varying
phenotypes. The interplay between these genes brings about
diversity in the animal kingdom (Martin et al., 2016).

In addition to the AP axis, a handful of studies also show
the role of Hox genes in LR and DV axis determination
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FIGURE 6 | Interplay of different Hox genes in Parahyale hawaiensis. (A) Hox expression in Parhyale hawaiensis. Note that abd-A has overlapping regions of
functioning with Ubx as well as Abd-B. (B) Ubx knock-out animals show anteriorization of forward walking legs. (C) abd-A knock-out animals show anteriorization of
reverse walking legs and posteriorization of swimming appendages. (D) Abd-B knock-out animals show anteriorization of swimming appendages into reverse

(Thickett and Morgan, 2002; Mohit et al., 2006; Coutelis
et al, 2013). An exemplar is the Dmel Abd-B regulating
MyosinID (MyolD), a protein responsible for complete dextral
(clockwise 360°) rotation of spermiduct around hindgut during
metamorphosis. Abd-B knocked down flies show partial sinistral
(anti-clockwise) rotation to varying degrees that causes male
sterility due to rotation of external genitalia (Spéder et al.,
2006; Coutelis et al., 2013). Crustaceans such as P. hawaiensis
develop symmetrically along the LR axis, and early knock-down
of Ph Ubx in one of the sides causes asymmetrical homeotic

transformation of segments, including appendage formation.
This was done by injecting morpholinos for Ph Ubx knockdown
in one of two-celled stage embryo cells. Each cell follows its
fate separately across the LR axis of development. Although the
system was utilized to compare wild type versus knockdown
phenotypes in the same organism (Browne et al., 2005; Liubicich
et al,, 2009; Pavlopoulos et al., 2009), the study also implies
asymmetrical differentiation of body segments upon differential
expression of Hox genes. In tune with this, in the Xenopus
embryo, HoxC8 expresses asymmetrically along the left-right
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axis of development in the lateral plate mesoderm (Thickett and
Morgan, 2002). One interesting organism worth probing for
Hox genes regulation and determination of the LR axis is the
fiddler crab. It is a natural example of left-right asymmetry in
appendage formation. The female fiddler crabs have similar-sized
left and right feeding appendages. In comparison, males have one
of their feeding appendages extraordinarily enlarged. They use
this appendage to fight competitors during mating and display
handedness (Pardo et al., 2020). A detailed understanding of Hox
expression in these organisms can shed light upon the formation
of segments in AP and LR axes of development.

Another example of a modified and rather intriguing
appendage is the scorpion’s tail, including the terminal telson.
Scorpions have undergone duplications of Hox genes, which are
correlated to the heteronomy of the posterior segments (Sharma
et al., 2014). Arizona bark scorpion, Centruroides sculpturatus,
has 19 Hox genes instead of 10 in its sister groups. The dual copies
are expressed in varying degrees from antero-central to telson.
These include Antp, Ubx, abd-A, and Abd-B. In C. sculpturatus,
extended-expression of the two copies of Cs Antp and Cs Ubx
is corroborated with enlarged telson in a distinct shape for an
appendage. Notedly, the telson is formed posterior to terminalia
(anus). It would be interesting to delete one or multiple copies
of each of these Hox genes and observe the changes in body
patterning. The tagmatization could be affected to the extent
that the body form might become less elongated, as is the case
with Opiliones, harvestmen, or instigated to form a telson-
less scorpion (Sharma et al., 2012). The opposite spectrum of
body formation is seen in Tardigrades, in which deletion of
several Hox genes correlates with their compact body plan
with simpler, repetitive, and less (four) number of segments
(Smith et al., 2016).

Other than the levels of HOX, structural modifications
in the transcription factors can help in diverse functions.
Recent experiments with flies provided evidence of functional
conservation of mouse Hox genes. Singh et al. (2020) replaced
labial, the anterior-most gene in Drosophila Hox complex, with
HoxI from Mus musculus. Interestingly, out of the three copies
of HoxI in the form of HoxAl, HoxBl, and HoxDI, only
HoxA1 could rescue the labial knock-out phenotype completely.
They also developed animals with chimeric HOX proteins and
discovered a six-amino acid C-terminal motif in HoxA1 essential
for its interaction with PBX. The ortholog-specific interaction
leads to differential occupancy of HoxA1 across the genome. This
study strongly supports the notion of evolutionary modularity
in Hox complex by causing structural changes in HOX that
lead to similar yet functionally divergent protein products
(Singh et al., 2020).

An ordered arrangement of Hox could have played an
important role in their sequential co-regulation along the AP
axis, as indicated by our understanding of BX-C regulation.
One can consider Hox genes as switches to control different
electrical equipment at home. They can be present anywhere
across the house and can still function, as is the case of an
octopus. But clustering on a switchboard gives quick, precise,
and perhaps, robust control over the spatio-temporal regulation
of Hox genes. This modularity could have been one reason for

arthropods to surpass mollusks as the richest bio-diverse species
on our planet (Benton, 2010). Many genes are co-regulated
in different organisms (Snel et al., 2004). Overall, clustering
is more abundant in vertebrates than invertebrates (Elizondo
etal., 2009; Ferrier, 2016). Nevertheless, in addition to clustering,
the ordering is an important property of Hox complexes that
need to be pondered upon. The past decade has witnessed
rapid advancements in our understanding of epigenetic factors,
inter-genic regulators, and chromatin organization (Narlikar and
Ovcharenko, 2009; Hiibner et al., 2013; Allis and Jenuwein, 2016;
Hug and Vaquerizas, 2018). Understanding them in the context
of gene clusters, including Hox complexes, will be riveting. The
Hox genes have a tremendous potential to modulate diversity
by teaming up with multiple partners and setting a stage for
downstream players in various axes. Different combinations of
cis- and trans- regulators together bring about manifold changes
that can drive evolution.

HOX GENES: MASTER REGULATORS
BEYOND EMBRYOGENESIS AND
HOMEOSIS

Classically, mutations in Hox genes are associated with the
homeotic transformation of one body segment into another,
a process called homeosis (Lewis, 1994). These mutations
transformed embryonic segments, and therefore the Hox genes
were established as the regulators during embryonic development
(Pradel and White, 1998). However, even during embryonic
development, Hox genes can still play a non-homeotic role
by specifically affecting tissue homeostasis and organogenesis
(Castelli-Gair Hombria and Lovegrove, 2003).

Recent studies opened new horizons to understand the role
of Hox genes in an organism. A rising number of articles
suggest their role beyond homeotic functions and embryonic
development (Wang et al, 2009; Estacio-Gomez and Diaz-
Benjumea, 2014; Gummalla et al., 2014; Rux and Wellik, 2017).
In D. melanogaster, prolonged expression of Hox genes beyond
embryogenesis is observed in developing larva and pupa (Wang
et al., 2009). The three genes of the bithorax complex, Ubx,
abd-A, and Abd-B, have defined anterior limits of expression in
Drosophila larvae. The larva undergoes metamorphosis during
pupal stages of development, ultimately eclosing as adults. One
key event during this process is autophagy of most of the larval
tissues, including the fat body, salivary glands, and trachea. This
is further coupled with the differentiation of adult tissues that
goes on till eclosion. Interestingly, all the three genes of BX-
C, Ubx, abd-A, and Abd-B are expressed in the larval fat body
(Marchetti et al., 2003). Down regulation of Ubx is accompanied
by developmental and starvation-induced autophagy, whereas
sustained expression of the Hox gene inhibits autophagy and
delays metamorphosis (Banreti et al., 2014).

Like the larval fat body, larval epithelial cells (LECs) also
undergo apoptosis during metamorphosis. Further, another
group of cells called histoblast nest cells (HNCs) differentiates to
form adult abdominal epithelial cells during pupation. Posterior
BX-C genes abd-A and Abd-B have overlapping expressions in the
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LECs. Loss of abd-A impairs the apoptotic pathway in LECs and
cannot be rescued by Abd-B alone. Moreover, HNC proliferation
is hindered by abd-A down regulations, and the cells fail to
form a complete epithelium in abd-A knocked down pupae. Thus
ABD-A is required for both, apoptosis of LECs as well as the
proliferation of HNCs to form mature abdominal epithelium in
adults. The study showed that ABD-A was present in the LECs
and contributed toward development together with the posterior
Hox gene product ABD-B, therefore defying the property of
posterior prevalence (Singh and Mishra, 2014). The study also
contributed to our understanding of Hox genes’ modular capacity
in an extra-homeotic and extra-embryonic manner.

Similar reports for Abd-B were observed in testis development,
where it remains active in pre-meiotic spermatocytes. Tissue-
specific knockdown of Abd-B in adult testes leads to a loss of
maintenance of the stem cell niche required to produce normal
sperms. This is because ABD-B has direct binding sites on src42A
and sec63, members of Boss signaling involved in testes formation
and sperm differentiation. Abd-B also has an extended effect on
the orientation of centrosomes and the division rates of germline
stem cells (Papagiannouli and Lohmann, 2015).

Obtaining tissue-specific cells for further studies of Hox was
a Herculean task a couple of years back, as one had to do
neck-breaking dissections to get ounces of desirable material.
Although now, endogenous tagging of Hox genes has solved
a lot of such problems. Cell sorting of fluorescently labeled
HOX expressing tissues followed by multi-omics experiments
can help us understand the genome-wide effects of HOX in
adult tissues. Domsch et al. (2019) reported an endogenously
tagged line for Ubx with GFP at the N-terminal. They
utilized this resource to establish the role of Ubx as a major
repressor of factors involved in alternate fate development in
mesodermal cells. Sorting GFP expressing cells followed by ChIP
and Co-IP experiments helped in a deeper understanding of
modalities of Ubx functioning. This revealed UBX’s ability to
cause repression by constantly interacting with a member of
Polycomb Repressive Complex protein Pleiohomeotic (PHO)
(Domsch et al., 2019). In their recent work, Paul et al. (2021)
showed that not only the presence of HOX but also their
dosage determines the formation of appendages - in their case,
wing appendages.

The extraembryonic roles of Hox are more distinct in
vertebrates. As early as 2003, it was evident that Hox genes play a
role in non-homeotic fashion owing to the near-complete loss of
hair formation in mice deficient for HoxC13. Although the mouse
also had patterning defects, hair growth was uniformly reduced
across the body (Awgulewitsch, 2003).

Recent reports showed several HoxC genes in the dermal
papilla and associated it with regional follicle variation. In a
mutant mouse line called Koala mutant, a 1 Mb inversion
encompassed disintegration of HoxC4 to HoxC13 from the main
complex leading to their misexpression. CTCF ChiP-seq revealed
changes in levels of CTCF binding within the HoxC complex and
perturbation of topologically associated domains (TADs) (Millar,
2018). Similar deletion studies have identified the role of HoxA
genes in mammary gland formation during specific transition
developmental periods (Lewis, 2000).

Owing to their multifaceted roles during and after
development, levels of Hox proteins need to be tightly
regulated. Misexpression of these genes has been observed
in various cancers like breast cancer, melanoma, bone cancer,
blood cancer, and colorectal cancer (Shah and Sukumar,
2010). Central and posterior Hox genes, HoxA5 and HoxD9,
have been implicated in esophageal squamous cell carcinoma.
Strikingly, they were found to localize more in the cytoplasm
of the mucosa cells in esophageal cancer than in the nucleus in
normal cellular conditions (Takahashi et al,, 2007). Similarly,
ectopic expression of HoxC6, HoxCll, HoxDI, and HoxD8
are observed in different cases of neuroblastoma (Manohar
et al., 1996; Zhang et al., 2007). Overexpression of posterior
Hox genes, particularly HoxA9-11, HoxB13, and HoxCl0,
is linked to the onset and tumor progression of ovarian,
cervical, and prostate cancers (Jung et al.,, 2004; Cheng et al,,
2005; Miao et al., 2007; Zhai et al., 2007). Misexpression of
HoxA9, HoxAlI0, and HoxC6 was also reported in cases of
Leukemia caused by translocations of mixed-lineage leukemia
Mil gene. MLL is the vertebrate homolog of Drosophila Trithorax
(TRX) protein and helps maintain an active state of Hox
expression in required domains (Armstrong et al., 2002; Ono
et al,, 2005). Hox-associated cancer is not limited to genetic
mutations. Rauch et al. (2007) showed increased methylation
of HoxA7 and HoxA9 associated CpG islands. The study
highlighted epigenetic misregulation as a putative cause for
Hox-related lung tumors. Likewise, promoter methylation
of HoxA5 and downregulation of HoxAIO are associated
with progressive breast carcinoma. The disease can also be
caused by overexpression of HoxB7 and HoxBI3 in these
tissues (Raman et al., 2000; Chu et al., 2004; Chen et al., 2008;
Jerevall et al, 2008). Misexpression studies in Drosophila
confirmed the causal effect and established flies as a model
to study Hox-associated oncogenesis. The outcome of the
study was the ability of Dfd, Ubx, and abd-A genes to be
leukemogenic when overexpressed in fat body and lamellocytes
(Ponrathnam et al., 2021).

Detailed understanding of Hox genes expression
and interaction during embryogenesis, tissue formation,
organogenesis, and cellular homeostasis is required to delineate
their functional modalities. Due to their overarching involvement
in multiple processes of body formation, patterning, and
evolution, Hox genes occupy a prime position in our quest
toward understanding these processes in depth.

CONCLUDING REMARKS

A long-debated topic in the field of Hox genes was their presence
in the form of clusters and the property of spatio-temporal
collinearity. Some recent developments also demonstrated
the functioning of Hox independent of clustering. However,
coordinated functioning is better when they are clustered
together, as implied by the open for business model of the
bithorax complex. Alterations of CRMs throughout the Hox
led to a myriad of homeotic transformations. Similar genomic
alterations across evolution might have experimented with Hox
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modules and their expression to bring about the enormous
diversity we see today. Individual notes are pleasant to hear,
but it's the symphony that conveys the melody. Hox come
together to set up the primary and secondary axes and provide
constant inputs in different tissues, therefore orchestrating the
developmental design sublimely. In vivo experiments with the
latest genome editing tools and a better understanding of
non-coding DNA become important for comprehending the
conductors of this symphony.
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Hox genes encode evolutionary conserved transcription factors that specify the anterior—
posterior axis in all bilaterians. Being well known for their role in patterning ectoderm-
derivatives, such as CNS and spinal cord, Hox protein function is also crucial in
mesodermal patterning. While well described in the case of the vertebrate skeleton,
much less is known about Hox functions in the development of different muscle types.
In contrast to vertebrates however, studies in the fruit fly, Drosophila melanogaster,
have provided precious insights into the requirement of Hox at multiple stages of the
myogenic process. Here, we provide a comprehensive overview of Hox protein function
in Drosophila and vertebrate muscle development, with a focus on the molecular
mechanisms underlying target gene regulation in this process. Emphasizing a tight
ectoderm/mesoderm cross talk for proper locomotion, we discuss shared principles
between CNS and muscle lineage specification and the emerging role of Hox in
neuromuscular circuit establishment.

Keywords: Hox, muscle, patterning, mesoderm, neuromuscular

INTRODUCTION

Homeotic or Hox genes are highly conserved homeodomain transcription factors that play a
fundamental role in bilaterian animal body patterning (Pearson et al., 2005). Several characteristics
are at the core of Hox gene function. First, Hox genes are differentially expressed along the
anterior—posterior axis of the embryo allocating distinct morphological identities to each body part.
Second, manipulation of their expression often results in spectacular homeotic transformations,
where the morphology of one given body part is transformed into that of another. Third, Hox
genes are grouped in clusters: one split cluster in Drosophila, the Antennapedia complex, ANT-
C, harboring the Hox genes lab, pb, Dfd, Scr, Antp and the Bithorax complex, BX-C, harboring
the Hox genes Ubx, abd-A, Abd-B; and at least four clusters in vertebrates (HoxA-HoxD) with
each cluster harboring 1-13 Hox genes. Genomic clustering of Hox genes in such a way is
essential for their correct spatio-temporal expression, which is controlled by important regulatory
elements located within and around these clusters. Fourth, they all bind to a very similar set of
“AT”-rich DNA-binding sites, achieving functional specificity by cooperating with transcriptional
cofactors, the best characterized being PBC proteins (Extradenticle/Exd in Drosophila) and MEIS
proteins (Homothorax/Hth in Drosophila), also encoding for homeodomain transcription factors.
However, a large number of Hox-PBC/Meis independent functions have been reported and
reciprocally, PBC/Meis proteins can function without binding to Hox (Mallo and Alonso, 2013;
Rezsohazy et al., 2015).
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Besides their canonical role in providing spatial coordinates
that pattern the developing embryo, Hox genes play “non-
homeotic” roles where they are involved in the regulation
of virtually all basic cellular processes including cell death,
cell proliferation, migration and differentiation, as well as in
the development of whole structures/organs (Hombria and
Lovegrove, 2003; Sanchez-Herrero, 2013). Yet relatively little is
known into how much Hox proteins play a role in specification
and development of vertebrate muscles, undoubtedly in part
due to the large muscle diversification that exists in vertebrates,
the large number of Hox genes present (more than 30), and
a significant functional redundancy between paralogous group
members. In Drosophila melanogaster however, there is now
abundant evidence for Hox involvement in the patterning of
several mesodermal derivatives, including somatic, cardiac and
visceral muscles. It is now widely accepted that Drosophila
myogenesis recapitulates, even though at different scales, all
major muscle developmental events that are also at work in
vertebrates, such as progenitor specification, myoblast migration
and fusion, muscle attachment to tendons cells and assembly of
contractile sarcomeres. Furthermore, a part of gene regulatory
networks crucial for correct myogenesis such as twist, mef2,
Ibx/ladybird and the fusion machinery are well conserved
(Schnorrer and Dickson, 2004; Taylor, 2006). Here, we focus
specifically on Hox function in muscle precursor specification
and in patterning of mesodermal derivatives, highlighting Hox
target genes and their regulatory mechanisms, when available.
We separate the topic in three sections, somatic/skeletal, cardiac
and visceral muscles and in each section, we review available
data from first Drosophila and then from vertebrates. In the
somatic/skeletal section we further discuss an emerging role
of Hox in the establishment of proper muscle-motoneuron
connections. We distinguish Hox specific and non-specific, so-
called generic functions, the first referring to functions performed
by a single Hox that cannot be assumed by any other and the
latter to functions that can be performed by several Hox genes
(reviewed in Saurin et al., 2018).

SOMATIC/SKELETAL MUSCULATURE

Basics on Somatic/Skeletal Muscle

Development

The somatic muscle development in Drosophila as well as
the functional conservation with vertebrate muscles have been
extensively reviewed (Taylor, 2006; Dobi et al., 2015; Schulman
et al, 2015; Gunage et al, 2017; Poovathumkadavil and
Jagla, 2020). Briefly, the Drosophila life cycle comprises two
mobile stages, the larval stage where the crawling movements
enable larval feeding and the adult stage where flies can
fly, jump and walk. Distinct sets of muscles, produced by
two rounds of myogenesis are used during each stage, with
larval muscles being produced during embryogenesis and the
adult muscles during metamorphosis. Interestingly, both groups
develop from mesoderm-derived somatic muscle progenitors
marked by high twist expression, even though at different
developmental timepoints (Baylies and Bate, 1996). Embryonic

muscle progenitors are singled out from so-called equivalence
groups or promuscular clusters in each hemisegment by lateral
inhibition via Notch signaling at stages 11-12 (Carmena et al,,
2002). The remaining cells of the cluster become fusion-
competent myoblasts, providing mass to the growing muscle by
fusing with it. After specification, muscle progenitors undergo
a symmetrical division producing two muscle founder cells
(FCs), or an asymmetrical division producing either one FC
and one adult muscle progenitor (AMP) or one FC and one
pericardial progenitor (Ruiz Gémez and Bate, 1997; Carmena
et al., 1998). FCs seed individual embryonic muscles and express
a unique combination of identity transcription factors (iTFs),
controlling all muscle characteristics, including muscle size,
position, innervation and attachment. During embryonic stages
12-15 fusion competent myoblasts fuse with FCs assuring muscle
growth. Until larval hatching, muscles are properly oriented,
attached to tendons and innervated.

On the other hand, AMPs/myoblasts that retain high twist
expression do not differentiate directly after their specification
but are set aside in a quiescent state and associated with imaginal
disks and nerves. During larval stages, myoblasts proliferate
extensively until the beginning of metamorphosis where they
migrate, fuse and differentiate at an appropriate body position
to constitute the adult body musculature. For the development
of the most prominent adult muscles, the indirect flight muscles
(IFMs) composed of dorsal longitudinal muscles (DLM) and
dorsal ventral muscles (DVM), two different strategies are
employed: The DLMs that span the thorax antero-posteriorly
develop by the fusion of myoblasts with three larval scaffolds
that escape the histolysis process during first hours of pupal
development; the DVMs, spanning the thorax dorso-ventrally,
develop by de novo myoblast fusion without any scaffold, like in
the case of the larval musculature (Fernandes et al., 1991). The
larval and adult myogenic process are thus intimately linked since
muscle progenitors giving rise to both larval and adult muscles
are specified during embryogenesis (even though they do not
differentiate at the same time), the fusion process seems to involve
the same molecular players and certain larval muscles are reused
for the development of a group of adult muscles, like the DLM
flight muscles (Figure 1A).

In vertebrates, like in Drosophila, muscles develop from
mesoderm-derived muscle progenitors (reviewed in Endo, 2015;
Musumeci et al., 2015; Chal and Pourquié, 2017). Briefly,
skeletal muscles develop from the paraxial mesoderm, bilaterally
flanking the neural tube. The paraxial mesoderm in the
trunk region transiently and progressively subdivides into
somites, which are themselves compartmentalized into the
dorsal epithelial dermomyotome (giving rise to muscles, dermis,
and brown fat) and ventral mesenchymal sclerotome (giving
rise to the axial skeleton, cartilage, and tendons). A layer of
muscle precursors/myocytes called myotome forms beneath the
dermomyotome at E8 in the mouse and E2.5 in the chick.
Muscle precursors after their differentiation give rise to the
body wall muscles and some undergo long-range migration
toward future limb buds where they proliferate and differentiate
into limb muscles. In the cranial region, paraxial mesoderm
forms the cranial mesoderm that will give rise to the muscles,
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FIGURE 1 | Hox functions in Drosophila muscle patterning. Hox functions in the somatic (A) mesodermal patterning, neuromuscular circuit establishment (B) and
cardiac (C) and visceral (D) mesodermal patterning are depicted by gray arrows, and their target genes are specified, if available. Their expression patterns are
showed for each mesodermal derivative. (A) In the somatic muscle development, Antp, Ubx, and AbdA regulate progenitor selection from different equivalence
groups (by binding to a muscle specific cis-regulatory region of ap and col, in LT and DA3 muscles, respectively) and later control muscle size by specifying the
number of FCM (light blue cells) that will fuse with the FC (dark blue cell). The role for Hox in adult musculature, derived from AMPs (orange cells) is not clearly
established. (B) Hox expression pattern in the larval CNS is depicted on the left, with Pb expression in leg MNs (circles). In this context, Ubx establishes proper
connection between embryonic VL1 muscle and VL1-MN, by regulating wnt4 and sulf1 expression in the VL2 muscle. Dfd is responsible for the feeding and hatching
motor unit development and maintenance in the larva, a process involving target genes con and caps. Antp and Ubx play a role in LinA lineage MN survival during
larval development, and Antp further regulates correct morphology of this neurons in the adult T2 leg. Finally, Pb controls branching of some LinB MNs in T1 adult
leg. (C) The heart tube is composed of Svp-expressing (orange cells) and Tin-expressing (red cells) cardioblasts and surrounding pericardial cells (not represented).
Antp, Ubx, and AbdA are all involved in the patterning of embryonic heart tube, by controlling the expression of svp in the segment-specific manner. Furthermore,
AbdA with Svp regulate wg expression in cardioblasts expressing Svp. AbdB on the other hand is a suppressor of cardiogenesis. Ubx and AbdA pattern alary
muscles present in the abdominal segments. For proper heart remodeling, Ubx repression and AbdA function modulation are required. Finally, Ubx is involved in
adult ventral longitudinal muscle (VLM) development. (D) In the embryonic visceral mesoderm, Antp establishes the first, Ubx and AbdA the second and AbdA the
third midgut constriction. A complex genetic network involving dop, wg, pnt, opa, and tsh is involved in the middle constriction development. Scr is involved in the
formation of gastric caeca in the anterior midgut (caeca are not represented) and AbdB is responsible for the correct left-right embryonic hindgut asymmetric
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connective tissue and skeleton of the face and skull. The
myogenic process can be subdivided into primary/embryonic
myogenesis (E10.5-E12.5 in mice and E3-E7 in the chick) and
secondary/fetal myogenesis (E14.5-E17.5 in mice and E8+ in
the chick). In vertebrates, individual muscles are not seeded by
a single founder myoblast like in Drosophila, but by scaffolds
of primary fibers composed of several fused muscle precursors.
Subsequently, additional fibers are added along them to assure
the muscle growth.

Hox Control of Drosophila

Embryonic/Larval Somatic Musculature

In the embryonic somatic mesoderm, Hox gene expression has
a spatially restricted pattern, where Sex combs reduced (Scr)
is expressed in the first thoracic segment, T1, Antennapedia
(Antp) in T2 and T3, Ultrabithorax (Ubx) in abdominal segments
Al1-A7, abdominal-A (abd-A) in A4-A8 and Abdominal-B
(AbdB) in A8-A9 (Michelson, 1994; Enriquez et al, 2010;
Figure 1A). Their implication in the subdivision of somatic
mesoderm began with the description of mutant alleles of
AbdB (Lawrence and Johnston, 1984) and Ubx (Hooper, 1986)
shown to transform larval muscles into more anterior ones.
Conversely, the overexpression of Ubx or AbdA in the embryonic
mesoderm led to the abdominal transformation of thoracic
muscle precursors (Greig and Akam, 1993; Michelson, 1994).
Collectively, these studies demonstrated a clear role for Hox
genes in muscle patterning and argued toward a cell-autonomous
role of Hox in the somatic mesoderm, meaning that Hox
genes would confer a specific identity to the muscle precursors
and account for segment-specific differences in the muscle
pattern. Further evidence for cell-autonomous Hox function
came from a pioneering study showing that Antp directly
regulates the expression of the apterous muscle identity gene in
the somatic mesoderm, specifying a subset of lateral transverse
muscles (LT1-4) (Figure 1A). Importantly, it was shown that
this regulation occurs via an apterous muscle-specific enhancer,
providing a molecular mechanism by which a Hox protein can
directly regulate its muscle target gene expression and contribute
to the establishment of segment-specific muscle patterns via
progenitor selection (Capovilla et al., 2001). Whether Ubx/AbdA
specify abdominal LT1-4 muscles and/or regulate apterous
expression was not addressed.

Building on the same principle, it was found that Antp,
Ubx, and AbdA regulate progenitor selection via distinct cis-
regulatory modules in a segment-specific manner (Figure 1A).
Focusing on the dorsal acute DA3 muscle lineage, specified by
the combinatorial activity of nautilus (nau, Drosophila ortholog
of mammalian MyoD) and collier (col, ortholog of mammalian
early B-cell factors, EBFs) it was shown that the progenitor
specification via Hox-mediated regulation of muscle iTFs is
superimposed on the A-P and D-V positional information.
Furthermore, the precise timing of Hox activity was traced
to the progenitor stage, where first, Hox activity controls the
number of progenitors that express col and nau in a segment-
specific manner and then Hox proteins interplay with iTFs
to allocate a correct number of nuclei assigned to the DA3

muscle (Enriquez and Vincent, 2010; Enriquez et al., 2010;
Figure 1A). Interestingly, this study highlighted a Hox generic
function, where Antp, Ubx, and AbdA can all provide DA3
progenitor selection (reviewed in Saurin et al., 2018). This generic
function is then followed by a Hox specific function, where
each Hox determines the final size of the muscle in a segment-
specific manner. These studies provided an important insight
into the function of Hox genes in myogenesis, showing that
Hox inputs were crucial in the process of progenitor selection,
which gives rise to “founder” cells, seeding the formation of
syncytial muscle fibers.

It was recently shown that Ubx is involved in the
muscle differentiation process by directly repressing the master
mesodermal regulator twist (twi) (Domsch et al., 2021).
Here, a number of interesting points can be highlighted:
(1) Ubx mesodermal downregulation interferes with abdominal
embryonic muscle development because of failure to repress twi;
(2) twi repression is mediated by direct Ubx binding to the twi
promoter region, competing with binding of the transcription
factors Tinman (Tin) and Muscle enhancer factor 2 (Mef2),
providing another promoter-based molecular evidence about the
Hox muscle patterning mechanism; (3) even though Ubx binding
displaces Tin on the twi promoter, Tin must be bound to the
promoter for Ubx to be recruited, once again demonstrating a
tight link between Hox and tissue-specific transcription factors
for the correct patterning establishment.

Collectively, these studies provide precious insight into the
way muscle progenitors are patterned. Hox proteins activate and
collaborate with some of the muscle iTFs in a segment-specific
fashion and by doing so they are responsible for the specification
of different muscle types.

Is Patterning of the T2 Mesoderm Hox Independent?

As the understanding of muscle development evolved, an
important role in muscle patterning was attributed to the
ectoderm. A large number of studies argued toward a Hox
non-autonomous role in myogenesis, giving importance to Hox-
controlled signals coming from the overlying epidermis and
nervous systems (Roy and Raghavan, 1997; Roy et al, 1997;
Rivlin et al,, 2001; Dutta et al.,, 2010). For a long time, the
patterning of mesoderm in T2 was considered as being non-
autonomous, because of the lack of any Hox gene expression in
this segment. In complement to this observation, it was shown
that overexpression of Antp (highly expressed in T2 and T3
epidermis and nervous system) in the ectoderm of Antp mutant
embryos completely rescued the disorganized T2 muscle pattern
provoked by Antp loss-of-function (Roy et al., 1997). This was
taken as evidence for a non-autonomous role of Antp in T2
muscle pattern establishment. However, Antp was later described
as being expressed in the T2 mesoderm, although at a much
weaker level than in the T3 mesoderm and to autonomously
specify a subset of muscles in the T2 (Capovilla et al., 2001). Thus,
the default in T2 muscle patterning in Antp mutant embryos
is either pointing toward an autonomous role of Antp in the
mesoderm or toward a combination of autonomous activity and
inductive cues coming from the T2 ectoderm. It was also shown
that Antp mesodermal overexpression did not modify T3 muscle

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

October 2021 | Volume 9 | Article 731996


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

Poliacikova et al.

Hox Regulation of Muscle Development

pattern, but was sufficient to transform the T2 into a T3 muscle
pattern, which was interpreted as another evidence for the lack
of Antp T2 expression (Roy et al., 1997). Knowing that Antp
expression in the T2 mesoderm is weaker compared to that of
T3, higher levels of Antp in T2 may convert its muscle pattern
into a more posterior one, without excluding the presence of
Antp in T2 mesoderm.

Hox Control of Drosophila Adult

Musculature

As mentioned earlier, Drosophila adult musculature develops
from pools of myoblasts associated with imaginal tissues and
nerves. The most prominent adult muscles, thoracic flight
muscles arise from myoblasts associated with the wing imaginal
disks. Knowing that T2 mesoderm was mistakenly considered as
a Hox-free region because of lack of Antp expression, it is possible
that T2 wing disk-associated myoblasts also express Antp. In
support of this, it was reported that Antp is transcribed from two
distinct promoters, termed P1 and P2, with transcripts from P1
being localized to the anterior part of the wing disk epithelium
and P2 transcripts in the presumptive notum region containing
myoblasts (Jorgensen and Garber, 1987). Recently, antibody
stainings have confirmed the presence of Antp protein in the
myoblast-containing region of the wing disk (Paul et al., 2021).
If indeed the expression of Antp is confirmed by appropriate
markers in adult muscle precursors [such as Mef2, Holes in
muscles (Him), or Twi], then it is highly possible that Antp
is directly involved in T2 adult muscle development, including
muscles used for flight and leg muscles.

Early myoblast transplantation experiments showed that
T2 myoblasts, associated with the wing imaginal disks, can
contribute to a vast population of adult muscles (Lawrence
and Brower, 1982). Since T2 wing-associated myoblasts were
considered as a Hox-free region (see above), it was proposed
that they do not require any positional Hox input for
their migration and fusion. Supporting this view, mesodermal
overexpression of Ubx does not perturb thoracic myoblast
migration pattern, demonstrating that the myoblast migration
process is likely independent of Hox positional input. These
myoblasts however fail to give rise to a proper adult flight
muscle, because of their inability to activate Act88F, a fibrillar
muscle differentiation marker, that is repressed due to Ubx
overexpression (Roy and Raghavan, 1997).

Concerning myoblast fusion, the importance of Hox cues
has not yet been clearly established. It is important to note
that myoblasts transplanted from the second or the third
thoracic segment, associated with wing and haltere imaginal
disks, respectively, can both fuse to and contribute to abdominal
muscles (Roy and Raghavan, 1997). It is thus possible that Antp
could be involved in the thoracic myoblast fusion process, a
hypothesis that has never been directly addressed because of
a lack of appropriate tools. Rivlin et al. (2001) demonstrated
using allelic combinations of Ubx mutations, leading to different
levels of ectodermal transformation, that the transformed T3
segment could contain IFM, normally present solely in T2 (Rivlin
etal., 2001). This placed ectodermal inductive cues in the central

position of adult IFM patterning. However, this observation
has not been reproduced (Egger et al., 1990; Fernandes et al.,
1994; Dutta et al., 2010), leaving the role for Hox proteins in
adult muscle development not elucidated. We note that no Hox
regulatory networks were identified for the development of adult
abdominal and leg muscles, leaving the role of Hox in adult
muscle development largely undetermined.

It is noteworthy that the well-characterized Hox PBC
cofactors, Exd and Hth are involved in the adult muscle
development, controlling the fate decision between fibrillar
flight and tubular leg muscles, but appear to do so in a Hox-
independent fashion (Bryantsev et al.,, 2012). Knowing that for
the proper somatic musculature patterning, Hox proteins use
other muscle-specific transcription factors as cofactors, it is
thus likely that Hox control of somatic muscle development
is independent of their canonical cofactors and reciprocally,
Exd/Hth function is independent of Hox proteins in this
context.

Hox Control of Vertebrate Skeletal

Musculature

In vertebrates, Hox involvement in skeletal, myotome-derived
musculature patterning remains controversial. In the limb
musculoskeletal system, Hox genes have an essential role in
skeletal and connective tissue patterning, but limb muscle
precursors seem to depend completely on environmental cues
for their proper development (reviewed in Pineault and Wellik,
2014). Early grafting experiments in the chick/quail embryos
demonstrated that muscle precursors do not possess intrinsic
patterning information and their development is influenced by
the surrounding mesenchyme (Chevallier et al., 1977; Christ
et al, 1977). This view has been later challenged by a study
suggesting that the axial identity of the somite is important for
the generation of non-limb skeletal muscles, arguing toward an
autonomous role for Hox in the body wall muscle patterning
(Nowicki and Burke, 2000; Alvares et al., 2003). Furthermore,
microarray analyses on purified skeletal muscle myoblasts
showed that the Hox code is present along the cranio-caudal
axis, specifically in embryonic, but not fetal myoblasts, indicating
that myoblasts carry some intrinsic positional information
(Biressi et al., 2007).

Direct evidence for Hox role in skeletal muscle patterning
came from the mouse forelimb zeugopod, where Hoxall and
Hoxdll are expressed in the muscle connective tissue and
tendons, but not in differentiated muscle cells (Swinehart et al.,
2013). In Hoxal1/d11 double mutant mice, several muscles and
tendons of the forelimb zeugopod are absent or improperly
patterned, and importantly, this is a direct consequence of loss
of Hox function and not a secondary effect due to defects in the
skeletal patterning. In addition to extending the well-established
role of Hox in the patterning of the axial skeleton to muscles and
tendons, this study also reinforces the initial view that muscle
precursors are patterned by their environment, at least at the
level of the limb. However, it is still unknown whether the Hox
positional information is conveyed by the muscle mesenchyme
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or is encoded in muscle precursors themselves, which could be
dependent on the somite axial level.

Recently, much attention has been given to the role of Hox
proteins in adult muscle stem cells (MuSCs), also known as
satellite cells, able to regenerate adult muscles upon injury
(Machado et al., 2017; Evano et al, 2020; Yoshioka et al.,
2021). It is now accepted that depending on the anatomical
position of the muscle, satellite cells display heterogeneity
in their proliferative and regenerative properties (Ono et al.,
2010). Searching for underlying molecular determinants, Hox-
A and Hox-C clusters were found to have different methylation
profiles and thus be differentially expressed in adult muscles
and their satellite cells derived from somites, compared to the
ones derived from the cranial mesoderm (Evano et al., 2020;
Yoshioka et al., 2021). Knowing that the cranial-derived, Hox-
free, satellite cells display higher regenerative capacity than the
limb, Hox-expressing satellite cells, an appealing possibility is
that Hox could be involved in this process (Evano et al., 2020).
Indeed, it has been demonstrated that during the aging process,
Hoxa9 is up-regulated in the limb satellite cells, leading to their
cell cycle entry default and senescence (Schworer et al., 2016).
It does so by regulating the targets of several developmental
pathways, including those of the Wnt, TGFf, and JAK/STAT
pathways. Interestingly, Hoxa9 deletion in satellite cells from
aged adult mice was sufficient to improve their regenerative
capacity, suggesting that Hox expression in these cells would have
a negative effect on muscle regeneration. A conditional depletion
of Hoxal0 leads to a repair default of some somite, but not
cranio-derived muscles, explained by a genomic instability and
consequent proliferation arrest of adult satellite cells (Yoshioka
etal, 2021). Different Hox would thus assume opposed functions
in satellite cell proliferation and could account for different
capacities of distinct muscle groups to regenerate, a hypothesis
that needs to be investigated further. In Drosophila, a muscle
satellite cell population has been identified in adult thoracic
flight muscles (Chaturvedi et al., 2017), but it remains unknown
whether Hox proteins are involved in their transcriptional
regulation like in vertebrates.

Hox Control of Drosophila

Neuromuscular Circuits

Hox involvement in central nervous system development is
clearly established and is out of the scope of this review
(Rogulja-Ortmann and Technau, 2008; Estacio-Gémez and Diaz-
Benjumea, 2014; Meng and Heckscher, 2021). It is nevertheless
noteworthy here that several parallels can be drawn between
neuronal and somatic muscle lineage specification by Hox. In
both tissues Hox act at the very early steps of progenitor
specification. Like in the larval DA3 muscle where Hox allocate
a correct number of progenitors and further control muscle
size in a segment-specific manner, in the neuroectoderm their
expression is required to specify NB1-1 derived thoracic and
abdominal lineage comprising a different number of neurons
(Prokop and Technau, 1994; Prokop et al., 1998; Enriquez et al.,
2010). Hox can convey the proper tissue pattern via the regulation
of specific TFs, shared across distinct tissues. For example, Antp

regulates the expression of collier (col) in both muscle and
neural clusters to generate muscle/neuronal diversity (Enriquez
et al, 2010; Karlsson et al., 2010). Yet the transcriptional
control mechanisms at play would appear different, since the
cis-regulatory element used by Antp in the muscle lineage is
distinct from the CNS regulatory sequence, which has to date
not been identified. One important difference though, is that in
the CNS, the Hox cofactors Exd and Hth are directly involved
in the control of col expression. Like in the somatic and cardiac
mesoderm, AbdB is able to suppress neuronal fate in the most
posterior abdominal segments (Lovato et al., 2002; Ponzielli et al.,
2002; Birkholz et al., 2013).

Crosstalk between neuronal and muscle lineages, more
specifically between motor neurons (MNs) and somatic/skeletal
muscles are at the basis of voluntary movements, crucial
for locomotion, feeding, mating and interactions with the
environment. For their establishment, MNs need to be correctly
specified and differentiated and project their axons toward
specific muscle groups. Neuromuscular circuitry defaults are
associated with numerous neuromuscular diseases, thus the
understanding of their proper development has a direct clinical
significance (reviewed in Tripodi and Arber, 2012; Li et al., 2018).

In the CNS, Hox expression is shifted posteriorly compared
to their mesodermal expression. Dfd is expressed in two
subesophageal segments (S1 and S2), Scr is expressed in S3,
Antp is expressed in the ventral cord in T1 to A9, Ubx from
T3 to A9, Abd-A from Al to A9 and Abd-B from A7 to
A9. Pb is expressed in the thoracic leg motoneurons (Baek,
2011; Figure 1B). Hox involvement in neuromuscular circuitry
establishment was first proposed in the context of larval crawling
movements, following the observation that Ubx and AbdA are
necessary for their generation, providing a genetic explanation
for locally specialized locomotor circuit establishment (Dixit
et al., 2008). This study suggested that Ubx and AbdA not only
specify larval abdominal muscles required for these peristaltic
movements, but also the neuronal circuitry allowing for the
properly synchronized movements. Moreover, the single removal
of either Ubx or AbdA did not compromise the peristaltic
movement, demonstrating a genetic redundancy in Hox function
since Ubx and AbdA can substitute for each other in this context.
Ubx and Antp have been shown to be required for motoneuron
segmental diversity in the embryo (lineages NB7-3 and NB2-
4t), by regulating cell-death and cell-survival, respectively, in
an antagonistic manner (Rogulja-Ortmann et al., 2008). Several
Ubx and Antp putative binding sites were identified in the
pro-apoptotic reaper (rpr) gene enhancer, suggesting that their
competitive binding could account for their opposed regulatory
mode of motoneuron survival.

An example of a molecular mechanism behind the role
of Ubx/AbdA in locomotor circuit establishment has been
elucidated in embryonic abdominal ventrolateral (VL) muscles.
Ubx is expressed in both muscle cells and MNs and is required for
the correct establishment of contacts between them (Figure 1B).
In the VL2 muscle, it controls the activation of Wnt4 signaling
as it does in the visceral mesoderm (Graba et al., 1995), and
the expression of Sulfl, a sulfatase implicated in Wnt and BMP
gradient establishment at neuromuscular junctions. In the VL1
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MN, Ubx interacts with the components of the Wnt4 pathway.
Signaling molecules regulated by Ubx in VL2 upon their secretion
serve for the proper VL1 MN axonal extension toward the
more dorsal VLI muscle. Interestingly, it was suggested that
Ubx, TCE, and Armadillo (Arm) can form a Wnt4-induced
transcriptional complex (Hessinger et al., 2017). The requirement
of Hox in both muscles and MNs was also demonstrated in larval
hatching and feeding motor units, with the central Hox, Dfd
(Friedrich et al., 2016). Here, Dfd assures correct innervation of
muscles required for mouth hook movements by the maxillary
nerve (Figure 1B). This demonstrates that Hox could provide a
regulatory code for the correct muscle-motoneuron recognition
in different Drosophila neuromuscular circuits. In line with this
hypothesis, taking advantage of available ChIP-seq data, several
potential Dfd target genes with functions in muscles, nerves and
synaptic recognition were identified, such as Connectin (Con) and
capricious (caps) (Friedrich et al., 2016).

Concerning adult muscle innervation, the role of Hox is
well established in the case of leg muscles, where the second
leg pair is required for flight take-off, and T1 and T3 legs are
required for grooming the head and the abdomen, respectively
(Baek et al., 2013; Enriquez et al., 2015). Focusing on a major
subpopulation of leg MNs, arising from the LinA (also called
Lin15B) lineage, it was shown that during the third larval stage,
Antp is expressed in the newborn LinA MNs in all three thoracic
segments, whereas Ubx was localized only in T3 subpopulation.
During mid-pupal stage, the expression of Hox changes, with
Antp expression being confined to all LinA MNs solely in T2
and Ubx solely in T3 and this segment-specific expression pattern
is maintained until the adult stage. Hox cofactors Exd and Hth
are ubiquitously present from the larval until the adult stage.
In this context, Antp and Ubx with their cofactors are required
for LinA MN survival, and Antp with Hth are further required
for the correct axonal and dendritic morphology and axonal
branching (Figure 1B). We note that Hox proteins do not
specify leg motoneurons per se, but assure instead motoneuron
survival and offer a unique code for their correct branching to
distinct leg parts. Interestingly, this highlighted the importance
of Antp protein levels, serving as a timing mechanism for correct
proximal (early born) vs. distal (late-born) axon targeting (Baek
et al,, 2013). Antp protein levels seem to play an instructive role
as well in T2 vs. T3 somatic muscle pattern establishment (as
mentioned above), suggesting that several Hox functions could
be dose-dependent.

While looking for a genetic explanation for distinct
morphological characteristics of individual motoneurons,
an important role was attributed to anterior Hox proboscipedia
(pb). Concentrating on the LinB (Lin24) lineage of leg MNs, it
was demonstrated that Pb, expressed in three of seven neurons
composing this population, is required for their proper dendritic
morphology and axonal patterning (Figure 1B). Clonal removal
of pb in T2 LinB MNs affected the linearity of path/stability
during high speed walking (Enriquez et al., 2015).

A role for Hox in adult muscle innervation was also shown
with Ubx whose misexpression in T2 MNs compromised adult
IFM development (Dutta et al., 2010). Collectively, muscle
development and homeostasis require both Hox autonomous

and non-autonomous function, in the Drosophila mesoderm and
neuroectoderm, respectively.

Hox Control of Vertebrate

Neuromuscular Circuits
In vertebrates, abundant evidence argues toward an important
Hox function in motor circuit establishment (reviewed in
Jung and Dasen, 2015). For the correct locomotor circuitry
establishment, a large variety of different MN subtypes need to
form precise connections with target muscles. A well-studied
group of MNs, spinal MNs display different columnar, divisional
and pool identities allowing them to contact more than 50
different limb muscles. Concentrating on chick brachial lateral
motor columnar (LMC) neurons, it was shown that Hox3, 4,
5, 7, and 8 proteins divide LMC into subdomains along the
rostrocaudal axis. Importantly, changing MN transcriptional
identity by manipulation of Hox protein levels resulted in
corresponding changes in muscle connectivity. It has been
proposed that in this context, Hox proteins confer different
pool identities by regulating downstream transcription factors
in MNs, such as Nkx6 (NK6 Homeobox 1) (Dasen et al., 2003,
2005). Hox6 proteins do not have a role in the initial LMC
specification but are required for further LMC pool identity
establishment and proper limb innervation (Lacombe et al.,
2013). In the search for the link between neuronal identity
specification by Hox and muscle innervation in chick and mice,
the transcription factor FoxP1 (Forkhead box protein P1) was
identified as a Hox accessory factor, allowing to fine-tune Hox
output (Dasen et al.,, 2008). The molecular mechanism behind
this process also involves cell surface receptor encoding genes
Ret proto-oncogene (Ret) and Glial cell line-derived neurotrophic
factor receptor alpha (Gfra). In this context, Hox proteins in
collaboration with their cofactor Meisl were shown to regulate
the spatial pattern and expression levels of these genes in LMC
neurons, required for proper MN differentiation and connectivity
(Catela et al., 2016). Interestingly, digit-innervating MNs in chick
and mice also employ a Hox code for their specification, that
is however different from the one used in more proximal limb
muscles. In this context, joint expression of Hoxc8 and Hoxc9 are
required for correct digit innervation (Mendelsohn et al., 2017).
Hox proteins not only control LMC neuromuscular circuitry
at the limb level, but also at the thoracic level, where MNs
innervating hypaxial muscles are specified by Hoxc9, acting
as a repressor of a limb-innervating MN fate (Jung et al,
2010). Non-limb innervating MNs at the cervical spinal cord
level within the phrenic motor column (PMC) also require
Hox for their correct development. Interestingly, mice lacking
Hox5 genes (Hoxa5 and Hoxc5) in these neurons die of
respiratory failure as a consequence of altered diaphragm
innervation (Philippidou et al., 2012; Philippidou and Dasen,
2013). Furthermore, spinocerebellar tract neurons (SCTNs) that
relay sensory/proprioceptive information to the CNS from
muscles and tendons also use Hox-dependent transcriptional
program for their diversification. Discrete populations of SCTNs
along rostro-caudal axis display a combinatorial expression of
several Hox genes (from Hox4 to Hox10) and their genetic
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manipulation leads to defaults in muscle-cerebellum connectivity
(Baek et al., 2019). Collectively, both spinal MNs and sensory
SCTNs use Hox-code for their proper specification, suggesting
a general role for Hox proteins in the proper muscle-neuron
connectivity establishment.

CARDIAC MUSCLE

Hox Control of Drosophila Cardiac and
Alary Muscles

Drosophila cardiac musculature develops during embryogenesis
from lateral mesodermal cells that migrate toward the dorsal
midline during dorsal closure and form a tube named the
cardiac tube, also known as the dorsal vessel (reviewed
in Monier et al, 2007; Bataillé et al., 2015; Rotstein and
Paululat, 2016). The cardiac tube is subdivided into two
parts, with the anterior narrow portion (T1-A4) named aorta
and the posterior larger one (A5-A8) named heart, with the
hemolymph flowing from the posterior to anterior, assuring
its distribution throughout the organism (Figure 1C). Aorta
can be further subdivided into anterior (T1-T3) and posterior
(A1-A4) parts. In the anterior/thoracic aorta, each segment
contains four pairs of cardiomyoblasts (CMs) that express
the homeodomain-containing transcription factor Tinman (tin)
(Nkx2.5 in vertebrates). The posterior/abdominal part is
constituted of six pairs of CMs, with two anterior ones expressing
the orphan nuclear receptor Seven-up (svp) (ortholog of Nuclear
Receptor Subfamily 2 members) and the four posterior CM
pairs expressing tin (except A8 that contains only two tin-
expressing CM pairs). Svp-expressing cardioblasts in the heart
further differentiate into ostiae, inflow valves that allow for
the hemolymph pumping, accounting for the partially open
circulatory system in Drosophila (Molina and Cripps, 2001). The
metamerically repeated expression of svp, tin and other genes
suggested the cell-identity specification in a segment-specific
fashion. During metamorphosis, the heart part of the cardiac
tube is histolyzed, and the adult heart develops from the larval
posterior aorta myocytes that undergo a transdifferentiation
without cell proliferation (Monier et al., 2005).

Hox genes have a rather complex expression pattern in the
dorsal vessel. The anterior aorta is considered as a Hox-free
region. The posterior aorta expresses Antp (in part of the T3, in
Al and weakly in A2 CM) and Ubx (from A2 to A5 CM) and
the heart expresses abd-A (from the fifth pair of A5 CM to the
second pair in A8) and AbdB (in the two posterior CM pairs in
A8) in both cardioblasts and at least some pericardial cells (Lo
et al., 2002; Lovato et al., 2002; Ponzielli et al., 2002; Zmojdzian
et al., 2018; Figure 1C). Hox were shown to be responsible for
dorsal vessel patterning in a cell-autonomous fashion (reviewed
in Monier et al, 2007). Independent studies demonstrated
that Ubx and AbdA are responsible for heart cardioblast
specification (Figure 1C). In abd-A null embryos the heart
is transformed into the aorta and conversely, its mesodermal
overexpression is sufficient to specify aorta as heart cardioblasts
instead (Lo et al., 2002; Ponzielli et al., 2002). In Ubx or Ubx/abd-
A double mutants, the anterior part of the aorta is affected

(Ponzielli et al., 2002). Antp does not specify cardiac lineage per
se but generates CM diversity by controlling svp expression
in the Al segment (Perrin et al, 2004). Interestingly, AbdB
mesodermal overexpression suppresses cardiac fate while its loss-
of-function leads to supernumerary cardioblasts but also somatic
nuclei (Lovato et al., 2002; Ponzielli et al., 2002). The combined
mutations of Scr, Antp, Ubx, abd-A, and AbdB transformed the
whole dorsal vessel into the aorta, further showing that the aorta
fate is a ground state of the cardiac tube (Perrin et al., 2004).

Even though Hox proteins clearly regulate the cell lineage
choice between the anterior aorta and posterior aorta/heart
only a few of their target genes involved in this process
have so far been identified. Antp, Ubx, and AbdA control
svp expression in their respective segments in the embryonic
heart, a function that can be once again considered as generic
(Perrin et al., 2004; Ryan et al, 2005). Svp itself was shown
to be regulated by Hedgehog (Hh) signaling coming from the
ectoderm. Interestingly, it was suggested that cardioblasts can
respond to Hh signals only in Hox-expressing cells, explaining
why the anterior aorta (a Hox-free region) does not express
svp even though it receives Hh (Ryan et al., 2005). To explain
heart-patterning control by Hox, it was suggested that Hox could
regulate symmetric/asymmetric division of progenitors giving
rise to tin and svp-expressing cardioblasts and pericardiac cells,
although this hypothesis remains to be tested. AbdA regulates
the expression of Troponin C-akin-1 (Tina-1), a heart-specific
marker, of unspecified function (Lovato et al., 2002). Some target
genes were identified at later stages, where Hox further pattern
the individual cardiomyoblasts. AbdA in collaboration with Svp
was suggested to activate Wg expression in heart cardioblasts
expressing svp. In the Tin-expressing cardioblasts, AbdA activates
expression of a Na™ -driven anion exchanger (ndael), involved in
ionic homeostasis (Perrin et al., 2004). No gene level mechanisms
explaining the Hox cardiac target gene regulation have however
been identified, leaving the possibility of the existence of tissue-
specific cis-regulatory modules used by Hox, as is the case of the
somatic musculature.

Interestingly, ecdysone-dependent repression of Ubx in Al-
A4 tin-expressing myocytes is required during the mid-pupal
stage for adult heart formation (Figure 1C). Adult heart develops
during metamorphosis by a remodeling of the larval posterior
aorta. If Ubx expression is maintained during pupal stages in
posterior aorta tin-expressing cells, they adopt A5 characteristics,
resulting in the adult remodeling alteration (Monier et al., 2005).
This argues in favor of a hypothesis stipulating that in the process
of organogenesis, Hox input is necessary for the activation of
downstream signaling networks but once these are activated, Hox
presence is no longer needed and can be even detrimental for
the rest of the development (Hombria and Lovegrove, 2003). The
modification of AbdA is also required for heart metamorphosis,
but occurring at the functional instead of expression level, yet
also in an ecdysone-dependent manner (Figure 1C). Instead
of conferring heart fate to the CMs like AbdA does during
embryogenesis, here it regulates the reprogramming of A5
segment that becomes the terminal chamber in the adult. It
is interesting to note that the switch in AbdA function occurs
also at the transcriptional level, where early during development
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AbdA regulates positively Ih (a voltage-gated ion channel)
expression but represses it in the pupa (Monier et al., 2005).
We highlight that Hth is expressed only in the anterior aorta
which does not express any Hox (Perrin et al., 2004), and thus
Hox function in the Drosophila cardiac tube, like in the somatic
muscle development (Bryantsev et al.,, 2012) is independent of
Exd/Hth cofactors.

Besides cardiac muscle, Hox also control the patterning of
seven pairs of alary muscles (AMs), specialized skeletal muscle
connecting the cardiac tube at the level of Svp-expressing
pericardial cells, with the lateral exoskeleton (LaBeau et al.,
2009; Bataillé et al., 2015; Figure 1C). AMs were recently shown
to maintain the dorsal vessel at the tracheal trunk position
(Bataillé et al., 2020). During metamorphosis, four AM pairs
remain, originating from larval posterior AMs (Lehmacher et al.,
2012). Interestingly, three anterior AM pairs undergo a process
of dedifferentiation and give rise to adult ventral longitudinal
muscles (VLMs) of unknown function (Molina and Cripps, 2001;
Schaub et al., 2015). Two Hox genes are expressed in AMs at
the embryonic stage, Ubx in the three most anterior pairs and
abd-A in the four posterior AM pairs. Consistent with the Ubx
expression pattern, in Ubx mutant embryos, 2-3 anterior AM
pairs do not form. The absence of AbdA does not compromise
posterior AM formation, probably because Ubx and AbdA
functions are redundant in this context. Conversely, Ubx or
AbdA overexpression leads to supernumerary AM (LaBeau et al.,
2009). Furthermore, modulation of Hox expression is required
for correct AM transdifferentiation, since overexpression of
AbdA in anterior AMs, leading to Ubx suppression, prevents
VLM formation (Figure 1C). Like in the case of cardiac
tube remodeling, ecdysone signaling is also required for AM
transdifferentiation (Schaub et al., 2015). However, it is not
known whether in this case ecdysone pathway modulates Hox
activity like during adult heart development. Concerning Hox
target genes, optomor-blind-related-gene-1 (org-1, ortholog of
vertebrate T-box Transcription factor Tbx1) was proposed as
being directly or indirectly regulated by Ubx during adult VLM
formation (Schaub et al, 2015). Knowing that org-I is also
required for embryonic AM development, it is possible that
Ubx (and also AbdA) could regulate org-1 also during this stage
(Boukhatmi et al., 2014).

Hox Control of Vertebrate Cardiac
Muscle

Many similarities can be found between Drosophila and
vertebrate cardiac myogenesis even though at a first glance
they seem very distinct. Both are developed from mesodermal
precursors that converge toward the midline to give rise to a
linear, contractile tube, that is further looped and developed into
a multi-chambered organ in vertebrates (Zaffran and Frasch,
2002; Zaffran and Kelly, 2012; Lescroart and Zaffran, 2018). In
birds and mammalians, cardiogenic precursors/first heart field
progenitors (FHF) converging at the anterior midline express
Mespl (Mesoderm Posterior bHLH Transcription Factor 1)
and form a so-called “cardiac crescent.” The cardiac crescent
develops into a transient heart tube with an inner endocardial

and outer myocardial layer that will mainly contribute to the
left ventricle. The heart tube elongates by the addition of
second heart field (SHF) progenitors, located in the pharyngeal
mesoderm (itself formed by cells of both splanchnic and paraxial
mesoderm). SHF segregates along the AP axis into posterior
SHE, contributing to the atrial myocardium at the venous pole
and anterior SHF (also called AHF) that contribute to the
outflow tract (OFT) (connecting the ventricles to the future
aorta) and the right ventricle at the arterial pole. The heart is
finally shaped by rightward looping and myocardium expansion
leading to the formation of four integrated cardiac chambers,
two ventricles and two atria. A specialized population of neural
crest cells (NCC) contribute to the development of large arteries
and outflow septum. A large number of inductive signaling
molecules have been linked with vertebrate cardiac development,
such as NK homeodomain proteins (e.g., Nkx2.5, Drosophila
tinman ortholog), GATA (Drosophila pannier ortholog) and
T-box families.

In contrast to skeletal muscles, a role for Hox in vertebrate
cardiac muscle development is very well established (reviewed
in Lescroart and Zaffran, 2018). It was recently shown that
anterior Hox genes (Hoxal, Hoxa2, Hoxbl, and Hoxb2) are
expressed in a subpopulation of Mesp1-expressing cardiovascular
progenitors that seem to be the last to emerge from the primitive
streak. Interestingly, progenitors that do not express Hox seem
to be unipotent in contrast with Hox-expressing progenitors that
are bipotent, contributing either to cardiomyocytes and smooth
muscles or cardiomyocytes and endothelial cells (Lescroart
et al., 2014, 2018). Hox genes (Hoxal, Hoxa3, and Hoxbl)
are also expressed in SHF progenitors and their expression
patterns subdivide this cell population in distinct domains:
Hoxal and Hoxbl are expressed in AHF with different anterior
limits and Hoxa3 is expressed in posterior SHF. While these
progenitors contribute to both poles of the heart, Hoxbl-
expressing progenitors are found only in the proximal OFT and
atria and cells expressing Hoxal and Hoxa3 only in the distal OFT
and some regions of the atria. SHF cells are thus pre-patterned
before their addition to the developing heart (Bertrand et al,
2011). The same Hox genes are differentially expressed along
the rostro-caudal axis in cardiac NCCs (Bertrand et al., 2011;
Lescroart and Zaffran, 2018).

Concerning the role of Hox in cardiac development, it
has been suggested (although not directly demonstrated) that
Hoxbl could play a role in cardiac progenitor migration
from the primitive streak (Lescroart and Zaffran, 2018). Mice
mutant for Hoxal develop heart patterning defects, such as
OFT malformations, that have been also observed in human
patients, giving a direct role to Hoxal in OFT patterning
(Makki and Capecchi, 2012). Additionally, mice lacking Hoxb1
display OFT and ventricular septum (wall separating the two
ventricles) defects. In this case, Hoxbl mutation led on the
one hand to the upregulation of fgf8 levels and abnormal
SHE proliferation and on the other hand the upregulation
of the SHF differentiation markers, a-actinin and MF20 and
thus premature SHF differentiation. Furthermore, in compound
Hoxal, Hoxbl mutant mice, the OFT and ventral septum
deficits were exacerbated, suggesting a genetic interaction
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between them (Roux et al, 2015). Interestingly, not only
Hoxbl loss of function but also its overexpression leads to
cardiac malformations (Zaffran et al., 2018). Extending this
concept further, transcriptional profiling has shown that Hoxb1
activates the posterior program of the SHF and inhibits the
premature differentiation of progenitors by directly repressing
Natriuretic peptide precursor A (Nppa) and B (Nppb) expression
(Stefanovic et al., 2020).

Anterior Hox genes also play a role in cardiac NCC (Chisaka
and Capecchi, 1991; Roux et al., 2017). Hoxa3-mutant mice
display defects in carotid arteries as well as defaults in size and
shape of heart compartments (Chisaka and Capecchi, 1991).
Hoxal and Hoxbl are required for cardiac NCC migration
and their mutation leads to subsequent large artery patterning
and outflow septum defects (Roux et al., 2017). Interestingly,
an in vitro study using mouse embryonic stem cells has
demonstrated a role for Hoxal0 in the timing of cardiac
cell differentiation, suggesting an unexpected role for posterior
Hox in vertebrate cardiac development (Behrens et al.,, 2013).
In contrast to Drosophila heart development, Hox PBC/MEIS
cofactors were found to be associated with Hox function in
vertebrates (Lescroart and Zaffran, 2018).

VISCERAL MUSCLE

Hox Control of Drosophila Visceral

Musculature

The Drosophila gut is formed by the assembly of cells originating
from all three germ layers; ectodermal, endodermal and
mesodermal cells. The mesodermal visceral muscles are located
in the external midgut layer surrounding the endoderm and are
responsible for peristaltic movements. Five Hox genes (Scr, Antp,
Ubx, abd-A, and AbdB) are expressed in the midgut visceral
mesoderm and all except Scr and AbdB pattern the unsegmented
gut together with ectodermal cues. Their expression in this
tissue is parasegmental (Scr and AbdB excepted), and non-
overlapping (a parasegment is a metameric unit composed of a
posterior part of one segment and an anterior part of the adjacent
segment). Scr mostly overlaps with PS4, Antp is expressed in
PS5 and 6, Ubx in PS7, abd-A in PS8-12 and AbdB in the end
of the midgut (Figure 1D). Curiously, there is a one-to-two
cell gap between Scr and Antp expression domains. In the gut
inner endoderm only labial (lab) expression can be detected
(Diederich et al., 1989). Antp, Ubx, and AbdA are responsible
for three midgut constrictions establishment, subdividing the
midgut into four distinct chambers and seemingly helping to the
proper gut elongation (Figure 1D). In homozygous Antp mutant
embryos, the first constriction doesn’t form (Tremml and Bienz,
1989; Reuter and Scott, 1990). The establishment of the second
constriction is dependent on both Ubx and AbdA. The third
constriction is fully specified by AbdA (Tremml and Bienz, 1989).
Scr is not involved in midgut subdivision, but in Scr mutant
conditions, four protrusions located in the anterior midgut called
gastric caeca do not form (Reuter and Scott, 1990). Finally,
AbdB is required for the gut left-right asymmetry establishment
by controlling the activity of a gene encoding for the type ID

unconventional myosin (myosinID), a function presumed to be
independent of Hox patterning function (Coutelis et al., 2013;
Figure 1D).

Concerning Hox target genes in the visceral mesoderm, it
was first predicted that Hox could regulate cytoskeleton or genes
able to drive mesodermal cell contraction around the underlying
endoderm, explaining the constriction establishment (Reuter
and Scott, 1990). One such gene was identified, beta3-tubulin,
encoding a cytoskeleton-associated protein whose expression is
regulated by Ubx (Hinz et al., 1992). Importantly, Ubx is required
for decapentaplegic (dpp) expression in the visceral mesoderm
and together with AbdA controls wingless (wg) expression
(Immergliick et al., 1990). The cis-regulatory region in the dpp
gene regulated directly by Ubx and AbdA has been successfully
identified and constituted the first example of a Hox target gene
enhancer (Capovilla et al., 1994). Later, the enhancer in wg gene
bound by AbdA and Mad (Mothers against dpp, transcription
factor and Dpp signaling target), driving its expression was also
identified (Grienenberger et al.,, 2003). In this particular case,
the sole AbdA binding without Dpp input does not allow wg
activation, once again demonstrating that a cooperative binding
between Hox and transcription factors is required to convey a
proper cell fate. All the following visceral mesoderm target genes
identified are activated by Wg or Dpp and are thus indirect
targets: In the anterior midgut mesoderm, Antp regulates teashirt
(tsh) expression and Ubx, AbdA, Wg, and Dpp regulate its
expression in the central part (Mathies et al., 1994). Through Wg
and Dpp signaling, Ubx and AbdA activate pointed (pnt) and odd-
paired (opa) in the specific posterior midgut mesodermal regions
(Bilder et al., 1998).

Hox Control of Vertebrate Visceral

Musculature

In vertebrates as in Drosophila, the gut develops both from
endoderm and mesoderm. More precisely, it develops from
the splanchnic mesoderm, itself derived from the lateral plate
mesoderm. The splanchnic mesoderm and the endoderm
involute to form a primitive gut tube. The tube develops further
into foregut, midgut comprising the small intestine, cecum and
anterior portion of the large intestine and hindgut comprising
the remainder of the large intestine and rectum. Hox genes
are collinearly expressed along the lateral plate mesodermal
component of the gut but also in the endoderm and the
expression of many persists in the adult (Beck et al., 2000; Beck,
2002). The detailed, complex Hox expression patterns in different
organs of the gut mesoderm has been extensively summarized
previously (Beck et al., 2000; Choi et al., 2006).

Few Hox functions have been identified in the mouse gut,
notably because of the co-expression in the same gut regions of
two or more Hox from different paralogous groups, leading to
high functional redundancy. Despite this, it has been shown that
Hoxd13 and HoxdI12 are required for the generation of the anal
sphincter (Kondo et al., 1996). When all Hoxd genes are deleted
(except Hoxdl and Hoxd3) the ileocecal sphincter (separating
small and large intestine) doesn’t form and the ileocecal smooth-
musculature is disorganized (Zakany and Duboule, 1999). Hox
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genes are thus clearly required to pattern the unsubdivided gut
mesoderm both in Drosophila and vertebrates. Similarly, deletion
of the anterior part of the HoxD locus (from Hoxd1 to Hoxd10)
provokes agenesis of the caecum (at the junction of the ileum
and large intestine). Interestingly, it has been demonstrated that
it is not the combined deletion of these genes but instead the
resulting strong ectopic Hoxd12 expression that accounts for this
phenotype (Zacchetti et al., 2007). Trying to find a common
framework for the role of the different HoxD genes, it has been
recently reported that Hoxd3 deletion alone results in gut growth
deficit, giving an essential role in the gut development to this Hox
gene (Zakany et al., 2017).

A role has also been attributed to Hox genes from other
paralogous groups, such as Hoxc4, whose deletion results
in esophageal musculature disorganization and obstruction
of the organ (Boulet and Capecchi, 1996). Mice carrying a
Hoxa4 transgene, resulting in its strong overexpression in the
gut, develop a congenital megacolon phenotype characterized
by a largely distended colon (Wolgemuth et al., 1989).
Deletion of Hoxa5 leads to stomach morphogenesis defaults,
presumably by controlling the epithelio-mesenchymal signaling.
Indeed, in the Hoxa5-deficient mice stomach epithelium, the
expression pattern of Ihh, Shh, and FgfI0 changed and the
expression levels of Ptc and Gli increased (Aubin et al., 2002).
Misexpression of Hoxc8 under the control of Hoxa4 regulatory
elements, resulting in a shift in the anterior boundary of its
expression, results in several hamartomatous lesions, where
gastric epithelium was found embedded within the stomach
musculature (Pollock et al., 1992).

CONCLUDING REMARKS

Hox genes are involved in the patterning of all muscle types
in Drosophila and vertebrates. While how they achieve this is
not completely resolved, plethora studies in different model
organisms have gone a long way to determine their role in the
numerous muscle types. One emerging concept would appear
that Hox act at numerous stages of muscle development, where
at early stages, Hox appear to play a specifying role by providing
spatial cues along the anterior-posterior axis, and at later
stages controlling basic cellular functions such as proliferation,
cell survival, death etc. This follows the role Hox play in
patterning of the ectoderm and so it is perhaps without surprise
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Metazoans differentially express multiple Hox transcription factors to specify diverse cell
fates along the developing anterior-posterior axis. Two challenges arise when trying to
understand how the Hox transcription factors regulate the required target genes for
morphogenesis: First, how does each Hox factor differ from one another to accurately
activate and repress target genes required for the formation of distinct segment and
regional identities? Second, how can a Hox factor that is broadly expressed in many
tissues within a segment impact the development of specific organs by regulating target
genes in a cell type-specific manner? In this review, we highlight how recent genomic,
interactome, and cis-regulatory studies are providing new insights into answering these
two questions. Collectively, these studies suggest that Hox factors may differentially
modify the chromatin of gene targets as well as utilize numerous interactions with
additional co-activators, co-repressors, and sequence-specific transcription factors to
achieve accurate segment and cell type-specific transcriptional outcomes.

Keywords: Hox, transcription factor, chromatin accessibility, cis-regulatory modules (CRMs), protein-protein
interaction

INTRODUCTION

Hox genes have long fascinated developmental biologists for the essential roles that they play in
specifying different segment and regional identities along the developing anterior-posterior (A-P)
axis of metazoans. Classic genetic studies first revealed that Hox gene mutations can result in
homeotic transformations, and thereby cause one part of the organism to be transformed into the
likeness of another region. As an example, Drosophila with Hox mutations can have obvious
developmental abnormalities that include the misspecification of appendages as evidenced by the
transformation of antennae into legs (Kaufman et al., 1980; Abbott and Kaufman, 1986; Schneuwly
et al., 1987; Casares and Mann, 1998) or the conversion of the haltere into an extra set of wings
(Lewis, 1978; Bender et al., 1983; Carroll et al., 1995). Subsequent studies in other organisms
including a variety of vertebrate animals revealed that mutations within the highly conserved Hox
gene family can cause a wide variety of homeotic transformations across metazoans as reviewed by
Mark et al. (1997) and Quinonez and Innis (2014).

Hox genes were originally discovered in Drosophila melanogaster. In total, Drosophila has eight
Hox genes that are separated into two distinct chromosomal clusters: The Antennapedia cluster
consists of five Hox genes [labial (lab), proboscipedia (pb), Deformed (Dfd), Sex combs reduced (Scr),
and Antennapedia (Antp)] that collectively regulate head and anterior thoracic development,
whereas the three Hox genes in the Bithorax cluster [Ultrabithorax (Ubx), abdominal-A (abd-A),
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and Abdominal-B (Abd-B)] specify cell fates within the third
thoracic segment and the abdominal segments (Morata et al,
1990; Maeda and Karch, 2009). In general, the order of the Hox
genes on the chromosome correspond with the location along the
A-P axis that the Hox genes act in the embryo (Lewis, 1978;
Mann, 1997; Noordermeer and Duboule, 2013; Luo et al., 2019;
Hajirnis and Mishra, 2021). For example, genes at the 3’ end of
the Hox gene cluster tend to mediate anterior development
whereas the 5’ genes tend to control posterior structures. In
contrast to the single set of eight Hox genes in Drosophila,
vertebrates have undergone genome duplication events such
that humans have four distinct Hox clusters (labeled HOXA,
HOXB, HOXC, and HOXD, respectively) encoding 39 Hox genes
that have been categorized into 13 paralogs (HOX1-13).
Importantly, the mammalian Hox genes exhibit the same
spatial collinearity along the A-P axis as in Drosophila
(Duboule and Dolle, 1989; Graham et al., 1989). For example,
HOX1 genes on the 3’ end of each cluster regulate anterior
structures including the hindbrain (Singh et al., 2020), while
HOX13 genes on the 5’ end of each cluster control posterior and
distal structures including digit development (Desanlis et al.,
2020). Based on sequence conservation, the relative positions
of each Hox gene within a cluster, and their roles in A-P
patterning, the Hox genes have been broadly categorized into
anterior (lab, pb, Dfd, and Scr in Drosophila and HoxI-5 in
vertebrates), central (Antp, Ubx, and abd-A in Drosophila and
Hox6-8 in vertebrates), and posterior groups (Abd-B in
Drosophila and Hox9-13 in vertebrates) (Hueber et al.,, 2010).
It is important to note that not all Hox paralogs remain in each of
the duplicated vertebrate Hox clusters. For example, cluster
HOXB does not have posterior factors HOXB10-B12, and
cluster HOXC lacks paralogs of HOXC1-C3 in humans (Mark
et al., 1997). In short, metazoans encode variable numbers of Hox
genes that are typically found clustered along the chromosome to
specify the different cell fates that form along the A-P axis
body plan.

The mysteries underlying how Hox genes control distinct
body regions only grew upon the discovery that each encodes
a homeodomain transcription factor (TF) capable of binding
highly similar AT-rich DNA sequences (McGinnis et al., 1984a;
McGinnis et al.,, 1984b). In fact, Hox genes are members of a
much larger homeodomain TF family that consists of over 200
members in mammals, and many of these genes control distinct
developmental processes and fates despite encoding TFs that bind
highly similar DNA sequences (Berger et al., 2008; Jolma et al,
2013; Burglin and Affolter, 2016). Taken together, these
conflicting genetic and biochemical findings raise a
fundamental paradox: How can a family of homeodomain TFs
capable of binding highly similar DNA sequences in vitro,
regulate distinct and diverse cell fates in vivo?

During the past two decades, many molecular, genetic, and
genomic approaches have begun to reveal that numerous
mechanisms likely underlie the ability of Hox TFs to specify
different cell fates along the A-P body axis. In total, these studies
have made considerable progress in defining mechanisms that
enhance Hox DNA target specificity, especially by the formation
of larger DNA binding complexes with other TFs. For example,
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the Extradenticle (Exd, Drosophila)/Pre-B cell leukemia
homeobox (Pbx, vertebrate) and/or Homothorax (Hth,
Drosophila)/Myeloid ecotropic viral integration site (Meis,
vertebrate) TFs have been shown to form cooperative DNA
binding complexes with Hox TFs and thereby enhance Hox
DNA binding specificity (Mann and Affolter, 1998; Moens
and Selleri, 2006; Merabet and Mann, 2016). Through a
combination of structural, biochemical, and genetic studies,
the formation of Hox/Exd and Hox/Pbx complexes have
uncovered several key concepts that underlie how Hox TFs
gain DNA binding specificity including the critical role of not
just nucleotide identity but DNA shape (Zeiske et al., 2018), the
concept of latent specificity (Slattery et al., 2011), and the
importance of low affinity versus high affinity binding sites
(Crocker al., 2015; Zandvakili et al, 2019). These
mechanisms, which by and large are used to increase Hox
target gene specificity, have been reviewed in several excellent
articles (Merabet and Mann, 2016; Kribelbauer et al., 2019; De
Kumar and Darland, 2021).

In this review, we focus on how large-scale genomic and
interactome data have uncovered numerous potential Hox
regulatory elements and protein interactors that present both
new opportunities and challenges. Genomic DNA binding studies
from tissues and cells have revealed that Hox TFs, like most
sequence-specific TFs, bind thousands of potential cis-regulatory
elements but only a subset of these binding events are likely to be
associated with significant changes in the expression of nearby
genes (Walter et al., 1994; Farnham, 2009; Biggin, 2011; Choo and
Russell, 2011; Walhout, 2011; Fisher et al., 2012). In addition,
comparative studies between Hox TFs have revealed differences
in their ability to bind inaccessible (i.e., closed chromatin) DNA
elements. Such differences in ability to bind DNA wrapped in
nucleosomes may indicate that Hox TFs have the potential to
elicit pioneer-like activities that promote the opening of closed
chromatin, thereby expanding the already large number of
possible genomic binding sites. However, since Hox TFs are
capable of mediating both transcriptional activation and
repression, simply detecting Hox TF binding to an element
cannot easily be used to predict transcriptional outcome.
Intriguingly, protein-protein interaction assays have uncovered
that Hox TFs can interact with many different proteins including
other sequence-specific TFs as well as factors involved in
mediating gene activation and repression. Integrating these
large-scale findings with existing cis-regulatory logic studies of
confirmed Hox target genes suggests that Hox TFs are likely to
require numerous protein-protein interactions with other TFs to
gain the required regulatory specificity to ensure accurate gene
activation or repression outcomes occur in a reproducible and
robust manner.

et

HOX TRANSCRIPTION FACTOR BINDING
AND CHROMATIN ACCESSIBILITY

Hox factors, like all TFs, must bind specific DNA regulatory
elements to mediate accurate transcriptional responses. Since all
the cells within an organism have the same genomic material,
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differences in the chromatin landscape of a cell can play a large
role in dictating which DNA elements are available for
transcription factor binding. Thus, chromatin accessibility
helps to define which genes can be activated during the
specification of distinct cell fates along the body plan.
Intriguingly, comparative genomic accessibility studies using
Formaldehyde-Assisted Isolation of Regulatory Elements
sequencing (FAIRE-seq) on Drosophila imaginal discs revealed
that the wing, haltere, and metathoracic leg imaginal discs have
very similar chromatin profiles (McKay and Lieb, 2013). For
example, comparison between the wing and haltere imaginal
discs showed that except for genomic regions flanking the
Ultrabithorax (Ubx) Hox gene these two tissues have largely
identical accessible cis regulatory elements (McKay and Lieb,
2013). Similar results were obtained using the Assay for
Transposase-Accessible Chromatin sequencing (ATAC-seq)
methods with ~98% of the accessible DNA sequences being
the same between age-matched wing and haltere discs (Loker
et al., 2021).

The above findings suggest that the Ubx Hox factor, which is
differentially expressed in the Drosophila imaginal discs, directs
the formation of different cell and tissue fates by regulating
distinct target genes within highly similar chromatin
landscapes. But does the expression of this Hox TF alter the
chromatin landscape during the process of cell fate specification
and morphogenesis? A recent elegant study addressed this
question to better define the role of the Ubx TF in regulating
haltere development by focusing on the relatively small
percentage of loci (~2% of accessible regions) that were
differentially accessible in haltere versus wing discs (Loker
et al, 2021). Importantly, Loker et al. combined chromatin
accessibility data with Ubx Chromatin Immunoprecipitation
sequencing (ChIP-seq) assays and transcriptomics (RNA-seq)
to show that Ubx genomic binding correlates with the opening
and closing of specific loci to mediate distinct transcriptional
outputs during Drosophila haltere development (Loker et al,
2021). In particular, they found that Ubx could modify the
chromatin landscape to both reduce chromatin accessibility to
repress gene transcription in the capitulum and proximal hinge of
the haltere and increase chromatin accessibility to activate gene
transcription in the distal hinge with the aid of the Hth and Exd
Hox co-factor proteins (Loker et al., 2021). Since Ubx is required
for haltere fate and the loss of Ubx function results in the
transformation of haltere tissue into wing tissue (Lewis, 1978;
Bender et al., 1983; Carroll et al., 1995), these data are congruent
with the idea that the primary difference between these two
serially homologous appendages is the expression of Ubx and
that once expressed, the Ubx TF directs haltere development by
modulating chromatin accessibility and target gene expression
within an initial chromatin landscape capable of forming either a
wing or a haltere (McKay and Lieb, 2013; Loker et al.,, 2021).
Thus, while many of the accessible genomic regions across
imaginal disc tissues are the same, Hox TFs are likely to
modify this landscape to activate and/or repress key target
genes during cell fate specification and morphogenesis.

The finding that Hox TF binding can increase genomic
accessibility raises the possibility that Hox TFs have pioneer-
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like activities. By definition, pioneer transcription factors can
both bind DNA that is wrapped around a nucleosome and
promote chromatin remodeling to make DNA elements
accessible for other TFs (Iwafuchi-Doi and Zaret, 2014;
Zaret, 2020). To assess the ability of Hox TFs to bind
inaccessible DNA and promote chromatin opening, recent
comparative genomic binding and accessibility studies have
been performed for Hox TFs in both a Drosophila cell line
(Kc167 cells) (Beh et al., 2016; Porcelli et al., 2019) and in a
mouse motor neuron progenitor culture system (Bulaji¢ et al.,
2020). Intriguingly, these data indicate that some, but not all,
Hox factors can readily bind inaccessible chromatin. By
intersecting ATAC-seq and ChIP-seq profiles of the eight
Drosophila Hox TFs, Porcelli et al. showed that this ability to
bind inaccessible chromatin is shared by the anterior factors,
Lab, Dfd, and Pb, as well as the posterior Hox factor, Abd-B
(Figure 1A; Porcelli et al., 2019). Further, by comparing ATAC-
seq profiles before and after inducing Dfd and Abd-B expression
in respective Kc167 cell lines, Porcelli et al. found that Dfd and
Abd-B can increase chromatin accessibility of their targets
(Porcelli et al., 2019). These findings are consistent with a
previous finding that 42% of Abd-B specific peaks were
bound outside of the cells DNasel accessible regions in
Kc167 cells (Beh et al., 2016). The enhanced ability of Abd-B
to bind inaccessible chromatin was also supported by studies of
the mammalian Abd-B orthologs in neural progenitors and
undifferentiated motor neurons (Bulaji¢ et al., 2020). In
particular, Bulaji¢ et al. found that the HOXC9 and HOXC13
posterior Hox TFs bound significantly more inaccessible
genomic regions than the HOXC6 and HOXCS, which are
classified as central Hox TFs (Figure 1B; Bulajic¢ et al., 2020).
Consistent with these findings, the HOXDI13 TF also
demonstrated pioneer factor-like activity by increasing
chromatin accessibility of targets to guide proximal to distal
limb development (Figure 1B; Desanlis et al., 2020), supporting
a mechanism in which select Hox factors can bind inaccessible
chromatin and increase chromatin accessibility of its targets
(Figure 1; Figure 2A).

While the above findings are congruent with the idea of the
posterior Abd-B-like Hox factors being able to readily bind
inaccessible DNA, additional studies revealed that not all
posterior Hox TFs may equally share such properties. For
example, comparative studies between several posterior HOX
TFs in the motor neuron progenitor assay revealed clear
differences with HOXC9 and HOXCI13 binding many more
inaccessible regions than HOXC10, HOXA9, or HOXD9
(Figure 1B; Bulaji¢ et al, 2020). Moreover, the ability of the
human HOXC13 factor to bind inaccessible DNA was
predominantly influenced by the DNA binding domain and
C-terminus (Bulaji¢ et al, 2020). Thus, while it has been
argued based on structural studies that posterior Hox TFs may
have enhanced binding to inaccessible DNA due to high affinity
electrostatic interactions between the narrow groove of DNA and
the Hox N-terminal arm of the homeodomain (LaRonde-LeBlanc
and Wolberger, 2003; Beh et al, 2016), we currently lack a
molecular understanding of why only a subset of posterior
HOX TFs readily bind inaccessible chromatin.
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FIGURE 1 | Select Hox factors can bind inaccessible chromatin with and/or without the help of common co-factors. (A) Diagram summarizing the genomic DNA
binding activities of Hox TFs in Drosophila Kc167 cells (data from Beh et al., 2016; Porcelliet al., 2019). By comparing the chromatin accessibility profiles of cells prior to
Hox factor transfection and genome binding profiles after Hox factor transient transfection in Kc167 cells, Beh et al. and Porcelli et al. demonstrated that anterior factors
and posterior Drosophila factors tend to have the ability to bind inaccessible chromatin (Beh et al., 2016; Porcelliet al., 2019). Furthermore, Exd and Hth expression

tend to enhance a factor’s ability to bind to inaccessible chromatin (Beh et al., 2016; Porcelli et al., 2019). It is important to note that the ability to bind inaccessible
chromatin of Abd-B was not enhanced and the ability of Scr was only slightly enhanced by Exd/Hth. (B) Diagram summarizing the genomic DNA binding activities of
human Hox factors in motor neuron cells (Bulajic et al., 2020), mouse embryonic stem cells (Singh et al., 2021), and mouse limb buds (Desanlis et al., 2020). The genomic
binding and accessibility profiles were intersected to assess inaccessible chromatin binding. Nearby PBX and MEIS motifs were used to determine co-binding.
Drosophila and human Hox factors follow a similar trend that posterior factors can bind inaccessible chromatin more so than central factors.

FIGURE 2 | Mechanisms by which Hox factors could exhibit pioneer-like activity and alter chromatin accessibility. (A) Dfd and Abd-B Hox factors alone can bind to
inaccessible chromatin and increase the chromatin accessibility of its targets without co-factor expression (Porcelli et al., 2019). (B) Pbx/Meis in vertebrates have been
shown to bind inaccessible chromatin and promote chromatin opening. In this model, the Hox factor gains access to accessible DNA, forms a complex with Pbx/Meis,
and this larger TF complex is required for accurate target regulation (Sagerstrom, 2004; Choe et al., 2014; Mariani et al., 2021). (C) Another potential model is that

Hox TFs, a subset of which are capable of binding inaccessible DNA, recruit Exd/Pbx and Hth/Meis and together these complexes promote chromatin opening (Porcelli
et al., 2019). Note that in each of these models, the role of the Hox factor in chromatin opening has not yet been confirmed.

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

67

November 2021 | Volume 9 | Article 787339


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

Cain and Gebelein

THE IMPACT OF PBX/EXD AND MEIS/HTH
ON ALTERING HOX BINDING IN
CHROMATIN

Hox factors are well known to interact with the Pbx/Exd and
Meis/Hth TFs to enhance DNA binding specificity on naked
DNA in vitro (Mann and Affolter, 1998; Uhl et al., 2010;
Merabet and Mann, 2016). More recently, these factors have
also been shown to influence the binding of Hox TFs as well as
other TFs to genomic DNA elements embedded in chromatin.
The first study describing such an activity for Pbx and Meis was
in association with MyoD, a non-Hox basic-Helix-Loop-Helix
transcription factor that promotes muscle cell development
(Berkes et al., 2004). Pbx was shown to bind the inactive
myogenin promoter in undifferentiated C2C12 myoblast cells
at a time-point that preceded MyoD binding by 6 h (Bergstrom
et al., 2002; Berkes et al., 2004). The subsequent binding of
MyoD with Pbx during differentiation correlated with myogenin
promoter activation, consistent with previous studies that found
MyoD is able to remodel chromatin and activate target genes
(Gerber et al., 1997). Together, these findings suggest that Pbx is
binding to and marking the inaccessible chromatin for
activation upon recruitment of MyoD, a mechanism that
might extend to Pbx’s interactions with Hox factors
(Sagerstrom, 2004). In fact, Choe et al. found that Pbx/Meis
bound numerous loci as early as the zebrafish blastula and that
later in development the Hoxbla TF was required for these loci
to become fully active (Choe et al, 2014). More recently,
Mariani et al. used a combination of DNA accessibility
assays, Pbx ChIP-seq assays, and transcriptomics on wild
type and Pbx knockout cells undergoing paraxial mesoderm
differentiation to show that Pbx factors are required to bind and
open essential chromatin regions during the maturation of
paraxial mesoderm cells (Mariani et al., 2021). Importantly,
the authors used genome editing to show that a Pbx binding site
in a regulatory element of the msgnl gene that specifies paraxial
mesoderm cell fate is required for its chromatin accessibility.
Thus, either the loss of the Pbx protein or the disruption of the
Pbx binding site resulted in the loss of msgnl enhancer DNA
accessibility and msgnl gene activation (Mariani et al., 2021).
These data support a model in which Pbx marks and opens the
inaccessible chromatin for subsequent gene regulation by Hox
factors (Figure 2B).

In Drosophila, Porcelli et al. systematically assessed how the
Exd and Hth co-factors impact genomic accessibility and Hox
DNA binding profiles by taking advantage of the fact that
Kc167 cells lack Hth expression, which thereby restricts Exd to
the cytoplasm (Porcelli et al., 2019). These studies revealed
that the expression of Hth, which concomitantly localizes Exd
to the nucleus, generally increased the genomic binding of all
the Drosophila Hox factors but Abd-B to inaccessible
chromatin (Figure 1A; Porcelli et al, 2019). This was
previously shown for Ubx in which ~30% of the Ubx and
Hth specific binding sites did not intersect with the cell line’s
DNasel profile prior to Hox gene expression, whereas in the
absence of Hth and nuclear Exd only ~5% of Ubx bound
regions intersected with this DNasel inaccessible chromatin
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profile (Beh et al., 2016). Moreover, by comparing chromatin
profiles before and after Ubx and Hth induction, Ubx was
shown to open the surrounding chromatin of its targets with
the help of Hth (Porcelli et al., 2019). These data support the
idea that the formation of Ubx/Hth/Exd complexes can
promote chromatin remodeling and DNA accessibility,
which is consistent with the findings that Ubx increases
chromatin accessibility to activate gene transcription in the
Hth and Exd expressing cells of the distal hinge in the haltere
disc (Loker et al., 2021).

In agreement with these Drosophila findings, a recent study in
mouse embryonic stem cells studies found that like Lab (Porcelli
etal,, 2019), the HOXBI homologue is capable of binding to both
inaccessible and accessible DNA (Singh et al., 2021). Intriguingly,
by also performing ChIP-seq assays for PBX1 and various
chromatin marks, the authors found that those HOXBI1 peaks
found in inaccessible DNA were not bound by PBX1 and were
predominantly located in gene deserts of nucleosome-bound
chromatin. In contrast, the HOXBI regions that were also
bound by PBX1 tended to be in more accessible chromatin
that correlated with open chromatin marks such as H2K27ac,
H3Kmel, and H3Kme3 (Figure 1B; Singh et al., 2021). These
findings suggest that while HOXB1 has the capacity to bind
inaccessible DNA, it may have a limited ability to convert that
binding event into accessible chromatin unless co-bound with the
PBXI1 factor.

Collectively, the above genomic data in both Drosophila and
vertebrates support the idea that the Pbx/Exd and Meis/Hth
factors have some degree of pioneer TF activity. Consistent
with this model, a recent nucleosome consecutive affinity
purification-systematic evolution of ligands by exponential
enrichment assay provided evidence that MEIS3 is capable
of binding nucleosome bound DNA in vitro (Zhu et al., 2018),
and a comparative study of pioneer TFs highlighted that PBX
contains a truncated alpha recognition helix that mimics the
structure that allows the FOXA3, OCT4, PU1, and ASCL1
pioneer TFs to bind nucleosome bound DNA (Fernandez
Garcia et al., 2019). In total, these studies provide support
for the following model: the Pbx/Exd and Meis/Hth factors can
bind inaccessible DNA, promote chromatin opening, and
ultimately regulate target gene expression via the
subsequent recruitment of Hox TFs as well as other non-
Hox TFs such as MyoD (Figure 2B). What remains less clear is
if the Hox TFs are only involved in the final step of target gene
activation or if the Hox TFs also participate with Pbx/Exd and
Meis/Hth in the process of chromatin remodeling. Moreover,
since at least a subset of Hox TFs also bind inaccessible DNA, it
is possible that at some regulatory elements Hox TFs can use a
pioneer-like activity to bind inaccessible DNA and
subsequently recruit the Pbx/Exd and/or Meis/Hth factors
to open chromatin and regulate target gene expression
(Figure 2C). Thus, the differential ability of Hox TFs and
the Pbx/Exd and Meis/Hth TFs to bind accessible versus
inaccessible DNA provide an additional potential regulatory
mechanism that may underlie how the anterior, central, and
posterior Hox TFs accurately control target gene expression
during animal development.
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HOX FACTORS AS MULTI-FUNCTIONAL
TRANSCRIPTIONAL ACTIVATORS AND
REPRESSORS

Once bound to DNA, Hox factors ultimately function by altering
the expression of downstream target genes. Unlike some TFs that
are thought to function predominantly as transcriptional
activators or repressors, the Hox TFs are capable of mediating
both transcriptional outcomes (Pearson et al., 2005; Zandvakili
and Gebelein, 2016). In the past, considerable work has been done
to map activation and repression domains of the Hox factors as
well as to determine how mutating these regions impacts
transcriptional output. For example, a structure function study
of Abd-A in Drosophila revealed how a Hox protein can utilize
multiple distinct Exd interaction domains to differentially
regulate target genes and morphological outcomes (Merabet
et al., 2011). Further, a combination of mutational analyses
and transcriptional output assays using Gal4 drivers showed
that Dfd in Drosophila (Li et al., 1999) and HoxA7 in NIH3T3
cells (Schnabel and Abate-Shen, 1996) as well as HoxD4 in P19
embryonal carcinoma cells (Rambaldi et al., 1994) possessed a
proline alanine rich region in the N-terminus that can activate
transcriptional output. However, this activity was masked by the
homeodomain and C-terminus in the context of the full proteins.
In fact, there is increasing evidence that the homeodomain itself
can be a large driver of transcriptional repression, and that the
extent of this repression is paralog specific. A recent study
quantitively measured protein domain transcriptional activity
using a novel high-throughput sequencing technique, HT-
recruit (Tycko et al., 2020). This study fused a large library of
TF protein domains to the rTetR DNA binding domain within a
lentivirus and assessed their ability to alter a citrine reporter gene
under the control of TetO binding sites. After subjecting infected
cells to doxycycline, cells were sorted for citrine-ON versus
citrine-OFF and the read count ratio between the off and on
cells was used to quantify the repression capability of each protein
domain. Through this technique, they discovered that the
repression capability of the Hox homeodomains was colinear
and correlated with paralog such that posterior Hox factors had a
more potent repression activity than the anterior Hox factors
(Tycko et al.,, 2020). The authors then connected the enhanced
repression of posterior factors to a more positively charged
N-terminal arm in the homeodomain, specifically a RKKR
motif (Tycko et al., 2020). This connection is consistent with a
previous mutational study that found that mutating a similar
region of HoxA7 to the amino acids of HoxB4 resulted in reduced
repression activity (Schnabel and Abate-Shen, 1996). Altogether,
these findings highlight the importance of the homeodomain in
repression as well as exemplifies how transcriptional outputs
across Hox proteins can vary. Moreover, these data provide
further evidence that the same Hox TFs, such as HoxA7,
HoxD4, and Abd-A, can have both functional activation and
repression domains.

Given that Hox TFs have the capacity to both activate and
repress transcription, it is not surprising that a wide variety of co-
activator and co-repressor proteins have been shown to physically
interact with Hox TFs as reviewed in (Mann et al., 2009;
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Zandvakili and Gebelein, 2016; De Kumar and Darland, 2021).
Many large scale interactome analyses have been performed with
Hox factors, and each of these have identified a substantial
number of potential protein-protein interactions that could
modify the ability of the Hox TFs to mediate gene activation
and/or gene repression (Giot et al.,, 2003; Stanyon et al., 2004;
Rual et al., 2005; Yu et al., 2011; Lambert et al., 2012; Rolland
et al., 2014; Bischof et al., 2018; Shokri et al., 2019; Carnesecchi
et al., 2020; Luck et al., 2020). For example, the Ubx and Abd-A
Hox factors were screened for interactions against 260 different
TFs in the Drosophila embryo using a split-fluorescence assay
coupled with ectopic expression using the Gal4-UAS system
(Bischof et al., 2018). Unexpectedly, both of these Hox TFs
interacted with a large number of the tested TFs, as Ubx
interacted with 163 of the 260 TFs (62%), and Abd-A
interacted with 149 of the TFs (57%) (Bischof et al., 2018).
However, it should be noted that an additional large-scale TF-
TF interaction screen tested a number of different Hox TFs using
ayeast 2-hybrid assay and found that the Hox TFs, including Ubx
and Abd-A, interact with relatively few tested TFs (Shokri et al.,
2019). These conflicting results are likely to be attributed to
differences in sensitivity between the two assays as well as the fact
that the fluorescence complementation assay was performed in
Drosophila cells that express additional co-factor proteins that
may allow large scale complex formation whereas the two-hybrid
approach was performed in yeast. More recently, a proximity-
dependent Biotin IDentification (BioID) assay in multiple cell
types of the Drosophila embryo revealed that Ubx interacts with
many proteins involved in processes from chromatin
modification to mRNA processing (Carnesecchi et al., 2020).
Surprisingly, however, while most of the BioID identified Ubx
interactors were found to occur in a tissue-specific manner, the
vast majority of the proteins that do interact with Ubx are broadly
expressed across many tissues (Carnesecchi et al., 2020). This
finding raises the possibility that the ability of Ubx to interact with
ubiquitous regulatory proteins can be modified in a tissue-specific
manner, although the mechanisms regulating such tissue-specific
interactions are currently unknown. Nevertheless, these data raise
the possibility that the Hox TFs gain in DNA binding specificity
by forming complexes with numerous additional TFs, many of
which are expressed in a tissue-restricted manner, and gain in
regulatory specificity (i.e., activate versus repress) by interacting
with many different co-activator and co-repressor proteins that
are widely expressed in numerous cell types.

CASE STUDIES ON THE C/S-REGULATORY
LOGIC OF HOX TRANSCRIPTION FACTORS

To better understand how Hox TFs regulate target genes in
specific tissues, a select number of cis-regulatory modules
(CRMs) have been extensively characterized using a
combination of DNA binding assays, transcriptional reporter
assays, and loss- and gain-of-function genetics. In this review,
we are going to focus on our current knowledge of the cis-
regulatory logic of two well-characterized Drosophila CRMs,
one of which is specifically regulated by Abd-A and the other
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A General cis-regulatory module

specific gene activation.

B Sensory cells

FIGURE 3 | Rhomboid-A (RhoA) and Distal-less conserved regulatory element (DCRE) are regulated through tissue specific co-activators and co-repressors to

mediate distinct transcriptional outputs. (A) A simplistic general model for how a Hox CRM vields cell-specific outputs via the direct integration of a Hox factor with the
common co-factors Exd and Hth, and a tissue specific TF to mediate either activation or repression (B) In sensory cells, Abd-A, Exd, Hth, and Pax2 interact together to
activate gene expression by forming complexes on the RhoA CRM. (C) In the anterior abdomen, Abd-A/Exd/Hth complexes bind together with dFoxG to repress

the DCRE CRM. (D) Replacing two of the Hox binding sites from the DCRE with the Abd-A/Hth/Exd sites that mediate activation via the RhoA CRM did not alter the
transcriptional response of the DCRE. These data show that the configuration of Hox binding sites does not dictate gene activation versus repression. Instead, it is the
presence of nearby dFoxG sites [repression in (D)] or Pax2 sites [activation in (B)] that dictates transcriptional outcomes. (E) In the posterior abdomen, En interacts with
Abd-A and Exd/Hth to repress the DCRE CRM. (F) In the thorax ectoderm, the Antp Hox factor cooperatively binds with Exd to stimulate gene expression. This activation
activity does not require the dFoxG nor the En sites. In this model, we propose that an unknown tissue specific TF mediates activation of DCRE CRM to result in ectoderm

is regulated by the Abd-A, Ubx, and Antp Hox factors.
Intriguingly, Abd-A regulates these two CRMs in different cell
types and in opposing ways. In the developing peripheral nervous
system, Abd-A triggers the secretion of epidermal growth factor
ligands from a specific subset of abdominal sensory organ
precursor cells by activating the expression of the rhomboid
(rho) serine protease gene via a highly conserved CRM called
RhoA (Brodu et al., 2002; Li-Kroeger et al., 2008). In contrast,
Abd-A, as well as Ubx, suppresses leg development in abdominal
segments by repressing the expression of the Distal-less (DII)
homeodomain protein in ectodermal cells via the DIl conserved
regulatory element (DCRE) (Vachon et al., 1992; Gebelein et al.,
2002, Gebelein et al., 2004). In addition to being repressed by both
Abd-A and Ubx in the abdomen, the DCRE CRM can also be
activated by the Antennapedia (Antp) Hox factor in thoracic
segments (Uhl et al., 2016).

To determine how these CRM:s recruit specific Hox factors to
mediate distinct cell type- and segment-specific outputs,
comparative studies on the TF binding sites (TFBSs), the TF
complexes, and the genetic requirements of each TF have revealed
several insights into the principals underlying Hox cis-regulatory
logic (Figure 3). First, the same Hox, Exd, and Hth binding sites
are capable of mediating either activation or repression. The
RhoA CRM contains a single set of adjacent Exd/Hth/Hox
binding sites (Figure 3B; Brodu et al., 2002; Li-Kroeger et al.,
2008), whereas the DCRE CRM contains three Hox sites, each of
which is directly adjacent to a Exd or Hth site (Figures 3C,E;
Gebelein et al., 2002, Gebelein et al., 2004; Uhl et al., 2016). Each
configuration of binding sites is capable of cooperatively binding
Abd-A/Hth/Exd complexes. Further, mutations within these
binding sites disrupt the ability of Abd-A to either activate

gene expression in sensory cells (Figure 3B; Li-Kroeger et al,
2012) or repress gene expression in the abdominal ectoderm
(Figures 3C,E; Gebelein et al., 2002, 2004; Uhl et al, 2016).
Moreover, swapping the “activating” Exd/Hth/Hox sites from the
RhoA CRM into the DCRE demonstrated that the Abd-A Hox
factor can also use this same configuration of binding sites to
mediate transcriptional repression (Figure 3D; Zandvakili et al.,
2019). These data suggest that differences in the conformation of
Exd, Hth, and Hox TFBSs do not reveal how the Abd-A Hox
complex mediates distinct outcomes in different cell types.

Second, accurate Hox-dependent transcriptional outcomes by
the RhoA and DCRE CRMs require nearby TFBSs for additional
tissue-restricted TFs (Figure 3A). For example, the RhoA CRM
encodes a binding site for the Pax2 TF (Figure 3B, the Drosophila
Pax2 gene name is shaven, sv, but for simplicity we will call it
Pax2) and mutations within the RhoA CRM that disrupt Pax2
binding compromise Abd-A mediated activation (Li-Kroeger
et al,, 2012; Zandvakili et al., 2018). Moreover, Pax2, Abd-A,
Exd, and Hth could utilize these TFBSs to form specific TF
complexes on the RhoA CRM (Li-Kroeger et al, 2012) and
altering the spacing and orientation between the Pax2 and
Exd/Hth/Hox site disrupted RhoA activity in abdominal
sensory organ cells (Zandvakili et al, 2019). Given that the
expression of the Drosophila Pax2 gene is predominately
restricted to sensory organ cells in the embryo (Li-Kroeger
et al., 2012), the direct regulation of the RhoA CRM by Abd-A
and Pax2 provides insight into both the abdominal and sensory
specific activity of this enhancer.

The DCRE CRM similarly requires additional TFBSs to
mediate abdominal-specific repression by the Ubx and Abd-A
Hox factors (Figures 3C,E; Gebelein et al., 2004). In fact, these
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two Hox factors were found to require different TFs in the
anterior versus the posterior compartments of the abdominal
segments. In the posterior compartment cells, the Ubx and Abd-
A Hox factors form cooperative complexes with the Engrailed
(En) TFs on adjacent binding sites within the DCRE (Figure 3E).
In the anterior compartment, the Ubx and Abd-A Hox factors
cooperate with the Drosophila FoxG factors, which are encoded
by the largely redundant sloppy-paired 1 (slp1) and sloppy-paired
2 (slp2) genes via nearby Hox and dFoxG binding sites within the
DCRE (Figure 3C; Gebelein et al., 2004). Moreover, like in the
RhoA CRM, the spacing between the Hox and dFoxG TFBSs
contributed to optimal activity as adding a 5bp sequence
disrupted repression (Zandvakili et al., 2019). However, adding
longer space sequences between the Hox and dFoxG sites (+10,
+15, and +20 bps) resulted in strong transcriptional repression,
suggesting that unlike the Pax2 and Hox sites in RhoA, the
configurations of dFoxG and Hox sites in the DCRE are not
rigidly fixed to mediate transcriptional repression (Zandvakili
et al.,, 2019). Since the dFoxG factors are specifically expressed in
the anterior compartment cells, whereas En is specifically
expressed in the posterior compartment cells, these findings
again highlight how a CRM can integrate both Hox TFs and
tissue-restricted TFs to vyield accurate abdominal-specific
outcomes.

Third, the DCRE CRM can contribute to both Hox-mediated
transcriptional repression in the abdomen and Hox-mediated
transcriptional activation in the thorax. In addition to repressing
DIl expression in the abdomen, the DCRE can also use a subset of
the Hox TFBSs to stimulate gene expression in the thoracic leg
primordia cells via the Antp Hox TF (Uhl et al, 2016). In
particular, Antp can utilize the two Hox/Exd sites, but not the
adjacent Hth/Hox site, to stimulate DCRE-mediated activation in
thoracic cells (Figure 3F). However, unlike DCRE mediated
repression, the dFoxG and the En binding sites are not
required for this Hox-dependent activity, suggesting that Antp
is likely to cooperate with other TFs to stimulate the DCRE
(Figure 3F; Uhl et al., 2016). Additional cis-regulatory studies on
the six2 target gene in mammals have also revealed that the same
Hox binding sites can be used to activate six2 via Hox11 factors in
the kidney and repress six2 via Hoxa2 in the branchial arch and
facial mesenchyme (Yallowitz et al., 2009). Thus, the same Hox
binding sites can contribute to both activation and repression, but
the appropriate transcriptional response will likely depend upon
integrating distinct combinations of additional TFs.

While the thorough characterization of the RhoA and DCRE
CRMs provide new insight into the cis-regulatory logic of the
segment- and cell type-specific transcriptional responses, does
this cis-regulatory logic provide insight into how Abd-A represses
the DCRE and activates the RhoA CRMs? Currently, it is unclear
how Abd-A/Pax2 complexes activate the RhoA CRM in sensory
cells, but it is interesting to note that vertebrate Pax2 and Hox11
factors are thought to collaborate to activate the six2 target gene
and Hox11 contains an activation domain required for this
function (Gong et al., 2007; Yallowitz et al., 2009). Moreover,
the integration of Abd-A with either the Slp1/2 dFoxG factors or
the En homeodomain factor provides a likely mechanism of
repression as both dFoxG and En have been shown to recruit

Hox-Mediated Transcriptional Outcomes

the well-established Groucho co-repressor protein (Jiménez et al.,
1997; Andrioli et al., 2004). In addition, Agelopoulos et al. used a
novel cell- and gene-specific ChIP strategy to demonstrate that
while the regulatory element containing the DCRE loops and
contacts the DIl promoter in thoracic segments, consistent with
gene activation, the DCRE region does not contact the DIl
promoter in the abdominal segments (Agelopoulos et al,
2012). Using whole embryo ChIP, the authors then found that
the DIl enhancer region containing the DCRE was not only bound
by Ubx and Abd-A but also was highly correlated with histone
variant, H2Av. These data suggest that Ubx and/or Abd-A may
recruit H2Av and result in decreased interactions between the
DCRE and the DIl promoter (Agelopoulos et al., 2012). These data
also further highlight how some Hox factors, most notably Ubx,
can activate and repress gene expression by both increasing and
decreasing chromatin accessibility in a gene-specific manner
(Agelopoulos et al., 2012; Loker et al., 2021).

DISCUSSION

Several properties of the Hox factors make it particularly
challenging to develop a general model that predicts the
outcome of a Hox binding event to a regulatory element. First,
Hox factors are expressed within many cell types of a segment,
and yet most Hox target genes are regulated in only a small subset
of the cells that express the Hox TF. Second, as mentioned
throughout this review, all the members of the Hox TF family
share a homeodomain that binds highly similar AT-rich
sequences, and yet Hox TFs specify different segment
identities and regional cell fates. Thus, we need to determine
both the mechanisms that underlie how the same broadly
expressed Hox TF can regulate target genes in a cell-type
specific manner, and the mechanisms that underlie what
makes each Hox TF different from each other to regulate the
distinct combinations of target genes needed to specify different
cell fates along the A-P axis.

This review summarized several studies that suggest select
Hox factors can bind to inaccessible chromatin by intersecting
genome binding and chromatin accessibility profiles (Beh et al.,
2016; Porcelli et al., 2019; Bulaji¢ et al., 2020). Moreover, at least
in the case of Dfd and Abd-B, Hox TFs have the potential to
increase chromatin accessibility even in the absence of nuclear
Exd and Hth (Porcelli et al., 2019). However, intersecting genome
binding and chromatin accessibility profiles only provides
correlative evidence of pioneer-like activity, as it is possible
that other TFs regulated by Dfd and Abd-B are ultimately the
ones that open the chromatin. Thus, additional studies that
combine the use of ATAC-seq, ChIP-seq, and Hox mutational
analysis with genomic editing of known Hox binding sites will be
required to confirm or refute Hox pioneer-like activity, much like
the studies of Mariani et al. for PBX established pioneer activity in
mouse epiblast stem cells (Mariani et al., 2021).

Through a combination of large-scale genomic,
bioinformatics, and protein interactome approaches, the
scientific field has recently identified numerous Hox-bound
genomic elements as well as many Hox protein interactors
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that are likely to contribute to the diverse regulatory potential of
Hox factors. Of particular note is that Hox TFs were found to
form complexes with a surprisingly large number of other
sequence specific TFs (Bischof et al., 2018; Carnesecchi et al.,
2020). Taken together with the finding that several well-
characterized Hox regulatory elements require TFBSs for
additional TFs that are expressed in tissue- and cell type-
restricted patterns, these results suggest that Hox-regulated
CRMs function by integrating specific Hox TFs with
numerous other TFs to yield accurate segment-, cell-, and
gene-specific regulatory outcomes. The question that arises
from these studies is do Hox TFs regulate each target gene by
interactions with distinct combinations of TFs, and thus each
Hox-regulated CRM will contain a relatively unique combination
of TEBSs? Or do the Hox TFs regulate many different target genes
via interactions with a common group of TFs such that potential
cis-regulatory codes can be identified and used to predict Hox-
regulated CRM output?

To answer these questions, future experiments will be needed
to generate additional genomic binding data and transcriptomics
data for Hox TFs as well as their potential partner proteins in
defined cell types. For example, intersecting ChIP-seq for Hox
TFs, Pbx/Exd, Hth/Meis, and other TFs from the same cell types
would allow one to segregate Hox genomic binding events into
distinct bins that are associated with the binding or lack thereof of
additional TFs. Moreover, the use of higher resolution binding
assays such as Cleavage Under Targets & Release Using Nuclease
(CUT&RUN) or ChIP-Exonuclease can provide near bp
resolution binding that reveals if adjacent sites are also
occupied near the Hox TF binding site. Such an approach was
recently utilized for the Gsx2 homeodomain TF to reveal distinct
monomer versus dimer binding events using CUT&RUN assays
and nucleotide footprinting analysis (Salomone et al.,, 2021). By
combining high-resolution genomic binding data with
transcriptomic studies using wild type and specific mutant
cells (i.e., Hox mutant, Pbx/Exd mutant, etc), we will be better
positioned to define which binding events are associated with
gene expression changes. Lastly, bioinformatics can be used to
perform unbiased searches for additional TF motifs as well as to
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Hox genes encode transcription factors that are critical for embryonic skeletal patterning
and organogenesis. The Hoxab, Hoxb5, and Hoxch paralogs are expressed in the
lung mesenchyme and function redundantly during embryonic lung development.
Conditional loss-of-function of these genes during postnatal stages leads to severe
defects in alveologenesis, specifically in the generation of the elastin network, and
animals display bronchopulmonary dysplasia (BPD) or BPD-like phenotype. Here we
show the surprising results that mesenchyme-specific loss of Hox5 function at adult
stages leads to rapid disruption of the mature elastin matrix, alveolar enlargement,
and an emphysema-like phenotype. As the elastin matrix of the lung is considered
highly stable, adult disruption of the matrix was not predicted. Just 2 weeks after
deletion, adult Hox5 mutant animals show significant increases in alveolar space and
changes in pulmonary function, including reduced elastance and increased compliance.
Examination of the extracellular matrix (ECM) of adult Tox4rtTA; TetOCre; Hox5a'a’bbcc
lungs demonstrates a disruption of the elastin network although the underlying
fiboronectin, interstitial collagen and basement membrane appear unaffected. An influx
of macrophages and increased matrix metalloproteinase 12 (MMP12) are observed in
the distal lung 3 days after Hox5 deletion. In culture, fibroblasts from Hox5 mutant lungs
exhibit reduced adhesion. These findings establish a novel role for Hox5 transcription
factors as critical regulators of lung fibroblasts at adult homeostasis.

Keywords: Hox genes, lung homeostasis, extracellular matrix, distal lung fibroblasts, lung macrophages,
brochopulmonary dysplasia, emphysema

INTRODUCTION

Hox genes encode transcription factors that are well known for their role in patterning the anterior-
posterior (AP) body axis during embryogenesis. All mammals have a total of 39 Hox genes located
in four, tightly linked chromosomal clusters, subdivided into 13 related paralogous groups based
on their expression and shared function. In addition to their roles in patterning the skeleton,
Hox paralog groups also function redundantly in the proper formation of many organs, including
the thymus, thyroid, lungs, pancreas, kidney and reproductive tract (Jeannotte et al., 1993; Aubin
et al., 1997; Taylor et al., 1997; Manley and Capecchi, 1998; Wellik et al., 2002; Yallowitz et al.,
2011). Multiple studies have demonstrated the functional redundancy exhibited by the members of
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Lietal

Adult Hox5 Lung ECM Defects

paralog groups and loss-of-function of multiple paralogous
genes results in more severe phenotypes than loss of a single
Hox gene (Chisaka and Capecchi, 1991; Horan et al., 1995;
Chen and Capecchi, 1997, 1999; Manley and Capecchi, 1998;
Wellik et al., 2002, p. 11; Wellik and Capecchi, 2003; McIntyre
et al, 2007; Boucherat et al, 2013; Hrycaj et al, 2015;
Larsen et al., 2015).

Developmentally, critical roles for Hox5 genes have been
demonstrated in skeleton patterning, central nervous system
formation, and lung organogenesis (Tuggle et al., 1990; Jeannotte
et al., 1993; Aubin et al., 1997; Mandeville et al., 2006;
Mclntyre et al., 2007; Hrycaj et al., 2015, 2018a). During lung
development, Hox5 genes (Hoxa5, Hoxb5, and Hoxc5) are
exclusively expressed in the mesenchyme of the lung (Aubin et al.,
1997; Boucherat et al.,, 2013; Hrycaj et al., 2015). Hoxa5 single
homozygous mutants (Hox5 aaBBCC) exhibit a reduction in Ttf-
I and Hnf-3 expression and defects in surfactant production.
There is also a high rate of perinatal lethality associated with
improper tracheal morphogenesis and occlusion of the proximal
airways. Hoxb5 and Hoxc5 single-mutant mice exhibit no overt
embryonic lung phenotypes and are viable, as are Hoxb5/Hoxc5
double mutant animals (Boucherat et al., 2013). The extent of
functional redundancy of all three Hox5 alleles was demonstrated
by generating Hoxa5; Hoxb5; Hoxc5 triple mutant embryos
(Hox5 aabbcc). Lungs from these embryos undergo only a
few early branches and newborn animals die with severely
hypoplastic lungs due to the loss of Wnt2/2b signaling in
the early lung mesoderm. Compound, 4-allele Hox5 mutant
(Hox5 AabbCc) lungs show no observable defect at embryonic
stages, but display expanded, simplified alveoli at postnatal
stages compared to controls (Hrycaj et al,, 2015). Expression
of all three Hox5 genes in the lung decreases from mid to late
embryogenesis, then peaks to its highest level at postnatal stages,
but is maintained throughout adult life. Postnatal deletion of
Hoxa5 in the background of Hoxb5/Hoxc5 nulls leads to BPD
(Hrycaj et al., 2018a).

In this study, we demonstrate that Hox5 function remains
important at adult stages for proper lung homeostasis. When
Hoxa5 deletion is induced at adult stages, the elastin matrix is
disrupted within days after deletion. The distal airways expand
and pulmonary function tests demonstrate that mutant lungs
become significantly more compliant and less elastic just 2-weeks
after deletion. The matrix disruption appears to be specific to
elastin as laminin, interstitial collagen and fibronectin scaffolds
appear unaffected. Examination of the distal lung just 3 days post-
deletion shows increased expression of matrix metalloproteinase
12 (MMP12), also known as neutrophil elastase, and an influx
of F4/80 + and CD68 + macrophage populations. Similar to
what we previously reported at postnatal stages, fibroblasts from
the Hox5 triple, adult conditional mutant lung exhibit reduced
adhesion and decreased integrin a5 protein expression. Our
results are consistent with a model in which induced loss of
fibroblast cell adhesion leads to elastin matrix instability. This
work demonstrates that lung maintenance requires continued
Hox5 function in lung fibroblasts. Our work provides insight into
the pathophysiological process and putative targets for molecular
and cellular therapies for lung diseases.

MATERIALS AND METHODS

Mice and Tissue Isolation

All mice used in this study have been previously reported (Zhang
etal., 2013; Hrycaj et al., 2018a). Mice were treated with 2 mg/ml
Doxycycline (DOT Sci., #DSD43020) (in water with 2.5 mg
sucrose added per ml) at the age of 8 weeks for 3 days or
2 weeks. Mice were euthanized and perfused with phosphate
buffered saline (PBS) via the right ventricle. Lungs were isolated,
inflated and fixed as previously reported (Hrycaj et al., 2018b).
The left lung lobes were vacuum embedded in paraffin; the
right superior lung lobes were embedded in OCT (Fisher Sci.,
#23730571); the right middle and inferior lobes were digested
for fibroblast isolation; the right accessory lobes were used for
protein or RNA extraction. All experiments were performed
following protocols approved by the Institutional Animal Care
and Use Committee (IACUC) guidelines at the University of
Michigan or the University of Wisconsin-Madison.

Lung Whole Mount Imaging

Adult left lung lobes were fixed in 4% paraformaldehyde (PFA)
in PBS overnight at 4°C then transferred to absolute MeOH
through MeOH/PBS dilution series: 25, 50, 75 and 100% MeOH.
Tissues then were incubated in Dent’s bleach (MeOH:DMSO0:30%
H,0; = 4:1:1) for 2 h at room temperature to remove any
coloration, and transferred to absolute MeOH for imaging on
a Leica MZ125 dissecting microscope. PFA (Sigma-Aldrich,
#P6148), MeOH (Sigma-Aldrich, #179337), DMSO (Sigma-
Aldrich, #D2650), H,O; (Sigma-Aldrich, #323381).

Chord Length Analyses

Hematoxylin (Fisher Sci., #SH30500D) and Eosin (Fisher Sci.,
#SE23) staining was performed on 7 pm paraffin lung sections.
Images were captured on a Nikon Ds-Fi3 camera. Mean
alveolar chord length (MACL) measurements were taken using
the grid function on Image] 2.0, as previously described
(Sajjan et al., 2009).

Pulmonary Function Tests

Analyses were performed as previously described (Hrycaj et al.,
2018b). Briefly, 10 week old control and Tbx4rtTA; TetOCre;
Hox5a/ o/ bbee mice (treated with Dox from 8 to 10 weeks) were
anesthetized prior to the insertion of a tracheal tube. Mechanical
breathing measurements were performed at baseline to examine
changes in lung function.

Immunohistochemistry/

Immunofluorescence

Paraffin sections were deparaffinized in xylenes and rehydrated
in an ethanol series prior to antigen retrieval in 10 mM Sodium
Citrate buffer. Cryosections were washed in PBS to remove
excess OCT. Sections were blocked in 5% Normal Donkey Serum
(Sigma-Aldrich, #566460) and incubated in primary antibodies
in 4°C overnight. A complete list of primary antibodies and
the dilution used is provided in Supplementary Table 1.
Sections were rinsed, incubated in secondary antibodies at room
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temperature for 2 h, with a 10 min 1 pg/ml DAPI (Thermo
Sci., #62248) incubation at room temperature and mounted using
ProLong Gold mountant (Fisher Sci., #P36930). Images were
captured on a Nikon Eclipse Ti-U camera or on a Keyence
BZ-X810 fluorescence microscope.

RNA Extraction and Quantitative Reverse

Transcription PCR

Total RNA was extracted from the right accessory lobe
of wildtype and mutant mice using the RNeasy Mini Kit
(Qiagen, #74104) and dissolved in 32 pl of DNase/RNase-
free deionized water. cDNA was synthesized from 1 pg RNA
using the iScript Reverse Transcription Supermix (Bio-Rad,
#1708841). Quantitative real-time PCR was conducted using
2 x SYBR Green qPCR Master Mix (Fisher Sci., #4309155)
on a StepOnePlus™ Real-Time PCR System Machine (Fisher
Sci., #4376600). Threshold cycles (Ct) in target gene expression
were calculated and compared to Ct values of house-keeping
gene fB-actin. Primers for quantitative reverse transcription PCR
(RT-qPCR) are listed in Supplementary Table 2.

Western Blot Analysis

Lung  right accessory  lobes  were lysed in
radioimmunoprecipitation assay buffer (50 mM Tris-HCIl, pH
7.2, 150 mM NaCl, 0.1% Triton X-100, 1% sodium deoxycholate,
5 mM EDTA) containing Complete Mini Protease Inhibitor
Mixture (Sigma-Aldrich, #11873580001), and extracts were
cleared by centrifugation at 20,000x g for 30 min at 4°C. Total
protein content was assessed using the Pierce BCA protein
assay kit (Thermo Sci. #23227) and analyzed by SDS/PAGE after
boiling in Laemmli sample buffer (Bio-Rad, #1610737). Proteins
were transferred to low-fluorescence polyvinylidene fluoride
(Cytiva, #10600022), blocked in 3% BSA with sodium azide, and
probed with primary antibodies as indicated in Supplementary
Table 1. Fluorescence signals were detected on an Azure imaging
system or a LI-COR Odyssey Fc imaging system. Western blot
densitometry analysis was quantified using Image]J 2.0.

Lung Fibroblast Isolation and Primary

Culture

Following perfusion with PBS and lung isolation, the trachea
and proximal airway were removed, and the right middle and
right inferior lung lobes were minced and digested in 2 mg/ml
Collagenase I (Gibco, #17100017) and 3 mg/ml Dispase (Gibco,
#17105041) for 2 h at 37°C. This cell suspension was incubated
with red blood cell lysis buffer on ice and filtered through
a 100 pm nylon cell strainer (Fisherbrand, #22363549). Cells
were then washed twice in fresh DMEM/F12 media (Gibco,
#11320033). Cells were plated in 6-well tissue culture plates
using DMEM/F12 media supplemented with 10% FBS (Gibco,
#10437010) and 1% 10,000 U/ml Penicillin-Streptomycin (Gibco,
#15140122). Media was changed every third day.

Adhesion Assay
Assays were performed as previously described (Hrycaj et al.,
2018a). Non-tissue culture treated polystyrene 96-well flat

bottom microtiter plates (Denville, # T1097) were coated
and incubated with bovine plasma fibronectin (Sigma-Aldrich,
#F1141) at 20 pg/ml for 1 h at 37°C. Plates were then blocked
with 100 pl/well of 1% BSA (Sigma-Aldrich, #A7906) in serum-
free DMEM/F12 (Gibco, #11320033) for 30 min at 37°C.
Fibroblasts were seeded at 10,000 cells per individual well. Plates
were centrifuged (top side up) at 10 x g for 5 min to reduce the
variability inherent in the settling of cells onto the plate surface
and were incubated for 1 h at 37°C with 5% CO,. Non-adherent
cells were removed by centrifugation (top side down) at 48 x g
for 5 min. Adherent cells remaining on the plate were fixed and
stained with 1% formaldehyde (Fisher Sci., #BP228-100), 0.5%
crystal violet (Sigma-Aldrich, #C6158), 20% MeOH followed by
PBS washes. Individual wells were imaged on a Leica MZ125
dissecting microscope and manually quantified using Image] 2.0
cell counter function.

Statistical Analyses

GraphPad Prism software (version 8.4.3 for macOS) was used to
perform unpaired Student’s t-test analysis, with P-values less than
0.05 considered significant and P-values greater than or equal to
0.05 considered not significant.

RESULTS

Conditional Hox5 Triple Mutant Adult
Mice Exhibit Expanded Distal Airspaces

and Altered Lung Mechanics
To investigate whether Hox5 plays a role in the adult lung, we
used our previously described Hoxa5 conditional allele combined
with the lung mesenchyme-specific Tbx4rtTA; TetOCre driver
and enacted deletion with Doxycycline (Dox) beginning at
8 weeks of age in the presence of Hoxb5/Hoxc5 loss-of-
function (Hoxa5-oXP/LoxP. Foxb5~/=; Hoxc5 /~; Thx4rtTA;
TetOCre +) (referred to as Hox5 adult conditional mutants
or as Tbx4rtTA; TetOCre; Hox5a' a’bbec throughout) (Hrycaj
et al, 2018a). Examination of the lungs 2 weeks after the
initiation of Hox5 deletion (at 10 weeks of age) resulted in
significantly expanded distal airspaces that are clearly visible
in the whole mount lung tissue after inflation (Supplementary
Figure 1). This is supported by histological examination of
sections and morphological measurements of mean alveolar
chord length (MACL). Tbx4rtTA; TetOCre; Hox5d/ a/ bbee Dox-
treated mutant animals demonstrate a ~45% increase in MACL
2-weeks post-deletion and thinned septal walls compared to wild-
type animals (Figures 1A,AC,C’D). Additionally, adult mice
carrying only the Hox5bbcc alleles in the absence of Cre only
developed a moderate phenotype (~20% increase in MACL)
(Figures 1B,B’D), demonstrating that conditional, loss of Hoxa5
function contributes directly to the adult phenotype.
Measurements of pulmonary function revealed changes in the
Hox5 adult 10-week-old conditional mutants (Dox treated from
8 to 10 weeks) consistent with an emphysema-like phenotype.
Lung compliance was increased as measured by increased
chord compliance (Cchord), compliance at zero pressure (Cp0)
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FIGURE 1 | Deletion of Hox5 function at adult stages leads to distal lung airway expansion. H&E sections through 10-week-old wild-type animals (A,A’),
Hoxc5/~; Tbx4rtTA; TetOCre + mutants (Hox5a'a’bbcc; Cre +, C,C?), treated with
Doxycycline from 8 to 10 weeks of age. Measured mean alveolar chord length (MACL) values (D). Hox5a'a' bbec double mutant animals (Hoxa5 floxed alleles with
no Cre) exhibit enlarged, simplified alveoli with a ~20% increase in alveolar chord length compared to control lungs. The distal airway expansion phenotype with
adult, conditional Hox5 triple mutants increases by ~45% compared to control lungs. Each shape represents an individual animal. Control, Hox5AABBCC. Scale
bars: 50 pm (C); 25 um (C’). P-values and statistical significance (****P < 0.0001) were determined by an unpaired Student’s t-test.
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FIGURE 2 | Adult conditional Hox5 mutant lungs exhibit abnormal pulmonary function. Lung compliance, elastance and volume were measured in mice by fast flow
maneuvers using orotracheal intubation and tracheostomy. Increased lung compliance of Dox-treated (8—10 weeks) Hox5 conditional mutants is indicated by
significant increases in chord compliance (Cchord) (A), compliance at zero pressure (Cp0) (B), and peak compliance (Cpk) (C). Hox5 adult conditional mutants also
exhibit a significant decrease in elastance (E) (D), and a significant increased lung volume indicated in inspiratory capacity (IC) (E), vital capacity (VC) (F), forced vital
capacity (FVC) (G), and forced expiratory volume (FEV) (H). Each shape represents an individual animal. P-values and statistical significance (*0.01 < P < 0.05;
**0.001 < P < 0.01) were determined by an unpaired Student’s t-test.
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FIGURE 3 | Distal lung cell types are present and appear similar in controls and Hox5 conditional mutants. Lung paraffin sections (A,B,G,H,J,K) and cryosections
(D,E) of control and Hox5 adult, conditional mutant mice show similar expression of SPC (green, AECII cells), T1a (red, AECI cells), PDGFRa (green, fibroblasts),
ADRP (green, lipofibroblasts) and PECAM (green, endothelial cells); DAPI in gray. Quantification of pixel intensity of T1a (C), and PECAM (L) were normalized to pixel
intensity of DAPI per field image. Quantifications of SPC (C), PDGFRa (F) and ADRP (I) cell numbers were normalized to DAPI-positive cell numbers in each panel
quantified. Each shape represents an individual animal (ns, not significant). Scale bars: 50 um. P-values were determined by an unpaired Student’s t-test.
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and peak compliance (Cpk), with changes accompanied by a
significant decrease in elastance (Figures 2A-D). Concomitantly,
Hox5 adult conditional mutants exhibit increased lung volumes,
demonstrated by significant increases in inspiratory capacity
(IC), vital capacity (VC), forced vital capacity (FVC), and forced
expiratory volume (FEV) (Figures 2E-H).

The Elastin Network Is Disrupted in Hox5
Mutant Lungs, but Cell Types and Other
Extracellular Matrix Components Appear
Normal

To examine whether changes occurred in distal lung cell
composition, we examined epithelial, fibroblast, and endothelial
cell populations in the distal lung after mesenchymal deletion of
Hoxa5. We observed no significant changes in the morphology
or distribution in Tla + alveolar epithelial type I cells (AECI)
or Surfactant Protein C (SPC) + alveolar epithelial type
II cells (AECII) (Figures 3A-C). We also observed no
changes in the number or relative distribution of Platelet-
derived growth factor receptor alpha (PDGFRa) + fibroblasts
(Figures 3D-F), Adipocyte differentiation-related protein
(ADRP) + lipofibroblasts (Figures 3G-I), or Platelet
endothelial cell adhesion molecule (PECAM) + endothelial

cells (Figures 3J,K) in the distal lung of the Hox5 mutants.
Additionally, no changes in mRNA levels of these cell
markers was observed using RT-qPCR (Supplementary
Figures 2A-E).

We analyzed several key ECM components in Hox5 adult,
conditional mutant distal lungs administered Dox from 8 to
10 weeks. Immunohistochemical immunofluorescence (IHC-
IF) analyses with subsequent Image] quantification of pixel
intensity demonstrated ECM phenotypes strikingly similar to
those previously described with postnatal deletion (Hrycaj et al.,
2018a). We observed no changes in the basement membrane
component laminin, interstitial collagen 3 or fibronectin in
the Hox5 adult conditional mutant lungs compared to wild-
type lungs (Figures 4A-G). However, we observed a substantial
decrease in elastin staining (~42% of wild-type levels) and
disruption of the integrity of the elastin network in Hox5
adult conditional mutant lungs (Figures 4H-J). This phenotype
was particularly surprising as it indicates rapid loss and/or
destruction of the elastin matrix that was fully established
normally at 8-weeks of age and is considered very stable (Shapiro
etal.,, 1991). RT-qPCR shows no differences of elastin mRNA level
between controls and mutants, which indicates the changes in
elastin structural integrity are likely an indirect consequence of
other disruptions in the distal lung (Supplementary Figure 2F).
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Increased Inflammatory Response and
Elastase Expression in the Hox5 Triple
Conditional Mutant Lung 3 Days After

Dox Induction

Previous studies have demonstrated that leukocytes and
macrophages secrete matrix metalloproteinases (MMPs),
including neutrophil elastase (MMP12), that are capable of
degrading the extracellular matrix during lung development
and homeostasis (Gibbs et al., 1999; Grumelli et al., 2004; Zeng
et al., 2014; Morrell et al., 2020). Further, in a study using Hox5
compound null alleles (Hoxa5/~; Hoxb5~/~; Hoxc5%/~), mice
present with an increased Th2 cells response and exacerbated
lung tissue pathology in asthma models (Ptaschinski et al.,
2017). In order to determine whether an increase in either
leukocytes or macrophages could account for the alveolar
enlargement and the decrease in elastin in our Hox5 conditional
mutant lungs, we performed IHC-IF and quantifications for
Cluster of differentiation 45 (CD45, also known as the leukocyte
antigen) (Figures 5A-C and Supplementary Figures 3A,B), the

macrophage marker F4/80 (Figures 5D-F and Supplementary
Figures 3C,D), and Cluster of differentiation 68 (CD68),
which labels tissue-resident macrophages (Figures 5G-I and
Supplementary Figures 3E,F) immediately following Hox5
deletion (3 days post-Dox treatment initiated at 8 weeks
of age). We observed a significant increase in F4/80+ and
CD68+ macrophages number in Hox5 mutant distal lungs
(Figures 5EI), consistent with an increased inflammatory
response following Hox5 mesenchymal deletion.

Consistent with the influx of macrophages, we observed a
significant increase of MMP12, a major elastase reported to be
secreted by activated lung macrophages (McGarry Houghton,
2015), in Hox5 conditional mutant lungs compared to controls
3 days after Doxycycline induction (Figures 5J-L). MMPs are
shown to target both ECM components and adhesion receptors
to alter cell behaviors in lung and other cancer cells (Yu
and Stamenkovic, 2000; Rolli et al.,, 2003; Zeng et al., 2014).
A previous study also suggests enhanced production of MMPs
in Hoxa5~/~ juvenile mice lungs (Mandeville et al., 2006).
However, by 14 days after the initiation of deletion, there was
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FIGURE 6 | Hox5 adult, mutant lung fibroblasts are less adherent in culture compared to controls. Lung fibroblasts were isolated, seeded on fibronectin-coated
plates and incubated for 1 h prior to low-gravity centrifugation then fixation. Cells were stained with crystal violet, imaged, then counted. Hox5 adult, conditional
mutant stromal cells are significantly less adherent in this assay (A). Western blotting of protein from right accessory lobes from Hox5 adult, conditional mutant lungs
show ~50% lower ITGAS levels compared to control lung tissues (B). Each shape represents an individual animal. Scale bar: 10 mm. P-values and statistical
significance (*0.001 < P < 0.01; ***P < 0.0001) were determined by an unpaired Student’s t-test.

no observable differences either in the number or location of
leukocytes, macrophages (Figures 5M-U) or in the expression of
MMP12 (Figures 5V-X and Supplementary Figure 4) between
Hox5 mutants and control lungs.

Together, these data are consistent with an acute inflammatory
response in Hox5 adult mutant distal lungs after conditional
Hox5 deletion in the lung fibroblasts.

Hox5 Conditional Triple Mutant
Fibroblasts Display Reduced Adhesion to

Fibronectin in vitro

Our previous work examining lung fibroblasts from postnatal
Hox5 conditional mutants demonstrated that these cells exhibit
reduced adhesion to fibronectin compared to controls (Hrycaj
et al., 2018a). To examine whether Hox5 plays a similar role in
regulating adhesion of lung fibroblasts in response to deletion at
adult stages (8-10 weeks of Dox-induced deletion), we cultured
primary lung cells harvested from adult control and Hox5
conditional mutant animals on fibronectin-coated plates. In vitro
adhesion assays demonstrated that Hox5 adult mutant fibroblasts
exhibit a ~60% decrease in their ability to adhere to fibronectin
(Figure 6A). Consistent with what we reported after postnatal
loss of Hox5 function, there is a dramatic decrease in the protein

expression of integrin a5, an important component of fibroblast
adhesion, in mutants compared to controls (Figure 6B).

DISCUSSION

Although Hox genes were initially reported to be embryonic
patterning factors, an increasing body of work has demonstrated
that these genes play a role in the homeostasis, maintenance
and repair in postnatal and adult tissues (Pineault et al., 2015;
Rux and Wellik, 2017; Rux et al., 2017; Nova-Lampeti et al,
2018; Bradaschia-Correa et al.,, 2019; Song et al., 2020). Prior
studies from our laboratory have demonstrated a requirement
for Hox5 in lung fibroblast adhesion and establishment of the
elastin network during postnatal alveologenesis (Hrycaj et al.,
2018a). In our present work, we extend these findings and
show that loss of Hox5 in the adult lung mesenchyme leads to
a rapid expansion of the distal airspaces, apparently resulting
from the degradation of the previously established elastin matrix
responsible for maintaining alveolar structures in the distal lung.
While other extracellular matrix components and distal lung
cell types do not appear affected, we see a loss of adhesion
in the fibroblasts of the distal lung and report an increase in
macrophages and elastase (MMP12), which might contribute to
the rapid change in alveolar structures.
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The lung ECM, composed primarily of elastin, collagens,
and proteoglycans, determines its mechanical properties. The
elastin network specifically provides the elastic recoil necessary
for exhalation and is reported to be stable, with a reported
14C half-life of ~74 years or longer in humans (Shapiro et al.,
1991). However, perturbations of the elastin network of the adult
lung can cause destruction of the alveolar walls that result in
emphysema, and mutations in components of the elastogenesis
pathway, such as tropoelastin, fibrillins and fibulins are also
associated with a predisposition to emphysema (Rodriguez-
Revenga et al., 2004; Urban et al., 2005; Hersh et al., 2006;
Hucthagowder et al, 2006). Additionally, elastin quantity is
a marker of susceptibility to emphysema when the lung is
challenged, as mice heterozygous for the elastin gene (Eln*/~)
are more prone to develop emphysema after prolonged exposure
to cigarette smoke (Shifren et al., 2007). This predisposition to
emphysema was proposed to result from a lower availability of
cross-linked elastin leading to degradation of the larger elastin
fibers, and changes in the adult ECM leading to an increase
in collagen that may ultimately prevent matrix remodeling by
restricting cell movement (Shifren et al., 2007). In the adult Hox5
conditional triple mutant lung, there is a rapid destruction of
an already established elastin network. This could be mediated
by an observed increase in hematopoietic-derived cell numbers,
which leads to increased activated elastase (MMP12) in response
to exposure of the matrix when fibroblasts lose adherence. The
degradation of elastin would lead to an expansion of the distal
airspaces reminiscent of that seen in emphysema (Grumelli et al.,
2004; Shifren et al., 2007).

We previously showed that postnatal loss of Hox5 in the lung
mesenchyme leads to a decrease in the protein levels of the
integrin a5p1 heterodimer (Hrycaj et al., 2018a), a phenotype
which is recapitulated in the adult Hox5 conditional triple
mutant. Integrin o581 mediates the binding of lung fibroblasts
to fibronectin (Watt and Hodivala, 1994; Liu et al.,, 2010, p. 1;
Epstein Shochet et al., 2017), and is in turn regulated by the
formation of focal adhesions (Cai et al., 2009). Overexpression
of HoxA5 in EOMA cell lines has been shown to stabilize focal
adhesions by increasing Akt expression (Arderiu et al., 2007), and
other Hox genes also play a role in the regulation of adhesions
in vitro (Jones et al., 1992). Intriguingly, increased MMP12 has
been associated with a reduction of focal adhesions in patients
with anti-alphal trypsin deficiency, resulting in an enhanced
severity of emphysema (Baraldo et al., 2015). Overall, these
data are consistent with an important role for Hox5 genes in
the regulation of lung fibroblast adhesion. Elucidation of the
factors that regulate maintenance of the adult lung elastin matrix,
including a better understanding of the role played by fibroblasts
and by Hox5 genes, will ultimately lead to better treatments for
lung disease diseases related to lung mesenchymal behavior such
as BPD, emphysema, and idiopathic pulmonary fibrosis (IPF).
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Hox genes have been known for specifying the anterior-posterior axis (AP) in bilaterian
body plans. Studies in vertebrates have shown their importance in developing region-
specific neural circuitry and diversifying motor neuron pools. In Drosophila, they are
instrumental for segment-specific neurogenesis and myogenesis early in development.
Their robust expression in differentiated neurons implied their role in assembling region-
specific neuromuscular networks. In the last decade, studies in Drosophila have
unequivocally established that Hox genes go beyond their conventional functions of
generating cellular diversity along the AP axis of the developing central nervous
system. These roles range from establishing and maintaining the neuromuscular
networks to controlling their function by regulating the motor neuron morphology and
neurophysiology, thereby directly impacting the behavior. Here we summarize the limited
knowledge on the role of Drosophila Hox genes in the assembly of region-specific
neuromuscular networks and their effect on associated behavior.

Keywords: Hox, Drosophila, motor neuron (MN), behavior, feeding, locomotion, self righting behavior,
neuromuscular network

INTRODUCTION

Feeding, locomotion, and reproduction are some of the most fundamental behaviors exhibited
by bilaterians. Regional specialization of the muscles, as well as the central nervous system
(CNS) along the anterior-posterior (AP) axis, is a prerequisite for the successful and
reproducible execution of these behaviors (Philippidou and Dasen, 2013). Role of Hox
genes in assembling region-specific neural circuitry and MN diversification has been
examined in vertebrates (Dasen et al., 2005; Dasen et al., 2008; di Sanguinetto et al., 2008;
Philippidou and Dasen, 2013) and to some extent in insects (Dixit et al., 2008; Dutta et al.,
2010; Baek et al., 2013; Garaulet et al., 2014; Enriquez et al., 2015; Picao-Osorio et al., 2015;
Friedrich et al., 2016; Issa et al., 2019; Garaulet et al., 2020). Hox genes are also involved in the
specification, survival, and functioning of other neuronal cell types (van den Akker et al., 1999;
Pattyn et al., 2003; Gaufo et al., 2004; Holstege et al., 2008; Miguez et al., 2012; Huber et al.,
2012; Bussell et al., 2014; Baek et al., 2019); however, such reports (for specific cell types) are
limited. The MNs are central players in the functioning of neuromuscular networks. Their role
in fine tuning muscle control is important for behavioral execution. The loss of MNs or
perturbation of their function owing to a disease affects the behavior and leads to progressive
muscle wasting. Therefore, studying their specification and functioning will give insights into
the molecular basis of complex behaviors and disease.
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In Drosophila, Hox genes are known to establish segment-
specific patterns of myogenesis and neurogenesis (Michelson,
1994; Technau et al., 2014). However, the molecular basis of how
Hox genes play a role in the specification and regional adjustment
of the motor neuron (MN) networks is just beginning to be
understood. Therefore much remains to be learned about their
role in the assembly, maintenance, and functioning of segment-
specific neuromuscular networks. In this regard, Drosophila as a
model organism offers many unique advantages over other
models (Hales et al, 2015; Schlegel et al., 2017; Yamaguchi
and Yoshida, 2018). These advantages are a short life cycle, a
fully sequenced genome, less redundancy than vertebrates, and a
wide array of molecular genetic tools. In its short life cycle,
Drosophila  undergoes  remarkable morphological and
behavioral changes with different modes of feeding and
locomotion for different stages. In just 10 days, it progresses
from a static, non-feeding embryonic stage to a crawling and
feeding larva, followed by an immobile and non-feeding pupal
stage, eventually eclosing as a sexually active adult with an
entirely different mode of navigation, locomotion, and
foraging. It has a wide repertoire of simple, well-established
behaviors (Nichols et al., 2012; Neckameyer and Bhatt, 2016),
and many of the neuromuscular modules executing these
behaviors are simple and well investigated. Compared to the
vertebrates, Drosophila has a relatively less complex nervous
system and musculature, and a fantastic array of molecular
tools for reproducibly making subtle genetic manipulations in
a cell-specific manner. The effect of these manipulations can be
assayed in live and behaving animals (Korona et al., 2017; Martin
and Alcorta, 2017), which is a tremendous advantage in
correlating a gene to behavior.

In this review, we summarize existing Drosophila literature
elucidating the role of Hox genes in the assembly and functioning
of region-specific muscle-MN connections and their contribution
in executing associated behaviors.

ROLE OF HOX GENES IN THE
SPECIFICATION OF
ANTERIOR-POSTERIOR AXIS IN
DROSOPHILA CENTRAL NERVOUS
SYSTEM

Hox genes are a family of homeodomain (HD) containing
transcription factors (TFs), which play an important role in
determining the anterior-posterior (AP) axis of bilaterian
organisms (Hart et al., 1985; Regulski et al., 1985; Akam, 1989;
Carroll, 1995). They are known to specify the AP axis by
differentially regulating their downstream target genes with the
help of TALE-HD containing cofactors Pbx/Exdradenticle (Exd)
and Meis/Homothorax (Hth) (Mann and Chan, 1996; Mann and
Affolter, 1998; Moens and Selleri, 2006; Merabet et al., 2007; Lelli
et al,, 2011; Saadaoui et al., 2011; Hudry et al., 2012). Hox genes
execute these functions by giving the segments where they are
expressed a very distinct identity, translating into divergent
morphologies/properties along the AP axis of the body
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(including epidermal structure, CNS, and musculature). In
Drosophila, there are eight Hox genes (compared to 39 Hox
genes in vertebrates) which are organized into two complexes-the
Antennapedia Complex (Antp-C) (Kaufman et al., 1990)
[comprising the genes Ilabial (lab), proboscipedia (pb),
Deformed (Dfd), Sex combs reduced (Scr), Antennapedia
(Antp)], and the Bithorax Complex (BX-C) (Sanchez-Herrero
et al, 1985; Tiong et al, 1985; Maeda and Karch, 2006)
[consisting of the genes Ultrabithorax (Ubx), abdominal-A
(abd-A) and Abdominal-B (Abd-B)]. Drosophila CNS consists
of the brain and segmented ventral nerve cord (VNC). Hox genes
pattern the VNC, which is the Drosophila equivalent of the
vertebrate hindbrain and spinal cord. The embryonic VNC
specified by Hox factors can be broadly divided into five
regions, namely: supra-esophageal ganglia (SPG) expressing pb
and labial; sub-esophageal ganglia (SEG) [composed of maxillary
(Mx), mandibular (Mn), and labial segments (Lb)] expressing
Hox genes Dfd, Scr and Antp; thoracic ganglia (T1-T3 segments)
expressing Antp and Ubx; abdominal ganglia (A1-A7 segments)
expressing Ubx, abd-A, and Abd-B; and the terminal region (A8-
A10 segments) expressing Abd-B (Hirth et al., 1998; Kuert et al,,
2014) (Figure 1). The expression of pb has also been reported in
other segments (SEG to A9) of VNC (Baek et al., 2013; Enriquez
et al., 2015; Hirth et al., 1998).

The neurogenesis in Drosophila happens in two phases,
embryonic and larval, separated by a period of mitotic
quiescence for the neural stem cells (called neuroblast-NB),
which are the progenitors and generate all the neurons and
glial cells of the CNS (Homem and Knoblich, 2012). In
embryonic stages (stages 9-11), NBs delaminate from the
neuroectoderm in each segment (Hartenstein and Wodarz,
2013). Five such successive waves of delamination generate 30
NBs per hemisegment of the embryo (Truman and Bate, 1988;
Doe, 1992; Hartenstein and Wodarz, 2013). This blueprint of the
CNS, when superimposed with the spatial genes [responsible for
determining the AP and DV (Dorso-Ventral) (Skeath, 1999) axis
and segment polarity genes (Bhat, 1999)], gives the NBs their
specific positional identity (Schmid et al., 1999; Truman et al,,
2004). This spatial identity of the NBs, in collaboration with the
sequentially expressing temporal series TFs (Doe, 2017)
expressed during embryogenesis, results in the generation of a
segment-specific variety of cell types and cell numbers in the
embryo. The transition of these temporal series TFs
(Hunchback>Kruppel>Pdm>Castor ~ >Grh) is intricately
coupled to the NB cell cycle, which precisely times the
expression of these factors and further contributes to specific
cell type generation (Isshiki et al., 2001). The embryonic phase
generates neurons required for larval CNS and eventually
contributes to 10% of the adult neurons, while postembryonic
neurogenesis contributes to the remaining 90% of the adult
neurons (Homem and Knoblich, 2012). Hox genes contribute
to the generation of the cellular variety along the AP axis in both
embryonic and post-embryonic phase of neurogenesis by
regulating fate specification, quiescence, proliferation,
differentiation and apoptosis of NBs and their progeny
(Prokop and Technau, 1994; Prokop et al., 1998; Bello et al.,
2003; Miguel-Aliaga and Thor, 2004; Berger et al., 2005a; Berger

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

87

January 2022 | Volume 9 | Article 786993


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

Joshi et al.

Hox Genes Motor Neurons and Behavior

|

T1-T3 SpGISEG

Ventral Nerve Cord
1

A1-A10

Abdominal segments Thoracic segments

© 000000 ©000000
© 000000 ©0©00900
© 000000 © 000000

°

Embryonic CNS

B

Larval CNS

| b
B

[ DfdiScr
] Antp
Ubx
B Abd-A
B Abd-B

FIGURE 1 | Expression of Hox genes in Drosophila CNS. Schematics of embryonic (stage 14) and second instar larval CNS show Hox genes’ expression pattern in
different regions along the AP-axis. Drosophila CNS has a brain and ventral nerve cord (VNC). VNC is divided into SPG/SEG region, thoracic segments (T1-T3),
abdominal (A1-A7) segments, and terminal (A8-A10) segments. The precise extent of Hox gene expression in these regions is shown by overlapping color-coded bars.
Pb is expressed in all the segments from SEG to A9.

TABLE 1 | Role of Hox genes in establishing neuromuscular networks and behaviour in Drosophila.

Specific
roles of Hox

Establishing region specific neuromuscular networks.
Region-specific matching of MN and Muscle (suggested)
LinA MN survival

Axonal targeting of LinA MNs and innervation of leg
muscles

Axonal arborisation on leg muscle

Antp level dependent axonal targeting to proximal and
distal leg regions

Regulation of axonal and dendritic morphology with the
help of mTFs

Targeting of 3 LinB MNs that innervate leg muscles
Controlling the walking stance of the adults at high speed
Regulation of axonal outgrowth of MNs from the SEG that
innervate the MHE muscles

Formation and maintenance of synapses at the NMJ in the
MHE by regulation of molecules controlling synaptic
specificity

Regulation of Wnt4 and Sulf-1 in VL2 muscles that signal
and repel away approaching growth cones of VL1 MNs
Controlling expression of target genes in VL1 MNs to repel
VL1 MNs from VL2 muscles

Proper oviduct innervation by Fru® ILP7 MNs
Maintenance of MN synapses on oviduct and radial
muscles

Regulation of neural Ca?* activity of the SR node MNs

Regulation of neural Ca®* activity of the SR node MNs
Maintenance of synaptic structures on the adult leg
muscles

References

Dixit et al. (2008)

Baek et al. (2013)

Enriquez et al.
(2015)

Friedrich et al.
(2016)

Hessinger et al.
(2017)

Garaulet et al.
(2014)

Picao-Osorio et al.
(2015)
Issa et al. (2019)

Function Hox gene Location of action of
involved Hox

Peristaltic movement in larval Ubx/AbdA Muscles and neurons

locomotion (Figure 2A)

Establishment of neuromuscular Scr/ Thoracic LinA MNs

network for adult legs (Figures 2B,C)  Antp/Ubx

Adult locomotion Pb Thoracic LinB MNs

Larval feeding (Figure 3) Dfd MHE muscles and maxillary
nerve motor neurons

Establishment of embryonic muscle Ubx VL2 muscles and VL1 MNs

innervation pattern (Figure 4)

Female egg-laying Ubx Fru* neurons

Larval Self-righting behavior Ubx Larval SR node MNs

(Figures 5A,B)

Adult Self-righting behavior Ubx Adult SR node MNss (these are

(Figures 5C,D) distinct from larval SR MNs)
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FIGURE 2 | Summary of the role of Hox genes in larval peristalsis and leg innervating MNs. (A) Schematic showing abdominal peristaltic movement in wild-type
larva. (B) Shows that abdominal peristaltic movements are lost in Ubx, abd-A double mutant. (C) Shows that Antp overexpression transforms anterior segments but
transformed segments do not show peristaltic movements. The abdominal peristaltic movements are unaffected. (D) Shows that in the case of Ubx overexpression,
thoracic and more anterior segments get transformed and gain abdominal peristaltic movements. The direction of peristalsis is shown with an arrow, and its extent

is shown in cyan color. (E-E”) Shows that thoracic MNs (in green) innervate primordial leg tissue in larval and pupal stages and adult leg muscles. Also shown is the
change in the expression code of Antp, Ubx, and Hth in LinA MNs of different thoracic segments (T1-T3) across different developmental stages. (F=F”) Shows the wild-
type arborization pattern of thoracic MNs innervating to the adult leg muscles. This axonal arborization is affected in triple Hox triple mutants (Scr™, Antp~, Ubx") and hth™?
mutants. This suggests that Hox/Hth is required for the survival, targeting and morphology of MNs innervating to the adult leg.

et al.,, 2005b; Rogulja-Ortmann et al., 2008; Tsuji et al., 2008;
Kannan et al,, 2010; Karlsson et al., 2010; Suska et al., 2011; Kuert
etal., 2012; Baek et al., 2013; Birkholz et al., 2013a; Birkholz et al.,
2013b; Estacio-Gomez et al.,, 2013; Baumgardt et al., 2014; Kuert
etal., 2014; Arya et al., 2015; Becker et al., 2016; Khandelwal et al.,
2017; Monedero Cobeta et al., 2017; Yaghmaeian Salmani et al,,
2018; Bahrampour et al., 2019; Ghosh et al., 2019; Bakshi et al,,
2020).

In the CNS, Hox genes are expressed in NBs in early
embryonic stages, but their expression from the NBs is largely
excluded thereafter. However, Hox genes continue to express in
the neurons as they differentiate, project axons/dendrites, and
form synaptic connections (Hirth et al., 1998) in embryonic and
postembryonic stages. This led to the suggestion that Hox genes
may have a role in the assembly and functioning of
neuromuscular networks (Hirth et al., 1998; Dixit et al., 2008).
More so, since the regionally distinct muscle patterns are known
to be established by Hox genes early in development (Michelson,
1994). However, barring their role in regulating neuronal
differentiation and apoptosis (Hirth et al., 1998; Miguel-Aliaga
and Thor, 2004; Rogulja-Ortmann et al., 2008; Karlsson et al.,
2010; Suska et al., 2011; Baek et al., 2013; Estacio-Gomez et al.,
2013), the utility of the sustained expression of Hox genes in
neurons had not been entirely clear. Therefore, the role of Hox
genes in the regional specialization of the MNs, and their
contribution to the assembly of functional neuromuscular
networks (along the AP axis) remained unaddressed for a long

time. Here, we focus on the reported roles of Drosophila Hox
genes in the establishment of functional neuromuscular networks
and behavior (summarized in Table 1). We also attempt to
identify some common themes in the context of
neuromuscular network assembly and functioning, which are
independent of the conventional role of Hox genes in AP axis
determination.

ROLE OF HOX GENES IN LOCOMOTION

One of the first reports implicating the role of Hox genes in
assembling the segment-specific neuromuscular networks in
Drosophila was by Dixit et al. (2008) from Bate and Vijay
Raghavan groups in Cambridge and Bangalore. This report
established the role of Hox genes in regulating segmental
peristaltic movements in larval locomotion (Dixit et al., 2008).
This work, in many ways, laid the foundation for exploring the
molecular basis of the genetic control that results in equivalent
cells of CNS (along the AP axis) to form regionally specialized
neuromuscular networks.

This study showed that the thoracic and abdominal segments
of the larval body have distinct movement patterns during larval
peristalsis (Figure 2A). The experiments suggested that the
abdominal peristaltic movements critically relied on BX-C,
specifically Ubx and abd-A (Figure 2B). The mutants for Ubx
or abd-A were used to show that either of these genes was
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necessary for developing the neuromuscular networks
coordinating these movements. Interestingly, the ubiquitous
expression of either of the two genes was also sufficient for
transforming the anterior segments to posterior identity
(Figure 2D). This resulted in morphological transformation of
the epidermal denticle belts (which had been known from earlier
studies) and the anterior segments gaining the peristaltic activity
like abdominal ones. However, this did not happen in the case of
Antp overexpression (Figure 2C). In the absence of anatomical
data, the study speculated that these movements rely on region-
specific muscle architecture and their precise innervation by
cognate MNs. In agreement with this, the expression of Ubx
or AbdA in muscles was not sufficient for anterior segments to
show a peristaltic pattern similar to posterior segments. This
observation supported the idea that in the case of Hox-dependent
segmental transformation, the MNs and the entire neural
circuitry are reorganized to match the transformed pattern of
muscle. This study also suggested that a one-to-one match in the
identity of the muscle with that of the underlying neural circuitry
is required for the proper execution of abdominal peristaltic
movements.

Subsequently, two studies comprehensively addressed the
developmental role of Hox genes in survival, targeting, and
morphology of thoracic MNs, which innervate the leg muscles
responsible for adult locomotion (Baek et al., 2013; Enriquez
et al., 2015). These studies were built upon previous work which
had shown that 50 MNs innervating the Drosophila adult leg
muscles are generated by 11 NBs located in each thoracic
hemisegment (Baeck and Mann, 2009; Brierley et al., 2012).
Two-third of these 50 MNs are generated by two NB lineages,
LinA (or Lin 15), which generate 28 MNs, and LinB (or Lin 24),
which generate seven MNs (Truman et al., 2004; Baek and Mann,
2009). These studies had characterized stereotypic axonal and
dendritic morphologies of all the 50 MNs (generated by LinA and
LinB) at the single-cell level, down to their synaptic innervations
of the 14 leg muscles on the four segments of the adult leg (Baek
and Mann, 2009; Brierley et al., 2012).

The first study by Baek et al. (2013), from Mann’s group in
New York focussed on LinA MNs and showed that Hox genes
(Scr, Antp, and Ubx) and their TALE-HD containing cofactor
Hth are required for the survival of the MNs in all the three
thoracic segments. They found that all newly born thoracic
MNss express Antp and Hth in all the three thoracic segments
in larval stages (Figures 2E-FE’). As the development
progressed, this expression code transformed from being
Antp*/Hth" in all the segments to Hth* in T1, Antp*/Hth"
in T2, and Ubx"/Hth" in the T3 segment in the late pupal
stage and adults (Figures 2E-F’). This change in TF code is
suggested to specialize the MNs innervating the adult legs to
execute their segment-specific functions (Szebenyi, 1969;
Kaplan and Trout, 1974; Dawkins and Dawkins, 1976;
and Schneiderman, 1993; al.,
2000). Exd was found to express in all the segments in all
the stages. Subsequent clonal analysis (Wu and Luo, 2006)
done with Hox triple (Scr™, Antp~, Ubx") and hth mutants
indicated that expression of both Hox and hth genes is
required autonomously within the thoracic lineages for

Trimarchi Dickinson et
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survival, targeting, and morphology of the adult MNs
(Figures 2F-F’) (Back et al., 2013). Since Antp was the
only Hox factor to be expressed initially in NBs, Antp
single mutant was tested. Curiously, this mutant
recapitulated most of the phenotype exhibited by Hox
triple mutant, except the death of MNs in the T3 segment,
which was attributed to Ubx and Antp redundancy in this
segment. Subsequently, the death of the MNs was blocked by
the expression of p35, a viral protein commonly used to block
apoptosis (LaCount et al., 2000). In this case, the surviving
MNs in Hox triple (Scr™, Antp~, Ubx") or hth mutant
backgrounds targeted roughly to the same region along the
proximal-distal (PD) axis of the adult leg segments, with
terminal arborization defects. This suggested that Hox (and
hth) genes are not needed by LinA progeny to assume the
thorax-specific lineage identity or the MN fate. However, they
are required for the appropriate specification of the finer
morphological features of these MNs necessary for the
functional muscle innervation (Figures 2F-F’). This was
similar to what is known for the role of Hox genes in
vertebrates MN specification, wherein MN identity is
established independent of Hox genes (Jessell, 2000; Dasen
et al., 2005).

The study also provided a novel alternative mechanism to
diversify cell fate within a given lineage by modulating the
expression level of Hox factor Antp. Usually, NB progeny rely
on temporal series TFs for fate diversification (Doe, 2017). Baek
et al. (2013) observed that within the same lineage, Antp is
expressed at high levels in late-born MNs and low levels in
early-born MNs. This variation in the Antp gene expression
levels in MNs was found to have an instructional role in their
axonal targeting. It was observed that high Antp expressing
late-born MNs targeted the distal region, and low Antp
expressing early-born MNs targeted the proximal regions of
the adult leg. Expectedly, this pattern could be reversed by
overexpression or the knockdown of Antp. Though, in the null
allele of Antp, both distal and proximal targeting of MN was
affected with no specific bias, indicating that low level gave a
distinct phenotype from the absence of Antp. This variation in
the expression levels of Antp had cell-autonomous
consequences in MN innervation and did not show any
defect in the leg muscles of the adult fly. This was in
contrast to an earlier work by Dutta et al. from
VijayRaghavan and Rodriguez groups at Bangalore, where
Hox dysregulation in MNs resulted in muscle development
defects (Dutta et al., 2010). The experiment in this study shows
that knockdown of Ubx in adult MNs resulted in modest
reduction and developmental deformity in adult leg muscles
(Dutta et al., 2010). On the other hand, Ubx overexpression in
the MNs innervating thoracic dorsolateral muscle (DLM) of
adults caused a dramatic reduction in the number of DLM
fibers (Dutta et al., 2010). These observations implied an active
communication between the adult thoracic MNs and their
muscle targets. Dutta et al. (2010) also suggested that Hox
expression needs to be tightly controlled within a narrow range
for the assembly of functional neuromuscular network. It is to
be noted that this study relied on a chronic knockdown/
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overexpression of Ubx in the MNs, while Baek et al. (2013) used
temporally controlled overexpression or knockdown.

The requirement of Hox genes in determining the morphology
of thoracic MNs was followed up by Enriquez et al. from Mann’s
group in New York (Enriquez et al.,, 2015). This work identified
the role of Hox gene proboscipedia (pb) in determining the
morphological characteristics of three thoracic MNs (Enriquez
et al, 2015). The proboscipedia (pb) expresses from the
supraesophageal region to the A9 segment in embryonic and
larval CNS (Hirth et al., 1998; Baek et al., 2013), but its role in
neurogenesis had not been tested. Previous studies had suggested
that the morphology of MNs arising out of thoracic LinA and
LinB lineages were under precise genetic control, which had a
bearing on their function (Baek and Mann, 2009; Brierley et al.,
2012). However, the genetic determinants regulating the
individual neuronal morphology for these (or any neuron)
were not known. LinB (or Lin 24), which produces only seven
MNs in each hemisegment (of 3 thoracic segments) were an
attractive system to address this problem owing to few but well-
characterized MNis in this lineage (Baek and Mann, 2009; Brierley
et al., 2012). Enriquez et al. screened 230 antibodies against
different TFs for their expression in larval LinB lineage
[marked by GFP using MARCM (Wu and Luo, 2006)]. They
identified six TFs whose combinatorial expression was sufficient
to uniquely classify the seven MNs of LinB lineage. These factors
were Empty spiracle (Ems), the Zinc finger homeodomain factors
1 and 2 (Zth1 and Zfh2), the Hox TF Proboscipedia (Pb), the Pax6
ortholog Twin of Eyeless (Toy), and Prospero (Pros). Further,
they observed that the TFs combinations observed in each of the
seven MNs were not observed in any other neuron of the CNS.
After that, they used lineage tracing experiments to correlate
larval LinB MNs (with unique TF code) to their adult
counterparts, each of which corresponds to distinct
morphology and muscle innervation. This supported the idea
that the characteristic expression of these six TFs probably results
in distinct axonal and dendritic morphologies of these MNs.
Consequently, these factors were called morphology TFs (mTFs).

Next, a clever combination of MARCM (Wu and Luo, 2006)
with the Flybow technique (Hadjieconomou et al., 2011) was used
to mark adult MNs where they removed or overexpressed pb to
analyze its effect in MNs of LinB. The Hox gene pb was shown to
be essential for the morphological identity of 3 out 7 MNs of LinB.
Interestingly, loss or overexpression of pb did not affect the
expression of the other five mTFs, which was in contrast to
what is known for the temporal series TFs (Doe, 2017), which
play a crucial role in generating neuronal diversity. When pb
mutant LinB NB was analyzed, it was observed that the number of
MNss generated in the lineage was unaffected. These MNs did not
lose or change their identity; they remained glutaminergic, and
their axons targeted the leg muscles. However, there was a
reduction in the area covered by dendrites of MNs, and
specific axon targeting defects were observed on adult leg
muscles. Conversely, misexpression of pb in LinA MNs
resulted in the relocalization of their dendrites to an area on
the neuropil, where typically LinB dendrites were located.
However, LinA retained many of its features and did not gain
all the characteristics of LinB. Since pb mutant MNs show
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defective leg muscle innervation, the adults with pb mutant
MNs were tested for walking behavior. Most walking
parameters were normal, except that at high speed, the flies
with pb mutant LinB MNs showed more wobble in walking
than the control adults. This indicated a role of Pb expressing
LinB MNs in stable walking at high speed. In order to establish
that mTF code (of Pb with other factors) was instructive for the
MN morphology, the TF code of specific LinB MNs was changed
to other MNs in the LinB lineage by simultaneous knockdown
and overexpression of the mTFs. It was observed that altering the
mTF code resulted in the predictable transformation of the
morphology, which supported the idea that different
combinations of mTFs determined the MN’s morphological
identity and led to the suggestion that role of pb in
morphology had a critical bearing on the fly walking behavior.
These results also established a genetic basis for the morphology
of the MNs. They also suggested that MNs rely on a unique
combination of different mTFs, which collectively give them their
distinct signature morphologies. An idea proposed in the study is
that temporal TFs most likely direct a stepwise change in the
mTFs code for successive MNs (generated in LinB) and thus
progressively change their morphology. To test this idea, it will be
an important (though tedious) task to delineate the role of
individual mTFs in determining the final MN morphology in
the context of LinB. The results also raise the question of whether
Pb plays a similar role in determining the morphology of other
thoracic MNs (working with a different set of mTFs).
Alternatively, considering Pb expression in other segments; it
is a possibility that Pb may contribute to determining the
morphologies of MNs found in other segments of VNC as well.

Moreover, since different levels of Antp have already been
shown to play a role in regulating the morphology of MNs (Baek
et al., 2013), one wonders if there is any interaction between pb
(or other mTFs) and resident Hox gene in determining the final
MN morphology. It is to be noted here that Antp expressing LinA
MNss did not express Pb (Baek et al., 2013). Experimental testing
of this idea will also determine whether the identity of the NB has
any consequence on the choice of the mTFs employed. However,
the existence of a lineage-specific combination of the mTFs has
already been ruled out by Enriquez et al. (2015).

HOX CODE FOR NEUROMUSCULAR
ASSEMBLY IN EMBRYOGENESIS AND
LARVAL FEEDING CIRCUIT

Feeding is a fundamental behavior necessary for the survival of an
animal. In Drosophila, the feeding behavior has been investigated
in larval and adult stages (Pool and Scott, 2014; Miroschnikow
et al., 2020). The neurons responsible for feeding behavior and
taste perception reside in the maxillary (Mx) and mandibular
(Mn) neuromeres of larval SEG, which express Hox gene Dfd
(McGinnis and Krumlauf, 1992; Hirth et al., 1998; Kuert et al.,
2014). The Dfd loss of function mutants die during
embryogenesis due to their inability to hatch. The
hypomorphic alleles that survive until adulthood starve to
death, owing to their inability to extend proboscis and ingest
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A Wild Type embryo

Wild Type larva

FIGURE 3 | Role of Dfd in embryonic axonogenesis and larval feeding. Schematics show the major components responsible for embryonic mouth hook movement

and larval feeding circuitry. The maxillary nerve (shown in yellow, originates from the SEG region of embryonic/larval CNS and innervates both MHD (shown in purple) and
MHE (shown in red) muscles. The Dfd positive motorneurons (shown in green) from SEG synapse with the MHE muscles only and are crucial for the mouth hook elevation
during embryonic hatching and larval feeding. The grey shaded region represents the Cephalopharyngeal Skeleton (CPS), extension and retraction of which is
integral to the feeding process. The CNS is shown in blue on the right. The mouth hooks are shown in black in the embryos. In larvae, black mouth hook shows the extent
of its elevation in wild-type, blue mouth hook shows the extent of its depression in wild type, and light green mouth hooks show the extent of its elevation in a Dfa® mutant.
(A,B) Shows the schematic of wild type and Dfd mutant embryos, latter show a severe restriction in axon outgrowth for the Dfd positive motor neurons resulting in failure
of these neurons to project to the MHE. These mutants show hatching defects. (C,D) Shows the schematic of the wild type and Dfd mutant larvae. In the absence of Dfd,
the mouth hook elevation is drastically reduced (double-sided arrow indicates the extent of mouth hook elevation and depression in wild type and Dfd mutant larvae). Dfd
is required in both MHE and MNs to regulate assembly and maintenance of the feeding motor unit to execute optimum mouth hook movement.

Dfd-embryo

Dfd-larva

food (Merrill et al., 1987; Regulski et al., 1987; Restifo and Merrill,
1994).

Building on these observations, a study by Friedrich et al. from
Lohmann’s group at Heidelberg investigated the role of Dfd in
larval feeding behavior (Friedrich et al., 2016) and exploited the
fact that both hatching and feeding rely on the same motor circuit
responsible for the up and down movement of the larval mouth
hooks (Pereanu et al., 2007; Schoofs et al., 2010; Hiickesfeld et al.,
2015) (Figure 3). These movements are executed by mouth hook
elevator (MHE) and depressor (MHD) muscles in the larval head,
which receive synaptic input from neurons in Mx, Mn, and Lb
neuromeres and contribute to the larval feeding circuit (Pereanu
et al., 2007; Schoofs et al., 2010; Hiickesfeld et al., 2015). The
authors show that the MNs from SEG expressed Dfd and
innervate the elevator but not the depressor muscles
(Figure 3A). Congruent to these observations, embryos
mutant for Dfd were found to exhibit axonogenesis defects
(Figure 3B) and consequent failure to hatch into larvae.

Blocking the synaptic transmission in Dfd expressing MNs
using tetanus toxin also compromised embryonic hatching. Next,
using a temperature-sensitive allele (Dfd’) it was shown that Dfd
is chronically required in the assembly, maintenance, and
functionality of the feeding circuit. It was observed that Dfd’
embryos exhibited mouth hook movement and hatching defects

when raised to non-permissive temperature in late embryogenesis
(which is much after the formation of synapses). In corroboration
to this, Dfd’ larvae, when shifted to non-permissive temperature
as late as in the third instar stage, showed head-mouth hook
movement defects, further establishing the chronic requirement
for the gene (Figure 3D). Interestingly in both these cases, the
innervation of the elevator muscle was found to be normal.
Similar knockdown (KD) of Dfd in neurons by RNA
interference or Dfd’ allele exhibited a significant change in
synaptic morphology coupled with the reduction in the
expression of a synaptic gene, Ankyrin-2 extra-large (Ank2-
XL). However, unlike in the case of Ubx KD in MNs (Dutta
et al,, 2010) reported earlier by Dutta et al., muscles in the larval
feeding circuit were normal in the case of Dfd KD in MNs. Since
Dfd was found to be expressed both in the elevator muscles and
the MNs from SEG, it was proposed that Hox expression in both
these cells types provides them with a molecular code to identify
each other during synaptic assembly. In agreement with this idea,
a synaptic target recognition molecule “Connectin” (Con) (Nose
et al., 1994) was found to be amongst the direct transcriptional
targets of Dfd in CNS. Interestingly, this homophilic cell adhesion
molecule Con was expressed in MNs and muscle devoid of Dfd
protein, and its expression was regained in the MNs mutant for
Dfd. This suggested that Dfd functioned to bring together MNs

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

92

January 2022 | Volume 9 | Article 786993


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

Joshi et al. Hox Genes Motor Neurons and Behavior
A J—’ B
A1 A2 A3 Ubx A1 A2 A3
= YA VeV o VoV
Wnt4 ‘—l TCE1  unknown VL1
Sulf'1 or targets NS T
g VL2
= Ubx TCF AN~

— e

VL1 MNs

Stage 14

embryo.

FIGURE 4 | Dual role of Ubx in embryonic muscle innervation. Schematic of stage-14 and 17 embryos show the mechanism of innervation of ventrolateral muscles
(VL1-4) of the embryonic body wall (shown in grey) by VL1-MNs (shown in green) coming from the embryonic CNS (shown in blue). (A) At stage-14, the approaching
growth cone of the VL1 MNs is repelled by Ubx expressing VL2 muscles. Ubx mediates activation of Wnt4 and Sulf-1 in the VL2 muscles, which then interact with the Wnt
receptors on the growth cone of the MNs. This leads to the activation of Wnt signaling (armadillo/TCF) in the VL1 MNs. Ubx and TCF in these MNs act together or in
parallel to regulate the expression of unknown target genes, resulting in the repulsion of the VL1-MNs by VL2 muscles, thereby pushing them to their final target (VL1
muscles) by stage 17. (B) This suggests that Ubx expression in both VL2 muscles and VL1-MNs is required for establishing precise neuromuscular connections in the

VL3

Stage 17

and cognate muscles by actively repressing Con in the cells of the
feeding circuit. However, the identity of cell adhesion molecule(s)
positively required by these cells for assembly of the
neuromuscular feeding unit is yet to be determined.

The work established the role of Dfd as a critical coordinator
for the formation, maintenance, and functioning of the
neuromuscular network in the larval feeding circuit. The
results also showed that synaptic stability and plasticity are
determined by the half-life of synaptic proteins as well as the
transcriptional program, which sustains the supply of synaptic
components that maintains the neuromuscular junction. Lastly, it
was proposed that Hox genes provide the molecular code for
matching the MNs and muscles during developmental synaptic
assembly through their transcriptional targets. However, even
though Dfd was shown to have a role in the functioning of the
feeding circuit, it remains to be investigated whether Dfd played a
role in regulating the neural activity of the motor neurons to
regulate the feeding behavior.

Continuing on the theme of Hox gene providing a molecular
basis for matching the MNs and muscles, a subsequent study by
Hessinger et al. (2017) from Rogulja-Ortmann and Technau
groups at Mainz established a similar role for Hox gene Ubx
in the assembly of the embryonic neuromuscular junction. This
study unraveled the mechanism of how Ubx plays a role in
determining the target specificity of the MN and its cognate
muscle during embryogenesis. In the abdominal segments (A2-
A7 segments) of embryonic CNS, ventrally projecting RP MNs
innervate ventrolateral (VL) muscles on the embryonic body wall.
The RP MNs 1, 3, 4, and 5 are some of the MNs known to
innervate four VL muscles (VL1-4) in the abdominal segments

(Bossing et al., 1996; Landgraf et al., 1997). Hessinger et al.
focussed on the innervation of RP5 and V MNs (referred to as
VL1-MNs) onto the VL1 muscles of abdominal segments
(Figure 4). Through meticulous genetics, the study established
that precise innervation of VL1 muscle by its cognate MNs (VLI1-
MN:s) relies on Ubx mediated activation of Wnt4 signaling in VL2
muscle (Figure 4A). The authors found that AbdA had no role in
this innervation, which entirely relied on Ubx dependent
expression of the Wnt4 and sulfatase 1 gene (sulfl-known to
be necessary for axon guidance) in the VL2 muscle. Wnt4 and
Sulfl expression in VL2 muscle played an instrumental role in
repelling the axons of the MNs facilitating them to innervate their
correct target, which was the VL1 muscle (Figure 4B). Wnt4 is a
member of the Wnt family of signaling molecules while Sulfl is a
sulfatase implicated in regulating Wnt and BMP gradient in
neuromuscular junction (Nose et al., 1994; Inaki et al., 2007).
The secretion of Wnt4 and Sulfl by VL2 was paralleled with the
activation of canonical Wnt4 signaling in VLI-MNs. This
facilitated the repulsion of MNs away from VL2 muscles,
thereby establishing a precise neuromuscular connection
(between VL1 muscle and VL1I-MNs). Congruent to this, the
knockdown of the canonical Wnt4 signaling pathway in the VLI-
MNss resulted in their targeting defects. On the expected lines in
Ubx mutants, Wnt4 and sufll genes were downregulated in VL2
muscles. Consequently, VLI-MNs could not go past VL2
muscles, and the innervation of VL1 muscles by these MNs
was lost. Finally, as was observed in the case of larval
peristalsis (Dixit et al., 2008) and feeding circuitry (Friedrich
et al., 2016), it was the simultaneous expression of Ubx in both
MNs and the muscles which rescued the Ubx mutant phenotype.
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Collectively, these studies highlight the importance of Hox genes
in establishing a complementary molecular code between MN
and muscles for the functional assembly of the neuromuscular
networks.

ROLE OF BX-C miRNA MEDIATED HOX
REGULATION IN BEHAVIOR

BX-C has a bidirectionally transcribed microRNA (miRNA)
locus with two overlapping miRNA’s on the opposite strand
(iab4/8). This miRNA locus lies between abd-A and Abd-B and
has been shown to target neighboring homeotic genes and results
in homeotic transformation on overexpression (Ronshaugen
et al., 2005; Bender, 2008; Stark et al., 2008; Tyler et al., 2008).
Phenotypically, the homozygous deletion for the miRNA shows
sterility and no other significant phenotype (Bender, 2008;
Lemons et al., 2012). Recent studies have focussed on the role
of this locus in CNS development, sterility, and adult behavior.

ROLE OF UBX IN EGG-LAYING BEHAVIOR

One of these studies by Garaulet et al. (2014) from Lai’s group in
New York investigated the role of BX-C miRNA in CNS
patterning and female sterility. Garaulet et al. demonstrated
that in contrast to the embryonic epidermis where AbdA and
AbdB repress anterior Hox gene Ubx, in larval CNS, it is the BX-C
miRNA, that represses the BX-C genes outside their normal
domain of expression. The deletion of this locus results in
deregulation of Hox genes Ubx and abd-A and their cofactor
exd and hth in posterior VNC of larval CNS. This was in
agreement with what had been reported for this miRNA
previously in the embryonic CNS as well (Bender, 2008;
Thomsen et al.,, 2010; Gummalla et al., 2012). The subsequent
genetic analysis shows that the sterility phenotype reported in
miRNA-deleted females was substantially rescued by
heterozygosity for BX-C genes (Ubx, abdA) and their cofactor
hth. This effect was recapitulated by the targeted knockdown of
Ubx in neurons, thereby establishing that deregulation of Hox
and hth genes in neurons is critical for the sterility phenotype.
Phenotypically, the ovary morphology in the mutant female flies
was normal, and flies were capable of mating. Since the defect
seemed to be in the egg-laying, therefore the focus shifted to the
oviduct. The oviduct has two kinds of inputs, Insulin-like peptide
7 (ILP7) expressing excitatory glutaminergic MNs and inhibitory
octopaminergic neurons terminating on radial muscles and
epithelial linings (Rodriguez-Valentin et al., 2006; Yang et al,
2008; Castellanos et al., 2013). Significantly, the BX-C miRNA
deletion did not alter the number or the transmitter identity for
the ILP7+ MNs or the octopaminergic neurons. However, there
was a reduction in the innervation of ILP7+ MNs on the oviduct
and synaptic bouton count of the MNs on the radial muscles.
These defects were substantially rescued by heterozygosity of Ubx
and abd-A, but not by hth. However, the overexpression of Ubx or
hth specifically in ILP7+ MNs did not recapitulate the sterility.
This suggested that the broad de-repression of these genes in CNS

Hox Genes Motor Neurons and Behavior

was the cause of adult sterility. A search for functional neuronal
domain responsible for the sterility was narrowed down to the
Fruitless (Fru) expressing neurons (Stockinger et al, 2005)
[which include ILP7+ MNs of oviduct as well (Castellanos
et al, 2013)]. The Ubx and Hth overexpression in Fru+
neurons resulted in significant female sterility (90% in Ubx
and 22% in Hth), suggesting that these neurons contribute to
the female egg-laying program. However, other neuronal lineages
from Fru expressing domain relevant for fertility and egg-laying
behavior were not identified. Quite surprisingly, a subsequent
study by the same group with a new deletion allele for BX-C
miRNA showed that female flies were normal in their egg-laying
behavior and had a functional neuromuscular control at the
genital tract (Garaulet et al, 2020). Instead, this study
suggested that the miRNA-deleted female had a behavioral
shift from a virgin state to a post-mated state. This shift was
attributed to the misregulation of hth in CNS. However, whether
the misregulation for Hox genes (Ubx and abd-A) play a role in
the behavioral shift was not reported. Also, this study did not
investigate the innervation of ILP7+ MNs in females homozygous
for new miRNA deletion. This suggests that either Hox genes of
BX-C have no role in this behavioral shift for the female flies or
the same is yet to be investigated.

ROLE OF UBX IN SELF RIGHTING
BEHAVIOR

Continuing on the theme of BX-C miRNA mediated repression of
homeotic genes, two elegant studies from the Alonso Lab at
Sussex in the UK have uncovered a role of the homeotic gene Ubx
and the BX-C miRNA in self-righting (SR) motor behavior in
Drosophila larvae and adults (Picao-Osorio et al., 2015; Issa et al.,
2019). These studies show for the first time a post-developmental
role of Hox gene and the importance of maintaining a very fine
control over Hox expression in CNS to regulate neural physiology
and behavior. SR is an innate reflex that corrects the body
orientation when it is out of its normal upright position
(Figures 5A,C). This response is evolutionarily conserved
amongst all the bilaterians (Penn and Jane Brockmann, 1995;
Faisal and Matheson, 2001; Jusufi et al., 2011).

The first study by Picao-Osorio et al. (2015) established a role
of BX-C miRNA iab4 in the regulation of Ubx in a defined group
of MNs required to execute the SR behavior in larvae. Initially, the
larvae for the deletion of BX-C miRNA were tested for different
behavior assays of abdominal peristaltic waves, turning, and SR.
All the behaviors were normal except for the SR behavior where
miRNA-deleted larvae took a long time to turn themselves over
after being put on their dorsal side (Figure 5A). Since Ubx was a
known target of BX-C miRNA in VNC (Bender, 2008; Tyler et al.,
2008; Thomsen et al., 2010; Garaulet et al., 2014), it was tested by
targeted overexpression in its native transcriptional domain, and
its role was confirmed in SR defects. Next, the cellular basis of
aberrant SR behavior was narrowed down to Ubx regulation by
iab4 to two metameric MNs in larval VNC (SR node neurons or
SRN). The SRN innervated the lateral transverse (LT) muscles of
the larval body wall, the LT1/2 (Figure 5B) (Picao-Osorio et al.,
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FIGURE 5 | Role of BX-C miRNA in self-righting behavior. (A) The larval SR behavioral response in wild-type and miR-iab4 mutants is shown. Head twisting and
body roll-over get significantly delayed in miR-iab4 mutants compared to wild-type larvae. (B) Shows that SR node (SRN) neurons originating from abdominal segments
innervate to the lateral transverse (LT1/2) muscles of the larval body wall. (C) Shows adult self-righting behavioral response in wild type and miR-iab4 mutants, latter
shows delayed SR behavior in adults as well. (D) Shows the innervation of the adult leg muscles by SRN neurons originating from T3 segments.

2015). Interestingly, the authors did not find any developmental
consequence of Ubx dysregulation in larval CNS, and conditional
expression of Ubx in the SRN in larval stages could recapitulate
the SR behavior defects. This suggested that tampering with the
levels of Ubx in these neurons specifically affected physiology and
behavior. Similarly, a specific MN GAL4 line, which innervated
LT muscles, was used for misexpressing Ubx and was shown to
delay the SR in larvae. These observations were further
corroborated by the differences in calcium activity traces of
the SR MNs [measured using in vivo calcium sensor GCaMP
(Chen et al,, 2013)] in miRNA-deleted larvae compared to the
wild-type controls. Artificial thermogenic activation (Hamada
etal., 2008) or silencing (Kitamoto, 2001) of SR MNs also resulted
in SR behavior defects, which was also reflected by the difference
in calcium activity traces (Chen et al., 2013) in the test and the
wild-type controls. However, it was not clear from this study
whether similar SR movements in morphologically distinct
organisms like larvae or adults relied on common or different
genetic modules. To address this, the same group investigated and

found a role of miRNA-mediated Ubx regulation in adult SR
behavior (Figure 5C) (Issa et al.,, 2019). In this case, as well,
overexpressing Ubx in its native domain could recapitulate these
defects. Subsequently, Ubx was upregulated in two different
subsets of adult leg MNs. However, the SR defect was reported
in only in one case, further restricting the MNs responsible for SR
defects in adults. These MNs were different from those required
for executing SR behavior in larvae (Picao-Osorio et al., 2015).
The downregulation of Ubx in adult-specific SR MNs was
sufficient to rescue the behavioral defects reported in miRNA
deletion. This knockdown also increased the number of synaptic
varicosities on the femur muscles of the adult leg and rescued the
neural activity in MNs back to the wild-type levels. These results
supported a previously suggested idea that Hox genes have a role
in assembling and maintaining the synaptic structures (Friedrich
et al,, 2016). The Drosophila larva and adult are divergent in
lifestyle, behavioral properties, muscle structure, and neural
constitution. Therefore, this study suggests that similar

movements  performed by organisms with  distinct
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biomechanical, morphological, and neural structures could rely
on the same miRNA/Hox genetic module, which can be
redeployed in different developmental stages for equivalent
behavior.

Importantly, these studies show that the miRNA-dependent
post-transcriptional regulation of Hox gene Ubx can control the
neural activity of MN to regulate the behavior of an animal. This
function of Hox genes in neural physiology is independent of
their role in development. The authors also suggest that other
behavioral modules (like postural adjustment and locomotion)
could also be controlled by miRNA. Furthermore, it is also
possible that other adult movement-associated behaviors (like
flight, walking, and jumping) (Szebenyi, 1969; Kaplan and Trout,
1974; 1976;
Schneiderman, 1993; Dickinson et al, 2000) may also be
regulated by miRNA-mediated regulation of Ubx or Antp. For
instance, Baek et al. show that Antp and Hth are the primary
factors expressed in all thoracic leg MNs in larval stages.
However, in the late pupal and adult stage, the T1 MNs
express Hth, T2 express Antp and Hth, and T3 express Ubx
and Hth (Baek et al, 2013). Therefore, one possibility worth
considering is whether BX-C miRNA-mediated regulation of
Antp and Hth also contributes to adult SR or other
movement-associated behaviors. This is plausible considering
that Hth has already been shown to be a target of BX-C
miRNA in CNS (Bender, 2008; Tyler et al, 2008; Thomsen
et al.,, 2010; Garaulet et al., 2014; Garaulet et al., 2020). Since
40% of the miRNA in the Drosophila genome were shown to
affect the larval SR behavior (Picao-Osorio et al., 2017), therefore
it may also be worthwhile to check whether any of these miRNA’s
contribute to the regulation of SR or other movement associated
behaviors through the regulation of Hox (Ubx or Antp) or Hth.

Lastly, a tempting question is whether the miRNA/Hox
genetic module could also function in MNs of other
behavioral circuits like feeding, mating, courtship, grooming,
and virgin/mated behavioral shift. Moreover, if such control
exists, it needs to be investigated whether it is executed
primarily through Hox genes or other miRNA targets.

Dawkins and Dawkins, Trimarchi and

CONCLUSIONS

The survival of an organism depends on its ability to successfully
and reproducibly execute a multitude of essential behaviors. This
critically relies on Hox-dependent region-specific neuromuscular
networks established along the AP axis of the body. Hox genes
have been extensively investigated for their role in MN
specification and motor circuit assembly in the hindbrain and
the spinal cord of vertebrate CNS (Jessell, 2000; Philippidou and
Dasen, 2013). The MNs in the hindbrain have a clustered
organization, while in the spinal cord MNs are organized into
longitudinal columns. At lower cervical (brachial) and lumbar
levels of the spinal cord, MNs of the lateral motor column (LMC)
project axons toward the forelimbs and hindlimbs (Landmesser,
2001). These columnar identities are regulated by the action of
one or multiple Hox genes. Hox genes also diversify the MNs
within LMC to generate approximately 50 MN pools targeting
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different limb muscles (Dasen et al., 2005). The cross-repressive
interactions between different Hox genes set up a distinct
transcriptional profile for each pool, which contributes to their
clustering and peripheral muscle innervation (Dasen et al., 2008).
Expectedly, individual Hox mutants in vertebrates affect the pool
sizes, their position, and MN arborization. For example, in the
case of HoxC6 mutants, brachial LMC size is reduced (Tiret et al.,
1998; Vermot et al., 2005; Lacombe et al., 2013). Similarly, in the
lumbar region where Hox10 is a major determinant of LMC
identity, different mutant combinations for Hox10 result in
defects in hindlimb innervation and compromise MN survival
(Wahba et al., 2001; Lin and Carpenter, 2003; Shah et al., 2004;
Wu et al,, 2008). It has also been shown in the spinal cord MNs
that acquisition of their basic MN identity and features is Hox
independent (Jessell, 2000). These observations are reminiscent
of the thoracic LinA/LinB lineage in Drosophila, which generate
MNs innervating the adult leg muscles. In the case of LinB
lineage, the Hox gene Pb and other mTFs play an
instructional role in giving unique axonal and dendritic
arborization to three MNs of the lineage, thereby regulating
the morphological diversity of the MNs (Enriquez et al., 2015).
Interestingly, Pb was not required for the survival of these MNs.
This underlines the importance of Hox in determining the
uniqueness of neuronal morphology. This genetic control of
the morphological diversification of MNs was also shown to
be critical in their functional capability for flawless walking at
high speed (Baek and Mann, 2009; Bacek et al., 2013; Enriquez
et al, 2015). The role of Hox genes in determining the
morphology of the vertebrate MNs has been reported.
However, in our limited knowledge, no similar functional
correlation between MN morphology and behavior has been
established so far in the vertebrates. The observations made in
thoracic LinA MNs are closer to what is reported in the
vertebrates. In the case of Antp or the Hox triple (Scr~, Antp™,
Ubx™) mutants LinA NBs, MNs were reported to undergo
apoptosis. When the cell death was blocked, the surviving
neurons took their fate as thoracic MNs. These MNs innervate
the right target muscles and exhibit subtle arborization defects
(Baek et al., 2013). This was similar to what was reported in the
case of vertebrate. However, unlike vertebrates, the majority of
the Drosophila LinA MNs do not show expression of more than
one Hox factor, or Hox gene cross-regulation playing a central
role in determining MN identity (Back et al., 2013). Only in the
case of the T3 segment, LinA MNs express Antp in larval stages
and Ubx in pupal and adult stages (Figures 2E-E’) (Baek et al,,
2013). The mutant analysis for these MNs suggested that Ubx
expression represses Antp, and these two genes function
redundantly in these cells of the T3 segment (Baek et al,
2013). None of the thoracic LinA MNs expressed Hox gene
Pb (Baek et al, 2013). The apparent differences in the role of
Hox genes in Drosophila compared to their elaborate role in
specifying MN pool identity might be due to the complex limb
musculature found in the vertebrates, which need a very refined
control from MNs. It is reported that 11 Hox genes are required
to diversify the MN pools, which innervate the muscles of
anterior limbs alone (Dasen et al., 2005). On the other hand,
Drosophila leg musculature is not as complex and therefore may
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not require such complex transcriptional code to generate a large
diversity of MNs. However, all these conclusions in Drosophila
and their comparisons with vertebrates are based on studies done
in LinA and LinB lineages, which constitutes only two-third of the
leg MNs. It is possible that detailed analysis of other leg
innervating MNs in Drosophila may give some additional
insights (Truman et al., 2004; Back and Mann, 2009).

The other Drosophila studies discussed here (summarized in
Table 1) highlight the importance of Hox genes in setting up a
molecular code for the functional assembly of neuromuscular
networks (Friedrich et al., 2016; Hessinger et al., 2017). These
studies also established that the requirement of Hox genes in the
cells is not transient and restricted to the formation of the
networks, but is chronic and is required for the maintenance
and functioning of the networks much after they are established
(Friedrich et al., 2016). At the cellular level, Hox genes have been
shown to play a role in the survival of the MNs (Baek et al., 2013),
their muscle innervation, and in determining their axonal and
dendritic morphology (discussed above) (Baek et al, 2013;
Enriquez et al., 2015). Notably, studies (with Antp) also
established that the level of Hox genes in the adult MNs could
regulate their axonal targeting and innervation onto the muscles,
with low expressing MNs targeting proximal leg muscles and vice
versa (Baek et al, 2013). The studies with BX-C miRNA
emphasized the importance of maintaining a fine control over
Hox expression in the MNs to establish a functional
neuromuscular network and its role in executing the behavior
(Garaulet et al., 2014; Picao-Osorio et al., 2015; Issa et al., 2019).
More specifically, the miRNA-mediated control of Ubx
expression on the neural activity of the SR MNs was the first
instance where fine control over the levels of Hox gene has been
shown to impact both neurophysiology and behavior. How
exactly is this effect executed in MNs, and whether the
miRNA-mediated regulation of Hox levels impacts other adult
behaviors remains to be addressed.

Many roles discussed here go beyond the conventional
developmental roles played by Hox genes in AP axis
determination. These studies establish that in addition to
giving the neurons their positional identity and the capacity to
form the region-specific neural circuitry, Hox genes have a
functional requirement in adult stages in regulating, at the
very least, the morphology and neural activity of the MNs and
their functions. Therefore these functions, to some extent, explain
the sustained and robust neuronal expression of these genes post
differentiation (Hirth et al., 1998; Technau et al., 2006). In order
to further understand the role of Hox genes in the assembly of
neuromuscular networks along the AP axis as well as their
function beyond, there is a need to identify their targets in
MNs. For instance, both Hox and Hth were similarly required
for thoracic MNs to survive (Baek et al., 2013), but phenotypes
like axonal and dendritic morphology differed when either Hox
or Hth were individually removed (Baek et al., 2013; Enriquez
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et al, 2015). This supported the idea that distinct genetic
programs downstream of Hox and Hth control axonal and
dendritic morphology independent of each other. Therefore,
identifying Hox and Exd/Hth targets specifically in MNs will
be useful to understand their role in neuromuscular circuit
assembly and their morphological diversification. Hox target
genes have been identified in past using various approaches
(Leemans et al., 2001; Barmina et al., 2005; Mohit et al., 2006;
Hersh et al., 2007; Hueber et al., 2007; Agrawal et al., 2011; Choo
et al.,, 2011; Pavlopoulos and Akam, 2011; Slattery et al., 2011;
Sorge et al., 2012; Beh et al., 2016; Prasad et al,, 2016; Shlyueva
et al,, 2016). However, none of these approaches were geared
towards identifying the targets within CNS or its specific cell
types. Identifying Hox targets in MNs may have been technically
difficult so far, but a finer refinement of targeted DamID (TaDa)
(Southall et al., 2013) to an elegant nano DAM technique (https://
www.biorxiv.org/content/10.1101/2021.06.07.447332v2) ~ may
provide a useful mean for identifying MN specific targets
genes downstream to these factors. Lastly, the distinct
morphological phenotypes observed in MNs in Antp and hth
mutants also suggest that Antp may be using cofactors other than
canonical Hox cofactors (like Exd and Hth) (Baek et al., 2013).
This is not unusual as Hox genes have been shown to use
cooperative co-factors other than Exd/Hth (Gebelein et al,
2004; Ghosh et al.,, 2019), as well as novel collaborative co-
factors in both neural and non-neural cell types (Gebelein
et al,, 2004; Mann et al.,, 2009; Baéza et al., 2015; Khandelwal
et al.,, 2017; Bischof et al., 2018; Ghosh et al., 2019; Bakshi et al.,
2020; Carnesecchi et al., 2020). However, the question remains
whether any of these non-canonical cofactors facilitate Hox genes
to carry out their conventional and newly discovered roles
in MNs.
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Neural crest cells (NCCs) are a migratory, transient, and multipotent stem cell population
essential to vertebrate embryonic development, contributing to numerous cell lineages in
the adult organism. While great strides have been made in elucidating molecular and
cellular events that drive NCC specification, comprehensive knowledge of the genetic
factors that orchestrate NCC developmental programs is still far from complete. We
discovered that elevated Hoxb5b levels promoted an expansion of zebrafish NCCs, which
persisted throughout multiple stages of development. Correspondingly, elevated Hoxb5b
also specifically expanded expression domains of the vagal NCC markers foxd3 and
phox2bb. Increases in NCCs were most apparent after pulsed ectopic Hoxb5b expression
at early developmental stages, rather than later during differentiation stages, as determined
using a novel transgenic zebrafish line. The increase in vagal NCCs early in development
led to supernumerary Phox2b™ enteric neural progenitors, while leaving many other NCC-
derived tissues without an overt phenotype. Surprisingly, these NCC-derived enteric
progenitors failed to expand properly into sufficient quantities of enterically fated
neurons and stalled in the gut tissue. These results suggest that while Hoxb5b
participates in vagal NCC development as a driver of progenitor expansion, the
supernumerary, ectopically localized NCC fail to initiate expansion programs in timely
fashion in the gut. All together, these data point to a model in which Hoxb5b regulates
NCCs both in a tissue specific and temporally restricted manner.

Keywords: neural crest, hox, zebrafish, enteric neuron, differentiation

INTRODUCTION

As an embryonic stem cell population in vertebrates, neural crest cells (NCCs) are renowned for their
remarkable migratory capacity, as well as their multipotency. Born from the dorsal neural tube,
NCCs migrate along stereotypic routes throughout the early embryo and give rise to a wide range of
diverse tissue lineages, such as craniofacial skeleton, portions of the peripheral nervous system, and
pigment cells (Rocha et al., 2020). NCCs exhibit regional potential along the anteroposterior (AP)
neuraxis such that they may be divided into four general populations: cranial, vagal, trunk, and sacral
(Le Douarin, 1982; Le Douarin and Kalcheim, 1999). Each of these populations give rise to numerous
discrete lineages, for example, cranial NCC largely give rise to cell lineages in the head. Particularly of
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interest are vagal NCCs, which contribute to several tissues, such
as the cardiac outflow tract and nearly all of the enteric nervous
system (ENS) (Tang et al., 2021) within the gut, and have been
less well characterized than other populations (Hutchins et al.,
2018). While the driving genetic factors which regulate the
general pattern of NCC developmental trajectories have been
well described (Simoes-Costa and Bronner, 2016; Martik and
Bronner, 2017), we still have an incomplete understanding of
what genes function in context of vagal NCC development and
their subsequent differentiation.

Coincident with the anterior to posterior rise of NCC is the
expression of Hox genes, a strongly conserved family of genes
encoding for transcription factors most notable for their
canonical role in body axis patterning (Amores et al., 1998;
Pearson et al, 2005). Among their many roles, Hox
transcription factors are known to play essential roles in
establishing discrete partitions within the hindbrain,
directing limb formation, regulating cardiac cell number,
and guiding neural circuit formation within a variety of
tissue contexts (Rancourt et al., 1995; Waxman et al., 2008;
Minguillon et al., 2012; Breau et al., 2013; Di Bonito et al., 2013;
Barsh et al., 2017). Organized in tight clusters in the genome,
known as paralogy groups, Hox genes are labeled A-D to
designate a particular chromosomal cluster, as well as by
number, which represents the gene’s chromosomal position
within a particular cluster, ranging from 1-13 (Kudoh et al,,
2001). Furthermore, not only are the Hox peptide sequences
conserved between species, synteny of the Hox clusters is
highly conserved (Santini et al, 2003). The role of Hox
genes among vertebrates is also strongly conserved in their
function, even among teleost fishes who have undergone a
genome duplication during their evolutionary history (Amores
et al., 1998; Parker et al., 2019). Each Hox gene is expressed
along the anterior-posterior axis in nested domains collinear
with their position in the chromosome, where they undergo
complex regulatory interaction to establish discrete expression
domains (Zhu et al., 2017). As such, earlier numbered Hox
factors are commonly expressed within the cephalic tissues,
while later numbered Hox factors are expressed more distally.

Within the context of cranial NCCs, Hox transcription
factors have been shown to drive a number of NCC
phenotypes. Overexpression of Hox factors in chicken, such
as Hoxa2, Hoxa3, and Hoxb4, produces a variety of
overlapping ablations of NCC-derived craniofacial skeleton
(Creuzet et al., 2002). Similarly, the NCC-derived hyoid bones
and presumptive thymic mesenchyme were greatly reduced or
ablated in mice homozygous for single knockout for Hoxa-3,
or double knockout of Hoxa-3 and Hoxd-3, while also causing
homeotic transformations of other structures throughout the
animal (Condie and Capecchi, 1993, 1994). In addition to
affecting formation of terminally differentiated craniofacial
structures, earlier phases of NCC migration into pharyngeal
arches and onset emigration of NCC from the neural tube are
also acutely sensitive to changes in anterior Hox expression
(Gouti et al., 2011; Parker et al., 2018). While the role of Hox
transcription factors is less well characterized in posterior
populations of NCC, vagal NCC in mice fail to colonize the
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gut following overexpression of Hoxa-4, which is endemic to
the gut nervous network (Wolgemuth et al., 1989; Tennyson
et al., 1993). The failure to form a complete enteric nervous
system results in megacolon, a phenotype associated with
human disease (Nagy and Goldstein, 2017). Overall, while
we have learned much regarding Hox genes in the cranial
NCGC, the roles Hox transcription factors play within vagal and
other posterior NCC populations requires further
investigation.

One posterior Hox factor that has been implicated in vagal
NCC development is Hoxb5. In mice, dominant negative
abrogation of embryonic Hoxb5 activity alters vagal and
trunk NCC development, with reduced NCCs observed en
route to and along gut tissue, as well as decreased numbers of
melanoblasts throughout the body (Lui et al., 2008; Kam and
Lui, 2015). Additionally, Hoxb5 may regulate expression of key
genes active in NCC development, notably Foxd3 (Kam et al.,
2014a) and Phox2b (Kam and Lui, 2015). The orthologous
gene in zebrafish, hoxb5b, which is the primary ortholog in
teleost fishes (Jarinova et al., 2008), was detected in
differentiating NCC lineages at both 48 and 68h post
fertilization (hpf) (Howard et al., 2021), suggesting it may
also play a role during zebrafish NCC development. While
characterization of zebrafish hoxb5b mRNA expression in situ
has been pervasively characterized in several early embryonic
contexts, such as the mesoderm and limb buds (Kudoh et al.,,
2001; Jarinova et al., 2008; Waxman et al., 2008; Hortopan and
Baraban, 2011; van der Velden et al., 2012), the functional role
of hoxb5b with respect to NCC development had not yet been
examined.

Here, we postulated that hoxb5b functions as a potential
driver of vagal NCC development. We provide evidence that
overexpression of hoxb5b is sufficient to grossly expand NCC
populations throughout the zebrafish embryo, in addition to
ectopic expansion of vagal domains marked by foxd3 and
phox2bb. The functional window of Hoxb5b activity was
also restricted to a narrow developmental span, early during
embryogenesis, rather than during NCC differentiation stages.
The early expansion of NCC, however, did not lead to
corresponding pan increases in NCC-derived tissues.
Rather, elevated Hoxb5b activity expanded enteric neural
progenitor cell pools along the gut, yet suppressed their
subsequent expansion as they differentiated into enteric
neurons, leading to overall fewer neurons along the gut.
These data cumulatively support a model in which hoxb5b
is a potent regulator of NCC expansion and cell number in
zebrafish.

RESULTS

hoxb5b is Expressed in Post-Otic Vagal
NCCs During Zebrafish Development

We examined hoxb5b expression in zebrafish embryos
(Figure 1A) using whole mount in situ hybridization
(ISH). At 32hpf, hoxb5b was expressed bilaterally
immediately posterior to the otic vesicle (post-otic), along
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arrowheads). Scale bars E,H: 50 M.

FIGURE 1| hoxb5b is expressed during early NCC development. (A) Schematized embryo illustrating approximate locations of major relevant anatomical features,
namely the post-otic domain (POD), eye, yolk, Otic Vesicle (Ov), Hindbrain (Hb), presumptive spinal cord (Sc), foregut mesenchyme (Fg), and Midgut mesenchyme (Mg).
(B-D) in situ hybridization demonstrating hoxb5b expression in the posterior Hb, POD, and Fg during the second through third day of development. (E-P) Hybridization
Chain Reaction probes against crestin and hoxb5b highlight their overlapping domains in the POD (yellow arrowheads) and along the dorsal length (white

crestin

the foregut, in the hindbrain, and anterior spinal cord
(Figure 1B), as previously described (Jarinova et al., 2008).
hoxb5b persisted in all three domains at 50 hpf (Figure 1C),
though the post-otic domains (POD) were slightly restricted
and the hindbrain/spinal cord expression gained a more
defined posterior boundary. By 77 hpf, hoxb5b expression
remained largely in the hindbrain and foregut, with
diminished yet persistent expression in the POD
(Figure 1D). Together, these ISH data reveal changing
post-otic spatiotemporal expression patterns of hoxb5b
during the first 4 days of development.

We next examined the relationship of hoxb5b expression to
the vagal NCC population during NCC specification and
migration phases. NCCs were assayed by using the zebrafish
pan-NCC marker crestin (Luo et al., 2001), in combination
with hoxb5b, via hybridization chain reaction (HCR) (Choi
etal., 2010, 2016, 2018). At 17 hpf, crestin*/hoxb5b" domains
were present dorsally (Figures 1E-G, white arrowheads), as
well as ventral-laterally, along a post-otic stripe (Figures
1E-G, vyellow arrowhead), revealing that hoxb5b is

expressed within the POD vagal NCC population. crestin®/
hoxb5b" regions persisted by 24 hpf dorsally, in posterior
hindbrain/anterior spinal cord axial levels (Figures 1H-J,
white arrowheads). Concurrently at this stage, hoxb5b
expression within the stripe became internalized within the
POD vagal NCC population, marking the central area of this
region, and highlighting several adjacent crestin'/hoxb5b*
domains (Figures 1H-J, yellow arrowhead). Between
30-36 hpf, the co-positive hoxb5b™/crestin® stripe of POD
vagal NCC persisted (Figures 1K-P, yellow arrowheads),
and crestin*/hoxb5b" regions were still observed along the
dorsal neural tube. These data are consistent with our prior
findings in which hoxb5b mRNA was present in posterior NCC
at 48-50 hpf and 68-70 hpf (Howard et al., 2021). Collectively,
the ISH and HCR data indicate that hoxb5b mRNA expression
is coincident within the vagal NCCs area, persisting
throughout the developmental window spanning NCC
specification and well into their migration phase,
highlighting hoxb5b’s potential role as a driver of vagal
NCC development.
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FIGURE 2 | Elevated Hoxb5b activity globally increases both number and localization of neural crest cells. (A-D) in situ hybridization for NCC using a crestin probe

at both 32 hpf (A,B) and 50 hpf (C,D). crestin® domains for embryos injected with 15 pg of vp16-hoxb5b mRNA (B,D) were expanded in the post-otic (yellow
arrowheads), cranial (white arrowheads), and spinal cord (red arrowheads), compared to uninjected embryos (A,C). (E) Quantification of expanded vagal crestin™
domains shows significant expansion at both 32 hpf (control n = 27; vp16-hox5b n = 21; p = 3.03 x 107°) and at 50 hpf (control n = 7; vp16-hox5b n = 8; p =
0.00114). (F-K) Maximum intensity projection stills taken from confocal time lapse movies of sox70:mRFP embryos. Controls (n = 2) were compared to 30 pg vp16-
hoxb5b injected embryos (n = 4), examined from 24 hpfto 43 hpf and serially imaged along the dorsal aspect of the vagal domain. mRFP* NCCs are grossly expanded in
the vagal domain (G,G’ arrowheads) over controls (F,F’, arrowheads). This expansion persists through the course of development, resulting in ectopically localized cells
along the dorsal aspect of the embryo (K”) and in the post-otic pool (K’). Scale Bars in (F): 100 uM. Anterior: Left.

m
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Elevated Hoxb5b Activity Globally Promotes
Expanded Localization and Increased
Number of NCC in vivo

While other work has focused exclusively on the loss of
function of Hoxb5 related genes (Lui et al, 2008; Dalgin
and Prince, 2021), we have sought to understand the gain
of function role of hoxb5b in the context of NCC development.

To examine the possible role of hoxb5b in NCC, we employed a
hyperactive vpl6-hoxb5b fusion construct (Waxman et al,
2008; Waxman and Yelon, 2009). Injection of vpl6-hoxb5b
mRNA resulted in expansion of NCC, when compared to
control embryos at 32 hpf, as assayed with an ISH probe
against crestin (Figures 2A,B). The expansion in NCC
territory was prominent in the pre-otic region (Figure 2B;
white arrowheads), the POD (Figure 2B; yellow arrowheads)
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FIGURE 3 | Elevated Hoxb5b activity expands the expression domains of vagal markers foxd3 and phox2bb during the first day in development. (A,B) in situ

hybridization against foxd3, a marker for multipotent NCCs at this stage, in 32 hpf embryos injected with 30 pg vp16-hoxb5b, were compared to WT controls. (C,D) in
situ hybridization against phox2bb, an autonomic NCC marker, in 32 hpf embryos injected with 30 pg vp76-hoxbbb, compared to WT controls. The POD is denoted with
a white arrow head. (E-G) Quantified POD foxd3 expression area (E, control n = 7; vp16-hox5b n = 10; p = 0.00571) or phox2bb expression area (F, controln = 7;

vp16-hoxbb n = 8; p = 0.138), as noted in representative images by black bars. The discrete POD expression domain is quantified from these same embryos as shown in
(G) (p = 0.00563). Areas are normalized to control mean. (H-K) IHC detection of Phox2b™ cells viewed along the lateral axis of 32 hpf embryos reveal that WT controls
(n =7) already have a nascent population [(H), white arrowheads]. vp 16-hoxb5b overexpression, at either 15 pg [(I), n = 9] or 30 pg [(J), n = 5] of MRNA injected, expands
the Phox2b™* vagal NCCs (white arrowheads). (K) Counted Phox2b* cells from 3 dimensional micrographs reveal increasing cells with the amount of vp16-hoxb5b
mRNA (15 pg: p = 3.03 x 1075 30 pg: p =2.61 x 1079). Scale bar (A,H): 100 uM.
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and along the spinal cord-level of the trunk (Figure 2B; red
arrowheads). Strikingly, post-otic expansion persisted along
the dorsal-ventral and anterior-posterior axes well through
NCC migration phases at 50 hpf (Figures 2C,D; arrowheads).
Furthermore, quantification of the area occupied by POD
NCCs corroborated the observed expansion of NCC
localization (Figure 2E).

To better understand the spatiotemporal distribution of the
increased NCC following vp16-hoxb5b expression, we utilized
confocal microscopy to image -7.2s0x10:mRFP transgenic
embryos (referred to here as sox10:mRFP) (Kucenas et al,
2008), where NCC are labeled using a membrane bound RFP.
Congruent with our prior findings (Figures 2A,B), at 24 and
33 hpf, confocal projections revealed vp16-hoxb5b expressing
embryos exhibited broadened POD vagal NCC domains along

the anterior-posterior and medio-lateral axes (Figures
2G,G’LI’; arrowheads), when compared to control embryos
(Figures 2F,F,H,H’; arrowheads). This expansion was
coupled with an increase in the number of POD NCC. By
43 hpf, vp16-hoxb5b expressing embryos displayed a striking
expansion of the POD NCC, as well as a disruption of the
overall architecture of the domain, which extended further
laterally from the dorsal midline (Figure 2K’), than in control
(Figure 2J’). Moreover, vpl6-hoxb5b promoted ectopic
accumulation of cells along the dorsal midline of the spinal
cord (Figure 2K’), which were not observed in control
embryos (Figure 2J”). Considered together, these data
(Figure 2) indicate that elevated Hoxb5b activity alters
NCC localization along the embryo as well as expanding
their cell number.
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Expand Vagal NCC Marker Expression

That vpl6-hoxb5b expressing embryos contained an
overabundance of NCC, and that the overproduced NCC were
prominently enriched in the vagal axial levels suggests that excess
Hoxb5b activity influences vagal NCC development in zebrafish.
To examine if vagal NCC specification was altered following
excess Hoxb5b activity, we assayed the expression of canonical
marker genes of the vagal NCC, foxd3 (Lister et al., 2006) and
phox2bb (Elworthy et al, 2005). At 32hpf, foxd3 expression
serves as an indicator of multipotent NCC while phox2bb
indicates NCCs which are now specified to an autonomic
neural lineage, particularly the ENS (Pattyn et al., 1999; Uribe
and Bronner, 2015). vp16-hoxb5b expression was sufficient to
widen foxd3 expression domains at 32 hpf, principally along the
anterior-posterior and mediolateral directions in the vagal region,
when compared to control expression patterns (Figures 3A,B;
black bars). We found that vp16-hoxb5b expression expanded the
POD foxd3" area, leading to a 1.95 fold increase in the mean
domain size compared to controls (Figure 3E). Additionally,
phox2bb was also greatly expanded in response to increased
Hoxb5b activity along the hindbrain (Figures 3C,D; black
bars), with expansion uniformly in both the anterior-posterior
and mediolateral axis, similar to the expansion of the foxd3.
Measuring the hindbrain phox2bb™ domain, we observed a 43%
increase in the phox2bb expressed area throughout the hindbrain
following elevated Hoxb5b (Figure 3F). Lastly, POD phox2bb
expression was dramatically altered by elevated Hoxb5b (Figures
3C,D; white arrow heads), with a 2.14 times mean increase in
domain size compared to wild-type controls (Figure 3G). In all,
these data indicate that elevated Hoxb5b activity drastically
expands vagal NCC marker expression along the embryo.

In support of the specific expansion of POD localized phox2bb
expression, we also observed a corresponding increase in the
number of Phox2b" cells, via whole mount fluorescent
Immunohistochemistry (IHC), using an antibody against
Phox2b (Supplementary Figures S1A-C; Figure 3). At 32 hpf,
Phox2b" cells were observed in the POD, with 16 cells on average
(Figure 3L; arrowhead, Figure 3K). Overexpression of Hoxb5b
stimulated a dramatic expansion of POD Phox2b" cells (Figures
3L]J; arrowheads). The increase in POD Phox2b* cells was also
concordant with an increase in vp16-hoxb5b dosage, with 77 and
107 mean POD Phox2b" cells per animal detected following
injection with either 15pg or 30 pg of mRNA, respectively
(Figure 3K). The quantifiable increase in POD Phox2b* cells
is confirmatory of our prior qualitative observations regarding
increased cell number (Figure 2) and positions Hoxb5b as a
potent driver of NCC number and localization.

Hoxb5b Overexpression Increases NCC
Production During Early NCC Development

While we observed supernumerary NCCs ectopically localized,
and expanded expression of vagal NCC specification factors
following global expression of vpl6-hoxb5b mRNA, exactly
when during NCC development Hoxb5b may exert its

Hoxb5b Influences Neural Crest Development

influence was still unclear. To investigate the potential
temporal role(s) of Hoxb5b during NCC development, we
created and utilized a novel transgenic line, Tg (hsp70l:EGFP-
hoxbsb;cryaa:dsRed)™'°"* (hereafter referred to as hsp70l:GFP-
hoxb5b), which enables pan ectopic expression of a GFP-Hoxb5b
protein fusion under the thermally inducible hsp70l promoter
(Kwan et al, 2007) (Figure 4A). The transgene can then be
activated by rapidly transferring embryos to warm 37°C culture
conditions, which drives strong global expression of the EGFP-
Hoxb5b fusion protein throughout the embryonic tissues
(Supplementary Figure S2A). EGFP-Hoxb5b demonstrated
robust and distinctive nuclear localization, which was still
detectable over 24h after embryos were returned to 28°C
(Supplementary Figures S2B,C).

Two early phases in NCC development were tested, with heat
shocks conducted starting either at 14 hpf, during NCC
specification, or 22 hpf, early during the migratory span of
posterior NCCs (Figure 4B). After heat shock at 14 hpf, whole
mount ISH at 24 hpf showed enlargement of crestin® NCC
domains in GFP-Hoxb5b" embryos, over the GFP-Hoxb5b~
sibling controls (Figures 4C,D), particularly prevalent in the
POD NCC (Figure 4D; yellow arrowheads). This increase in
area was also accompanied by a qualitative increase in the
number of crestin® cells along the posterior dorsal length of
the embryo, similar to the phenotype observed in the previous
Hoxb5b mRNA overexpression assays (Figures 2A-E).
Quantified area of crestin® PODs confirmed the expansion of
vagal NCCs (Figure 41I). Additionally, subtle expansion of cranial
NCCs (Figures 4C,D, white arrowheads) and pre-otic NCCs
(Figures 4C,D, red arrowheads) was also observed, though far
less striking than that of the vagal population at this stage. These
data indicate that NCC localization during early specification
phase of NCC development is receptive to Hoxb5b activity.

GFP-Hoxb5b induction at 22hpf also increased crestin
staining by 26-28 hpf throughout the POD (Figures 4E-H,
yellow arrowheads), which was especially prominent in the
NCCs most proximal to the otic vesicles (Figures 4G,H, red
arrowheads). As in the heat shock at 14 hpf, increased NCC
localization was also observed in GFP-Hoxb5b" embryos across
the cranial NCC populations (Figures 4E-H; white arrowheads).
This induction of GFP-Hoxb5b also significantly expanded
measurable vagal NCC area (Figure 4J), with a 26% mean
increase in area compared to GFP™ siblings. The expansion in
area coupled with the increase in crestin staining replicates the
results obtained via the microinjection assays presented in
Figure 2, albeit more subtly, as well as indicates that
14-22hpf is a critical period during which Hoxb5b is
sufficient to alter NCC localization in the developing
vertebrate body.

Increased Hoxb5b Alters Specific Vagal
NCC-Derived Tissues

Due to the multipotent nature of NCC, it is possible a wide
diversity of tissues can be affected by even a small perturbation in
NCC development. Because we observed an overproduction of
NCC following increases in Hoxb5b activity, we wondered if
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indicative of an increase in NCC number. Scale bars (C,E,G): 100 uM

FIGURE 4 | probe in hsp70l:gfo-hoxb5b and GFP- sibling controls heat shocked at 22 hpf and fixed at 26-28 hpf, examining both crestin™ domains both laterally (E,F)
and dorsally (G,H). (1,J) Graphs depicting areas occupied by crestin staining in both GFP- control and Hoxb5b overexpressing embryos. Hoxb5b overexpression at
14 hpf was sufficient to expand NCC localization and qualitatively NCC number [(l), control n = 6; hsp70:GFP-hoxb5b* n = 8; p = 0.0234]. A later heat shock at

22 hpf—fixation at 26-28 hpf, also expanded vagal NCC localization [(J), control n = 10; hsp70:GFP-hoxb5b* n = 14; p = 0.0398], and increased crestin staining,

downstream NCC derivatives were also affected. Therefore, we
first investigated the effect of vp16-hoxb5b expression on vagal
and trunk NCC-derived cell types; including, pigment cells
(melanophores and iridophores) and neuronal derivatives.
Embryos expressing vpl6-hoxb5b were able to produce
pigment cells without appreciable differences (Supplementary
Figures S4A-D). Both dorsal root ganglia (DRG) and Superior
Cervical Ganglion (SCG) are derived from the vagal/trunk NCC
pool (Durbec et al., 1996). Neurons comprising the DRG and
SCG were largely normal following vpl6-hoxb5b injection
(Supplementary Figures S4E-H).

We next assayed the NCC-derived cell population along the
gut length (Figure 5A), enteric neural progenitors, which
typically migrate to the midgut level by 2 dpf and will have
colonized the hindgut by 3 dpf, giving rise to neurons of the
enteric nervous system (Elworthy et al., 2005; Ganz, 2018). We
found that by 50hpf, Phox2b" enteric neural progenitors
significantly increased after vpl6-hoxb5b expression (Figures
5C,D), compared to the controls (Figure 5B). Counting
Phox2b® cells in the POD and along the gut tract (Figures
5B-D; white dashes), revealed the number of cells trended
with increasing amount of wvpl6-hoxb5b mRNA injected
(Figure 5E), consistent with the phenotype at 32 hpf (Figures
3H-J). The supernumerary enteric neural progenitors were
observed together with their accumulation along the foregut
(Figures 5B-D; yellow arrowheads) and in the POD
(Figure 5F), though an increase in the number of cells was
also observed at the end of the enteric migration chain along
the midgut (Supplementary Figure S4I; Figures 5C,D; white
arrowheads). The increase in cells was uniform across the gut
tract, with no change in the fraction of Phox2b* cells found in the
POD or gut mesenchyme after Hoxb5b perturbation
(Supplementary Figure S4J). These findings indicate that
elevated Hoxb5b elicits a global increase in enteric neural
progenitor number through the first 2 days of development.

To determine if the supernumerary enteric cells were capable
of differentiating into neurons later in development, we utilized
-8.3phox2bb:kaede transgenic embryos which label enteric
progenitors during their early neuronal differentiation
(Harrison et al, 2014). Surprisingly, despite the increase in
enteric progenitors at 50 hpf, enteric neurons by the 3 dpf
were dramatically decreased in vpl6-hoxb5b expressing
embryos compared to controls. Kaede™ cells successfully
colonized the gut length by 3dpf in control embryos
(Figure 5G; white arrowhead), many cells of which (42%) also
co-expressed the pan neuronal marker Elavl3/4 (Figures
5G,K,L), signaling the onset of neuron differentiation. In
contrast, vpl6-hoxb5b expressing embryos at both doses
displayed a drastic loss of Kaede® and Elavl3/4" enteric cells
(Figures 5J,K), with the remaining Kaede™ cells failing to localize

past the level of the midgut (Figures 5H,I; white arrowheads).
The fraction of Elavl3/4"/Kaede" cells in both vpl6-hoxb5b
expressing conditions were reduced, at 0.31 and 0.28
respectively, when compared to control at 0.42 (Figure 5L).
While not reaching significance, when these data are taken
together with the significant reduction in total enteric cell
numbers along the gut (Figures 5J,K), they likely indicate that
general enteric progenitor pool depletion along the gut affects
subsequent proper numbers of enteric neurons, following
elevated Hoxb5b expression. Overall, these results suggest that
while supernumerary enteric neural progenitors are present at
and before 2 dpf after elevated Hoxb5b, they largely depleted by
the 3 dpf.

Hoxb5b influences Enteric Colonization

During Early Developmental Stages

In order to ascertain the timing during which excess Hoxb5b
activity affects enteric nervous system development, we again
leveraged the hsp70l:GFP-hoxb5b fish line. Embryos were heat
shocked during NCC specification (14 hpf), migration (21 hpf),
or differentiation (48 hpf), and all were fixed at 3dpf, as
schematized in Figure 6A. Embryos were assessed for enteric
neuron abundance and localization via wholemount IHC, where
Elavl3/4" cells were counted along the gut tract (same region as in
Figure 5A, box). When heat shocked at 14 or 21 hpf, GFP-
Hoxb5b" embryos formed significantly fewer Elavl3/4" cells,
when compared to their GFP-Hoxb5b™ sibling heat shock
controls (Figures 6B-E,H). After heat shock at 48 hpf, GFP-
Hoxb5b" embryos did not significantly vary in number of Elavl3/
4" cells (Figures 6F-H). The distribution of Elavl3/4" cells was
weighted more heavily toward the midgut, though cells could be
detected along the entire length of the gut in GFP-Hoxb5b"
embryos. This genetically encoded elevation of Hoxb5b activity
during early NCC developmental phases corroborated the
abrogation in Elavl3/4" cells resulting from wvpl6-hoxb5b
mRNA injection. Overall, these data indicate that the ability of
GFP-Hoxb5b to affect enteric neuron number is limited to early
stages of NCC development, but not thereafter.

Excess Hoxb5b Leads to Stalled Enteric

Nervous System Development

We had thus far discovered that Hoxb5b was sufficient to strongly
increase NCCs at 30 and 50 hpf, but suppressed the number of
enteric neural progenitor cells by 3 dpf. The loss in cells could
easily be explained by an acute wave of cell death during enteric
neural progenitor migration. We tested this hypothesis with
whole mount IHC probing for activated Caspase-3, a marker
for apoptotic cells (Sorrells et al., 2013), as well as Phox2b to label
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FIGURE 5 | Hoxb5b is sufficient to expand early enteric neural progenitors. (A) Schematized model of a zebrafish embryo highlighting the region of the gut tube,
which is imaged in the following panels. (B-D) Whole mount IHC for Phox2b in 50 hpf control embryos [(B), n = 10] compared to embryos injected either with 15 pg [(C),
n=7]or30 pg [(D), n = 9] of vpo16-hoxb5b mMRNA. Yellow arrow heads indicated POD localized Phox2b™ cells, white arrows designate terminal end of enteric NCC chain,
which falls within the gut tract outlined with white dashes. (E,F) Quantified cell numbers from the same animals reveal a coordinate increase in Phox2b™* along the

gut axis at 50 hpf trending with increasing vp 16-hoxb5b mRNA amounts [(E), 15 pg: p = 2.834 x 107%; 30 pg: p = 0.00318]. Additionally, the number of Phox2b™ cells
restricted to the POD also increased in response to elevated Hoxb5b activity [(F), 15 pg: p = 0.00328; 30 pg: p = 0.00068]. (G-1) Whole mount IHC on 3 dpf
-8.3phox2bb:kaede embryos with antibodies against Elavi3/4 and Kaede, marking the enteric NCC lineage cells in vp16-hoxb5b overexpressing animals (15 pgn = 8;
30 pg n = 7) compared to uninjected sibling controls (n = 7). (J-L) Quantification of the number of enteric neural progenitors [(J), 15 pg: p = 0.00011; 30 pg: p = 4.09 x
107%) and differentiating enteric neurons [(K), 15 pg: p = 0.001352; 30 pg: p = 0.0001042] at 3 dpf show decreasing numbers of both cell populations. However, the total
fraction of differentiating (Hu*) NCC-derived Kaede* cells unchanged following elevated Hoxb5b activity [(L), 15 pg: p = 0.0.1282; 30 pg: p = 0.102]. Scale Bar (B,G):
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enteric neural progenitors. In addition, we also conducted these
experiments in the Tg (-4.9s0x10:eGFP) embryos (hereafter
referred to as sox10:GFP) (Carney et al., 2006), which marks
migratory NCCs with cytoplasmic GFP, and relying on residual
GFP signal post fixation to label the recently sox10" enteric neural
progenitor cells, as we have previously (Howard et al., 2021).
Notably, Caspase-3" cells were rare in all controls tissues
examined from 33 to 66 hpf (Supplementary Figures
S3A,C,E,G). While small patches of apoptotic cells can be
found proximal to the POD at 33hpf and 55hpf
(Supplementary Figures S3B,D), there was not a detectable
onset of cell death between 55 and 66 hpf along the entire
vagal and gut region (Supplementary Figures S3F,H) to
support the loss of enteric neural progenitors through
apoptosis following Hoxb5b overexpression.

We next examined the progenitor state of enteric cells at 63 hpf, a
window of development prior to the 3 dpf cut off, but after the 50 hpf
NCC expansion noted previously. To this end, we asked if soxI0:
GFP" and/or Phox2b" cell numbers were reduced along the gut at
63 hpf. Intriguingly, vp16-hoxb5b did not lead to a significant change
in the total number of GFP" cells along the gut tube at 63 hpf
(Figures 7A-C). Similarly, there was no change in the number of
Phox2b" cells, compared with control embryos (Figure 7C). This

was in contrast to our earlier observation that enteric Phox2B" cells
were increased at 50 hpf (Figure 5). Furthermore, the fraction of
50x10:GFP" cells expressing Phox2b was unchanged (Figure 7D).
Therefore, we found that by 63 hpf the enteric progenitors exhibited
enteric differentiation capacity, despite their decreased abundance in
the presence of excess Hoxb5b.

That we observed increased Phox2b* cells at 32 and 50 hpf, yet
saw a dampening of their numbers by 63 hpf, this suggested that
the kinetics of enteric progenitor expansion may have been
adversely affected following elevated Hoxb5b. Plotting the total
number of Phox2b" cells counted from each developmental stage
assayed throughout this study (Figure 7E) revealed a steady
increase in control Phox2b" cells with developmental age,
whereas Hoxb5b overexpressing animals presented a stalled
curve at 63 hpf. As we previously have shown that the enteric
cells are not cleared by apoptosis during the 63-80 hpf transition,
these results indicated that Hoxb5b activity modulates
enterically-fated NCC capacity to expand as a population
along the gut. The Hoxb5b-dependent precocious expansion of
NCC leads to a fixed number of available progenitors which are
then unable to expand in sufficient numbers to lead to proper
ENS formation. These findings position Hoxb5b as a fine-scale
regulator of enteric NCC number.
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DISCUSSION

We discovered that throughout the course of NCC specification
and migratory phases, hoxb5b is expressed within the vagal NCC
domain along the post-otic/posterior zebrafish embryo.
Enhancement of Hoxb5b activity was sufficient to dramatically
expand NCC localization patterns, as well as their number, along
the embryo. The expansion of NCCs was also accompanied by
domain expansions in vagal NCC marker genes phox2bb and
foxd3. Temporally-restricted pulses of ectopic Hoxb5b during

early vagal NCC developmental phases was sufficient to swiftly
expand vagal NCC populations, which also persisted well into the
second day in development. While many vagal NCC derivatives
were unaltered by 3 dpf, NCC derivatives along the enteric neural
trajectory were dramatically impacted. While we observed an
increase in enteric neural progenitors along the developing gut
tube at 50 hpf, they failed to expand and colonize the gut
efficiently, resulting in a marked decrease in the number of
enteric neurons. The decrease in enteric neural progenitors
following Hoxb5b induction appears to be due to a Hoxb5b-
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dependent modulation of the colonization capacity of enteric
neural progenitors. Cumulatively these data position Hoxb5b as a
potent regulator of NCC patterning and number during early
embryonic development (Figure 7F).

The potential involvement of Hoxb5b in zebrafish NCC
development has been suggested by previous expression
analyses, with discrete expression along the dorsolateral neural
tube and in the post-otic domain, posterior to rhombomere 8
(Kudoh et al., 2001; Jarinova et al., 2008; Waxman et al., 2008;
Barsh et al., 2017). Additional expression domains are found
within the lateral plate mesoderm and foregut by 24 hpf (Dalgin
and Prince, 2021). As identified in a single cell atlas of posterior
zebrafish NCC lineages at 48-50 and 68-70 hpf, hoxb5b was
among the most pervasively expressed transcripts encoding for a
Hox transcription factor in both the NCC and in neural fated
lineages (Howard et al., 2021). Extending this prior work, our
HCRs show for the first time at high resolution the persistent
expression of hoxb5b in zebrafish posterior (post-otic) NCC
through the early course of their development.

In our zebrafish model, despite the regional potential exhibited
by NCCs (Rocha et al, 2020), elevated Hoxb5b uniformly
expanded cranial, vagal, and trunk NCC progenitors, though
more robustly among the posterior NCC populations. Whether
the Hoxb5b-dependent increase in NCCs is driven by increased
NCC specification from the neural tube or through upregulation
of NCC proliferation remains unresolved and was beyond the
current scope of this study. Regardless of the underlying
mechanism, these findings clearly indicate that Hoxb5b
participates in NCC development from an early position in
the NCC gene regulatory network (Simoes-Costa and Bronner,
2016; Martik and Bronner, 2017). Further, the rapid sensitivity of
vagal NCC to temporally restricted pulses of elevated Hoxb5b
suggests competency of these cells to abruptly respond to Hox
activity early in their development. Indeed, early NCCs appear
sensitive not only to Hox mediated activity but also the amount of
Hoxb5b present. In our injection experiments, POD NCCs
increased coordinately with amount of vpl6-hoxb5b mRNA
delivered. As such, the number of cells fated in select NCC
lineages, such as the enteric NCCs, appear to be influenced
not only by the activation of Hoxb5b-dependent activity, but
also in part through the levels of Hoxb5b expression. From data
derived across multiple animal models, Hoxb5b and its
orthologues are known to be under control of several classical
morphogenic signals, including WNTs (Lengerke et al., 2008),
NOTCH (Hortopan and Baraban, 2011), and Retinoic Acid
(Waxman et al, 2008), which enables fine spatiotemporal
tuning of the levels of Hox expression. Summarily, our data
thus illuminate a model in which Hoxb5b serves a potent
regulator of posterior NCC identity and cell number,
dependent on additional unspecified cofactors as well as its
expression level.

Our findings regarding Hoxb5b in zebrafish NCC is
complementary to and extends the developmental
understanding of mammalian Hoxb5. For example, dominant
negative suppression of Hoxb5 activity in NCC lineages led to a
depletion of several NCC-derived cell populations including
DRGs, pigment cells, as well as enteric neural progenitors (Lui
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etal, 2008; Kam et al., 2014b). Complementing these prior loss of
function studies, our gain of function data indicates that elevated
Hoxb5b activity is sufficient to induce expansion of vagal NCC
progenitors—that paradoxically also leads to severe ENS
hypoganglionosis. While we did not observe corresponding
changes in DRG and pigment populations in our experiments;
early enteric progenitors were dramatically increased in response
to Hoxb5b activity along the gut, prior to the onset of
neurogenesis, yet failed to properly execute enteric neuronal
differentiation. Somewhat counterintuitively, the increase in
POD NCCs following increased Hoxb5b activity did not
correspondingly manifest a pan increase in vagal-derived NCC
lineages. While many vagal-derived lineages exhibited no
discernable phenotypic change, we observed a dramatic
decrease in the number of enteric neurons in animals with
elevated Hoxb5b activity. The shift in abundance of enterically
fated cells in embryos overexpressing Hoxb5b was not the result
of NCC-specific apoptosis or abrogated differentiation potential.
Indeed, there was no change in fractions of enteric NCCs which
had initiated differentiation programs following elevated
Hoxb5b. Rather this tissue specific cell decrease appears to be
caused by a late-onset suppression of enteric neuroblasts
expansion. Assays for apoptosis-mediated cell death revealed
limited tissue death, which was not restricted to NCC
populations. While we did not test cell loss by other modes of
death, such as necrosis or pyroptosis, the numbers of enteric
NCC-derived cells were more consistent with the arrest of cell
division as opposed to changes in cell survival. The insufficiency
of ectopic Hoxb5b to expand the DRG and pigment lineages
suggests a separate regulatory mechanism for Hoxb5b gain of
function activity in enteric NCC.

Several possible frameworks may explain the differential role
of Hoxb5b to expand early NCCs but abrogate their later
expansion in the ENS. First, the differential role may be
correlated with the temporally dynamic expression of
additional co-factors, such as other Hox or TALE-family
transcription factors within the ENS linage. TALE-family
factors in particular, such as Meis3 (Uribe and Bronner, 2015),
or other factors such as Pbx3 (Di Giacomo et al., 2006) are both
expressed within the early enteric neural lineage and may
cooperate with Hoxb5b to facilitate functional specificity.
Additional reflection on the emerging numerous descriptions
of combinatorial “Hox Codes” which define NCC identity (Parker
et al., 2019; Soldatov et al., 2019; Howard et al., 2021), reported
functional similarity in certain tissues (Jarinova et al., 2008), as
well as complex regulatory relationship between various members
of the Hox gene family (Zhu et al., 2017), the prospect of a shared
sensitivity in enteric NCCs to Hoxb5b and other posterior Hox
transcription factors is possible, though beyond the context of this
study. Another alternative hypothesis to explain Hoxb5b’s
differential role may be related to the precociousness of the
expansion of neural crest itself. As more NCCs accumulate
earlier in development, temporally restricted signals may be
insufficiently timed to signal for NCCs to continue to expand
in number. While the underlying mechanism remains to be fully
elucidated, when the data are considered together with
mammalian suppression of activity studies referenced above,
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our gain of function results suggest that the vertebrate embryo is
exquisitely sensitive to perturbations in Hoxb5 activity, where
either elevations or reductions in Hoxb5 lead to severe ENS
defects. Collectively, we have discovered evidence in support of a
model in which Hoxb5b plays an important role in NCC
development, demonstrating the capacity to both expand vagal
NCC localization and numbers. While additional questions still
remain, these findings greatly inform our understanding of the
role of posterior Hox genes in NCC development.

MATERIALS AND METHODS

Zebrafish Husbandry and Transgenic Lines
Synchronously staged embryos for each experiment were
collected via controlled breeding of adult zebrafish. After
collection, embryos were maintained in standard E3 media at
28°C until 24 h post fertilization (hpf), then transferred to 0.003%
1-phenyl 2-thiourea (PTU)/E3 solution (Karlsson et al., 2001),
with the exception of larvae used to assay pigmentation, which
were cultured in E3 media only. Transgenic embryos for the Tg
(-4.950x10:EGFP)™*"8 (Carney et al., 2006) and Tg (-7.2s0x10:
mRFP)""** (Kucenas et al., 2008) were generally sorted between
17-28 hpf for fluorescence while Tg (hsp70l:EGFP-hoxb5b;acry:
dsRed)""°'* and Tg (-8.3phox2bb:kaede) (Harrison et al., 2014)
embryos were sorted for transgenic expression between
60-78 hpf. Tissue was collected from embryos out of their
chorions at the stage noted in each experiment as described in
(Ibarra-Garcia-Padilla et al., 2021). All work was performed
under protocols approved by, and in accordance with, the Rice
University Institutional Animal Care and Use Committee
(IACUQ).

Generation of the Tg (hsp70I:EGFP-Hoxb5b)

Transgenic Line

To generate EGFP-Hoxb5b, egfp was fused to the 5'-end of
zebrafish hoxb5b with PCR. A sequence encoding a 7 amino
acid linker was incorporated and the hoxb5b ATG was deleted to
prevent alternative transcriptional initiation of hoxb5b
downstream. To generate the hsp70l:EGFP-Hoxb5b transgene,
standard Gateway methods were used (Kwan et al., 2007). The
transgene includes a EGFP-Hoxb5b middle-entry vector and the
reported p5E-hsp70l 5'-Entry and p3E-polyA 3'-entry vectors
(Kwan et al, 2007), which were incorporated into the
pDestTol2-acry:dsRed vector (Mandal et al, 2013). Sanger
sequencing was used to confirm the proper orientation of the
constructs within the destination vector and the sequence of
EGFP-hoxb5b. Transgenic embryos were created by co-injecting
wild-type embryos at the one-cell stage with 25 pg hsp70l:EGFP-
hoxb5b vector and 25pg of Tol2 mRNA (Kawakami, 2004;
Kawakami et al., 2004). Embryos were raised to adulthood and
screened for the present of dsRed in the lens at ~3 days and the
ability to induce robust EGFP expression following heat-shock
(Supplementary Figure S2). Multiple founders for the Tg
(hsp70l:EGFP-hoxb5b;acry:dsRed)”'*'* line were identified so
the line that induced the most robust expression following
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heat-shock was retained. While some ectopic notochord
expression was observed in non-heat shocked embryos they
did not exhibit overt phenotypes and developed normally. For
heat shock experiments, through routine outcrossing of
transgenic animals to the wild type embryos of the AB/TL
backgrounds, GFP-hoxb5b™~ siblings are produced with each
subsequent breeding, which were heat shocked and processed in
parallel.

Preparation and Injections of hoxb5b mRNA
Capped vp16-hoxb5b mRNA was prepared off a Notl linearized
pCS2+ plasmid containing the vpl6-hoxb5b coding sequence
using the Sp6 mMessage Kit (Ambion), as first reported in
(Waxman et al., 2008). The vpI16-hoxb5b construct encodes for
a hyperactive form of Hoxb5b and allowed for lower doses of
mRNA to be delivered (Waxman and Yelon, 2009). Embryos
were injected prior to the four-cell stage with either 15 pg or 30 pg
of mRNA and were empirically determined to produce similar
phenotypes. Dosage of mRNA was determined per experimental
condition. Uninjected wild type sibling embryos were cultured in
parallel with injected animals and used for controls. Dead and
grossly malformed embryos were removed from analysis.

In Situ Hybridization

In situ hybridizations were performed similarly to the protocol of
Jowett and Lettice, 1994, which should be referenced for specific
details. Briefly, antisense digoxigenin-labeled riboprobes were
generated from previously characterized plasmids containing
sequences for crestin (Luo et al, 2001), foxd3 (Odenthal and
Niisslein-Volhard, 1998; Hochgreb-Hagele and Bronner, 2013),
phox2bb (Uribe and Bronner, 2015), and hoxb5b (Waxman et al.,
2008). As per the protocol, PFA-fixed whole mount embryos
stored in methanol were rehydrated in PBST, permeabilized with
Proteinase K digestion (10 ug/ml), and post-fixed in 4% PFA.
Embryos were incubated in probes overnight (~16 h) at 65°C and
washed sequentially in graded SSCT buffers. Riboprobes
solutions were recovered and stored at —20°C for reuse, with
multiple uses leading to minimal loss of signal. Probed embryos
were blocked for 1-2 h at ambient temperature in 5% Goat sera in
PBST before detection overnight (~16 h) at 4°C using an anti-
Digoxigenin-Fab fragments conjugated to Alkaline Phosphatase
enzymes (1:1,000 dilution, Roche) in 5% Goat Sera in PBST.
Finally, riboprobes were visualized with NBT/BCIP solution
(3.5puL each of NBT, BCIP stock solutions, Roche). Probes
were validated prior to use on wildtype embryos to calibrate
staining duration, with patterns compared to those curated on
ZFIN (Howe et al., 2013; Ruzicka et al., 2019).

Whole Mount Immunohistochemistry, HCR,
and WICHCR

Immunohistochemistry (IHC), Hybridization Chain Reaction
(HCR), and Whole mount Immuno-Coupled Hybridization
Chain Reaction (WICHCR) protocols all were conducted
according to the methods published in Ibarra-Garcia-Padilla
et al, 2021. All IHC assays conducted in blocking 5% Goat
Sera in 1X PBST. Primary antibodies against the following
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TABLE 1 | Summary of Statistical Tests.
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Figure Panel Condition Age Comparison p-value Control  Experimental
to Control Animal N Animal N
2 E norm area POD Crestin + stain 32 hpf vp16-hoxbsb T-test 7.75E- 27 21
07
2 E norm area POD Crestin + stain 50 hpf vp16-hoxbsb T-test 1.14E- 7 8
03
3 E norm area POD foxd3 + stain 32 hpf vp16-hoxb5b Welch'’s T-test 5.71E- 7 10
03
3 F norm area hindbrain Phox2bb + stain 32 hpf vp16-hoxb5b Welch'’s T-test 0.01 7 8
3 G norm area POD phox2bb + stain 32 hpf vp16-hoxbsb Welch’s T-test 5.63E- 7 8
03
3 O POD phox2b + cells 32 hpf 15 pg vp16- T-test 3.03E- 7 9
hoxb5b 05
3 (0] POD phox2b + cells 32 hpf 30 pg vp16- T-test 2.61E- 7 5
hoxb5b 05
4 | norm area POD Crestin + stain HS 14|24 hpf ~ hsp70:GFP- T-test 0.02 6 8
hoxb5b+
4 J norm area POD Crestin + stain HS 22|26- hsp70:GFP- T-test 0.04 10 14
28 hpf hoxb5b+
5 E # total Enteric Phox2b + cells 50 hpf 15 pg vp16- T-test 1.83E- 10 7
hoxb5b 04
5 E # total Enteric Phox2b + cells 50 hpf 30 pg vp16- Welch'’s T-test 3.01E- 10 9
hoxb5b 04
5 F # POD phox2b + cells 50 hpf 15 pg vp16- Wilcoxon Test 3.28E- 10 7
hoxb5b 03
5 F # POD phox2b + cells 50 hpf 30 pg vp16- Kruskal-Wallis 6.80E- 10 9
hoxb5b Test 04
5 J # Total Kaede + cells 3 dpf 15 pg vp16- T-test 1.10E- 7 8
hoxb5b 04
5 J # Total Kaede + cells 3 dpf 30 pg vp16- T-test 4.09E- 7 7
hoxb5b 05
5 K # Total Elavi3/4 + cells 3 dpf 15 pg vp16- T-test 1.35E- 7 8
hoxb5b 03
5 K # Total Elavi3/4 + cells 3 dpf 30 pg vp16- T-test 1.04E- 7 7
hoxb5b 04
5 L Copositive Elavi3/4+/Kaede + cells of Total 3 dpf 15 pg vp16- Wilcoxon Test 0.13 7 8
Kaede + cells hoxb5b
5 L Copositive Elavi3/4 +/Kaede+ cells of Total 3 dpf 30 pg vp16- T-test 0.10 7 7
Kaede + cells hoxb5b
58 | # Gut Restricted Phox2b + Cells 50 hpf 15 pg vp16- T-test 5.68E- 10 7
hoxb5b 04
558 | # Gut Restricted Phox2b + Cells 50 hpf 30 pg vp16- Welch’s T-test 3.98E- 10 9
hoxb5b 04
58 J Cell Fraction, POD Localized 50 hpf 15 pg vp16- T-test 0.25 10 7
hoxb5b
58 J Cell Fraction, POD Localized 50 hpf 30 pg vp16- T-test 0.37 10 9
hoxb5b
58 J Cell Fraction, Gut Localized 50 hpf 15 pg vp16- T-test 0.25 10 7
hoxb5b
558 J Cell Fraction, Gut Localized 50 hpf 30 pg vp16- T-test 0.35 10 9
hoxb5b
6 H elavi3/4+ cells HS 14|3 dpf  hsp70:GFP- T-test 2.32E- 6 11
hoxb5b+ 04
6 H elavi3/4 + cells HS 21|3 dpf ~ hsp70:GFP- T-test 1.68E- 6 10
hoxb5b+ 03
6 H elavi3/4 + cells HS 48|3 dpf  hsp70:GFP- T-test 0.58 12 14
hoxb5b+
7 C # GFP + cells 63 hpf Enteric GFP+ T-test 0.26 6 6
7 C # Phox2b + cells 63 hpf Enteric Phox2b+ T-test 0.79 6 6
7 D Fraction Phox2b + copositive sox10:GFP cells 63 hpf 15 pg vp16- T-test 0.13 6 6
hoxb5b
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proteins were used as follows: Phox2b (1:200, Santa Cruz, B-11),
Kaede (1:500, MBL International, PM102M), Elavl3/4 (Same as
HuC/D, 1:500, Invitrogen Molecular Probes, A21271), Activated
Caspase-3 (1:200, BD Biosciences, 559565). Incubation in
primary antibody solutions were conducted overnight at 4°C,
except for assays with Phox2b or Caspase-3 antibodies which
were allowed to incubate for 2 days at 4°C which provided optimal
labeling. Corresponding secondary antibodies conjugated to
spectrally distinct fluorophores were all used at 1:500 dilution,
selected from the following depending on the experimental
condition:  Alexa Fluor 488 goat anti-rabbit IgG
(ThermoFischer, A11008), Alexa Fluor 568 goat anti-rabbit
IgG (ThermoFischer, A11011), Alexa Fluor 488 goat anti-
mouse IgGl (ThermoFischer, A21121), Alexa Fluor 594 goat
anti-mouse IgG1 (ThermoFischer, A21125), Alexa Fluor 647 goat
anti-mouse IgG1 (ThermoFischer, A21240), and Alexa Fluor 647
goat anti-mouse IgG2b (ThermoFischer, A21242). In the HCR
and WICHCR assays, commercially designed probes were
secured from Molecular Instruments as follows: crestin (B3,
AF195881.1), hoxb5b (B2, BC078285.1), phox2bb (Bl,
NM_001014818.1), and used as prior (Ibarra-Garcia-Padilla
et al., 2021). Corresponding amplifiers were purchased from
Molecular instruments and were used in experiments to
include spectrally distinct fluorophores suitable for multiplexed
imaging.

Heat Shock Induction of the hsp70I:
GFP-hoxb5b Transgene

Adult zebrafish maintained as an outcross and positive for dsRed
expression as larvae in the lens (see above method on description
of the line) were bred to produce synchronously staged embryos.
At the stage designated to begin the heat shock, embryos were
rapidly transferred to 37°C E3 and maintained at that
temperature. After a 1-h incubation, embryos were rapidly
returned to 28°C. In the 1-3h after heat shock GFP-Hoxb5b"
embryos were sorted from GFP~ siblings and cultured in parallel
until the designated stage for tissue collection.

Imaging, Quantification, and Image

Visualization

All embryos prior to imaging were cleared through graded washes of
PBST/Glycerol to reach a final Glycerol content of 75%. Fluorescent
Z-stacked images of IHC processed embryos were captured using an
Olympus FV3000 point scanning confocal microscope supported by
Fluoview Acquisition Software (version FV31S-SW). Images were
stitched in FIJT (Image] version 1.53e) using the Grid/Collection
applet as part of the Stitching plugin (Schindelin et al, 2012;
Schneider et al, 2012; Rueden et al, 2017). Digital image files
were converted with ImarisFileConverter Software (Bitplane) to
three dimensional rendered images compatible with IMARIS
(V94, V9.7, Bitplane). All images of fluorescent animals
represented in this publication are derived from maximum
intensity projections of the z-stacked image. Cells counts were
conducted on volume images following an arithmetic background
subtraction in IMARIS to ensure accurate counts, particularly when
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determining coincidence of labels. ISH processed embryos were
imaged on a Nikon Eclipse Ni microscope equipped with a
motorized stage. Z-stack images were acquired and extended
depth of focus images were generated in the Nikon NIS-Elements
BR software (v5.02.00). Areas of expression were measured in FIJI to
include dark pixels in the post-otic or hindbrain domains.
Quantifications were curated and analyzed in the Rstudio
programming environment (v1.1463). Images of pigmented
embryos were captured similarly on the Nikon microscope with
lateral illumination to distinguish iridophores, similar to (Petratou
et al., 2021).

In vivo Confocal Microscopy

Embryos were sorted for RFP expression, anesthetized with 0.4%
tricaine, and embedded in 1% low melting agarose in a 28.5°C
chamber with a coverslip glass bottom. Care was taken to ensure
embryo angled appropriately and proximal to the glass. Z-stack
images were acquired approximately every half hour concurrently
on the same Olympus FV3000 point scanning confocal
microscope as above. Maximum intensity projections images
were generated and exported from FIJIL

Statistical Analysis

An « of 0.05 was used as a cut off for all statistical tests. Normalcy of
datasets was assessed by visual inspection of a density plot, a qqplot
against a linear theoretical distribution, and Shapiro-Wilk test for
Normalcy. Further, variance between each dataset was examined
either with a Bartlett test for data which adhered to normalcy or with
a Levene’s test for non-normal data. Based on the normalcy and
scedasticity conditions of the data, the appropriate statistical test was
selected, as summarized in Table 1. All statistical analyses were
carried out in the Rstudio (v1.1.463) programming environment,
with key dependencies on the lawstat (v3.4) and stats (v3.6.3)
packages. Plots were generated in Rstudio supported by the
ggplot2 (v3.3.2) and ggsignif (v0.6.0) packages.
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Supplementary Figure S1| Phox2b antibody labeling is synonymous with mRNA
and transgenic labeling methods. (A) 3 dpf -8.3phox2bb:kaede larva co-labeled via
WICHCR protocol (Ibarra-Garcia-Padilla et al., 2021) showing Kaede labeled cells
(green), phox2bb mRNA (magenta), and Phox2b protein (cyan). (B) Inset images in
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The skeletal system derives from multiple embryonic sources whose derivatives must
develop in coordination to produce an integrated whole. In particular, interactions across
the lateral somitic frontier, where derivatives of the somites and lateral plate mesoderm
come into contact, are important for proper development. Many questions remain about
genetic control of this coordination, and embryological information is incomplete for some
structures that incorporate the frontier, including the sternum. Hox genes act in both
tissues as regulators of skeletal pattern. Here, we used conditional deletion to characterize
the tissue-specific contributions of Hoxab to skeletal patterning. We found that most
aspects of the Hoxab skeletal phenotype are attributable to its activity in one or the other
tissue, indicating largely additive roles. However, multiple roles are identified at the junction
of the T1 ribs and the anterior portion of the sternum, or presternum. The embryology of the
presternum has not been well described in mouse. We present a model for presternum
development, and show that it arises from multiple, paired LPM-derived primordia. We
show evidence that HOXAS expression marks the embryonic precursor of a recently
identified lateral presternum structure that is variably present in therians.

Keywords: Hoxa5, sternum, somites, lateral plate mesoderm, lateral somitic frontier, skeletal patterning

INTRODUCTION

The post-cranial musculoskeletal system derives primarily from two embryonic sources: the somites
and the lateral plate mesoderm (LPM). These mesodermal populations have distinct developmental
programs, genetic control, and evolutionary histories, yet they must develop in coordination to
permit the functional integration of their derivatives. Somites and LPM each give rise to skeletal
tissue, including cartilage and bone, and to connective tissue such as tendons, ligaments, and muscle
connective tissue (reviewed in (Christ et al., 2007; Prummel et al., 2020)). In contrast, all skeletal
muscle is somite-derived, with the exception of some cranial muscles (reviewed in (Yahya et al,
2020)).

Musculoskeletal structures can be categorized as primaxial or abaxial depending on the source of
their connective tissues (Burke & Nowicki, 2003). In primaxial structures, which include the vertebral
column and proximal ribs, all musculoskeletal tissues are entirely somite-derived. Abaxial structures
include the limbs, most of the limb girdles (shoulder and pelvis), the sternum, and in mice, the distal
T1 rib (Durland et al., 2008). In these structures, all connective and most skeletal tissue is LPM-
derived, but muscles arise from progenitors that migrate ventrally from the somites into LPM
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territory. In some abaxial structures, such as the distal T1 rib, the
cartilage also arises from ventrally migrating somite-derived cells.
The border between the primaxial and abaxial domains was first
mapped in chick and has been termed the lateral somitic frontier
(LSF (Nowicki & Burke, 2000)). The LSF has also been mapped in
mouse embryos using the PrxI-Cre transgene (Durland et al,
2008). A few structures, described as incorporating the frontier,
have both primaxial and abaxial portions. In mice, this includes
the scapula (whose dorso-medial border is somite-derived), the
intercostal muscles, and the junction of the ribs and sternum
(described further below) (Durland et al., 2008).

The  primaxial/abaxial  distinction  has facilitated
understanding of developmental phenotypes, which often
differ in or are confined to derivatives of one domain or
another, suggesting that these are at least partially independent
developmental fields (Burke & Nowicki, 2003). It is also
consistent with an instructive role for connective tissue in
musculoskeletal patterning, growth and homeostasis (reviewed
in (Sefton & Kardon, 2019)). Finally, the primaxial/abaxial
distinction is important for interpreting patterns and potential
constraint of morphological evolution due to required interaction
between the two tissues (reviewed in (Shearman & Burke, 2009)).

Indeed, somites and LPM have distinct evolutionary histories
(Liem et al., 2001). For example, somites arose in basal
(invertebrate) chordates and likely gave rise to the axial system
of muscles and the connective tissues that attached them to the
body wall (laterally) and notochord (medially), permitting
locomotion (reviewed in Willey, 1894). Somites also gave rise
to the earliest-evolved post-cranial skeleton: the vertebral
column. Paired appendages evolved later, with skeletal tissue
developing instead from LPM, but with somite-derived muscle
migrating to populate them (reviewed in (Tanaka & Onimaru,
2012)). In tetrapods, the elaboration and diversification of limbs
and limb girdles expanded the contribution of LPM to
musculoskeletal development, and would have necessitated
novel interactions across the lateral somitic frontier to
preserve an integrated musculoskeletal system.

One region where such integration must occur is at the
junction of the sternum and the ribs. The sternum evolved in
tetrapods as an extension of the pectoral girdle. It functions as an
attachment site for pectoral muscles that facilitate the transfer of
body weight to the forelimbs. Rib-sternum articulation evolved
secondarily in some tetrapods, serving to strengthen the ribcage,
and has also been adapted for respiratory function. Indeed,
sternal anatomy varies across tetrapod groups and reflects
diverse modes of locomotion and respiration (Liem et al,
2001; Scaal, 2021). In most living mammals, the sternum
contains three segments: the anterior sternum, or presternum
(sometimes called the manubrium), the mesosternum and the
xiphoid process. The presternum articulates anteriorly with the
clavicles (in species where clavicles are present) and posteriorly
with the second pair of ribs. The first pair of ribs joins the
presternum laterally and this attachment is morphologically and
functionally unique among rib attachments. The mesosternum
extends from the second rib to the last attached (true) rib and is
segmented in most mammals, made up of ossified sternebrae
alternating with cartilaginous joints at the points of rib

Tissue-Specific Hoxab Patterns Sternum

attachment; these provide flexibility for diaphragm-based
respiration. The xiphoid process is a thickened plate at the
posterior end the sternum that serves as an attachment point
for diaphragm muscles.

The mesosternum develops from paired structures called
sternal bars, and their embryology has been well-described in
classical studies of mammals and birds (for example, (Gladstone
& Wakeley, 1932; Fell, 1939; Chen, 1952a, 1952b, 1953;
Chevallier, 1975). The sternal bars arise in the axillary region
and derive from the Tbx5-expressing forelimb field (Gladstone &
Wakeley, 1932; Chen, 1952a; Bickley & Logan, 2014). They
migrate to the midline of the ventral body wall, where they
fuse to form the sternum and displace existing mesenchyme,
some of which undergoes cell death (Chen, 1952a). Rib anlagen,
which grow ventrally from the somites into the body wall, fuse
with the sternal bars during their migration. Sternal bars
subsequently provide force that “pulls” the rib primordia
toward the midline (Chen, 1952b), and conditional deletion of
Tbx5 in mouse LPM results in a complete loss of the sternal bars,
and secondary failure of the ribcage to close ventrally (Bickley &
Logan, 2014). The segmented structure of the mammalian
sternum arises secondarily because the rib primordia inhibit
sternum ossification at their attachment points via an
unknown signal (Chen, 1953).

The embryology of the presternum has been less studied.
However, there is evidence that in mammals it arises from the
fusion of multiple embryonic cartilage condensations (Gladstone
& Wakeley, 1932; Rodriguez-Vazquez et al., 2013; Buchholtz
et al, 2020). These include the anterior sternal bars and an
additional midline condensation proposed homologous to the
interclavicle, which is an unpaired midline bone present in most
synapsids but that is not present as a separate skeletal structure in
therian mammals. The presence of an additional paired lateral
element at the position of rib 1 articulation was proposed by a
comparative study of presternum anatomy from extant and fossil
mammals and from medical CT scans showing variably present
lateral skeletal structures in human presternae (Buchholtz et al.,
2020). Lineage tracing confirmed the LPM origin of the R1
attachment site (Durland et al, 2008) and a neural crest
contribution has also been reported in the anterior sternum
(Matsuoka et al., 2005). However, a thorough description of
presternum development in a mammalian model system has
been lacking. Thus, the number and origin of its primordia, as
well as their embryological tissue of origin and relationship to the
lateral somitic frontier, is unknown, as are potential signals acting
across the frontier to coordinate rib-sternum interactions. Hox
genes are a good candidate for playing a role in this latter activity.

Hox genes globally pattern anterior-posterior fates, including
in both somite and LPM derivatives, and loss-of-function studies
have demonstrated patterning roles in both primaxial and abaxial
structures (reviewed in (Mallo et al., 2010)). Vertebrate Hox genes
are expressed in a nested, colinear pattern in somites, but their
expression boundaries are less regular with respect to cluster
organization in the LPM, and often differ from those in somites
(Burke et al., 1995). Heterotopic transplantation of presomitic
mesoderm reveals that both segmental identity and Hox
expression become determined prior to somite segmentation;
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FIGURE 1 | Hoxa5 expression in somites and LPM. (A) HOXA5 protein expression and (B) domain of cells with an expression history of Hoxa5 at E11.5, prior to
migration of axial skeletal progenitors across the lateral somatic frontier. Compare to the location of cells derived from (C) somites, labelled with Meox1-Cre, and (D) LPM,
labelled with Prx1-Cre. White arrows mark the lateral (left) and medial (right) borders of the somites. White arrowheads indicate the axillary region known to contain sternal
bar progenitors. Grey arrowhead indicates additional HOXA5 expression in the limb bud, and asterisk marks the myotome (see text). (E,F) Summary of skeletal
phenotypes following conditional Hoxa5 deletion. Frequency of Hoxa5 associated phenotypes in the (E) C6-T1 vertebrae and (F) sternum at E18.5. *p < 0.05, **p < 0.01,
p < 0.0001, Fisher’s exact test. Complete genotypes of control and experimental groups are given in Supplementary Table S1.

primaxial structures develop according to their original location
and maintain their own Hox code after transplantation. In
contrast, the segmental identity of abaxial structures is governed
by Hox expression in the LPM: muscle and skeletal progenitors
that migrate across the lateral somitic frontier following
heterotopic transplantation adopt the morphology and Hox
code associated with the surrounding LPM (Kieny et al,, 1972;
Murakami & Nakamura, 1991; Nowicki & Burke, 2000).

In order to better understand how developmental programs
are coordinated across the lateral somitic frontier, and specifically
at the point of forelimb attachment, we took two approaches. In
the first, we examined the tissue-specific requirements for Hoxa5
in somites vs. LPM for mouse skeletal development. Hoxa5 is a
good model because of its non-redundant skeletal phenotypes
affecting forelimb attachments and vertebral segments spanning
the cervical-thoracic transition (reviewed in (Jeannotte et al.,
2016)). Our results showed that Hoxa5 null-associated skeletal
phenotypes can be reproduced by tissue-specific Hoxa5 deletion
in somites or LPM, identifying the tissues in which it is required.
Interestingly, LPM-specific deletion produced a novel phenotype,
suggesting that coordinated HOXAS5 expression across the
frontier may be necessary for some aspects of its role in
presternum development. In a second approach, and to better
contextualize these genetic results, we characterized mouse
presternum development at a series of stages with reference to
the cartilage condensations, tissues of origin, and the relative role
of Hoxa>.

Together, our results confirm and extend previous findings
about the origin of the presternum as a composite structure. We
show that the mouse presternum, including what is commonly
referred to as the manubrium, is composed of at least five
independent, paired mesenchymal condensations, all of which
are primarily LPM-derived and lack contribution from somites.
Molecular subdivision of one presternal element is provided by the
differential expression of HOXAD5 specifically at the points of rib 1
attachment, and this same region is disrupted in Hoxa5 mutants.
Thus, we propose that HOXA5 expression molecularly marks a
previously-identified lateral element of the therian presternum.
Together, our results shed light on the development of a structure
arising at the lateral somitic frontier, and provide a genetic
dissection of Hox activity spanning this junction.

RESULTS

Distinct Phenotypes Result From
Tissue-Specific Deletion of Hoxa5 in

Somites or LPM
HOXAS5 protein is expressed in both somites and LPM, in

adjacent domains that flank the lateral somitic frontier. This
can be observed in a brachial somite at E11.5, just prior to the
migration of rib and axial muscle progenitors, by comparison of
HOXAS5 expression and Cre-based lineage label (Figures 1A,B)
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FIGURE 2 | Vertebral phenotypes associated with conditional Hoxa5 deletion at E18.5. Alcian blue and Alizarin red staining of vertebrae from control (A), null (B),
somite deleted (C), and LPM-deleted (D) embryos. Arrowheads indicate tuberculum anterior (TA) on C8, ribs on C7 and the position of the dorsal process on T1
(absence of a dorsal process indicated by a tilted arrowhead). Note that the T1 ribs have been cut within the cartilaginous, distal portion for photography. Scale bar 1 mm
(top four rows) or 0.47 mm (bottom row).

to position-matched sections from embryos lineage-labeled for To test these questions, we deleted Hoxa5 in somites or in LPM
somites and LPM (Figures 1C,D) using Meox1-Cre (Jukkola et al., with the Hoxa5™* conditional allele (Tabariés et al., 2007) and tissue-
2005) and Prx1-Cre (Logan et al, 2002), respectively. A  specific Cre lines. Skeletal phenotypes were examined at E18.5, with a
comparison of these latter two images illustrates the position  focus on the sixth cervical to first thoracic (C6-T1) segments and on
of the lateral somitic frontier. As previously described (Holzman  the sternum: regions that span the cervical-thoracic transition, that
etal,, 2018), HOXAS is expressed broadly in somites (between the ~ contain a mixture of primaxial, abaxial, and transitional strucutres,
two arrows, Figures 1A,C), with the exception of prospective  and that also include the most penetrant Hoxa5 phenotypes
skeletal muscle (asterisk and (Holzman et al., 2018)). In LPM, (Jeannotte et al., 1993). Results are summarized in Figures 1E,F
expression is observed in the limb field, including mesenchyme of ~ and detailed in Supplementary Table S1. To account for possible
the proximal forelimb (grey arrowhead) and the axillary region  effects of genetic background introduced from the Cre lines, we
(white arrowheads in Figures 1A,B,D) where the sternal included data for littermate controls from each cross.

progenitors are found (Bickley & Logan, 2014). In contrast,

few HOXAS5-expressing cells are found in the LPM-derived . . .
ventral body wall mesenchyme. Similar to HOXAS5 protein, Homeotic Transformations Involve Somitic
Hoxa5-Cre activity visualized with an RFP reporter reveals a ~ Hoxab Activity

similar but somewhat broader spatial domain of cells with a  The vertebrae are somite-derived and, except for the distal T1 rib,
Hoxa5 expression history (especially in the forelimb) reflecting  are entirely primaxial (Durland et al., 2008). Consistent with this,
the dynamic nature of Hoxa5 expression (Figure 1B; Bérubé- all vertebral phenotypes previously associated with Hoxa5 loss-
Simard & Jeannotte, 2014; Holzman et al., 2018). Together, these of-function (Jeannotte et al, 1993) were recapitulated by
expression data raise the question of which domain(s) of Hoxa5  conditional deletion of Hoxa5 in somites with Meox1-Cre
activity mediate skeletal patterning, and whether somiteand LPM  (Figures 1E, 2). These included loss of the tuberculum
activity is functionally independent for skeletal structures that  anterior on C6, which is considered an anterior
incorporate the frontier. transformation of C6 to C5. Ectopic C7 ribs were also
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FIGURE 3 | Sternum phenotypes associated with conditional Hoxa5 deletion at E18.5. (A) Control sternum at E18.5. Arrowheads indicate the positions at which
measurements were taken for data shown in panels (E-H). (B-D) Examples of anterior sternum phenotypes. In all panels, filled black arrowheads indicate T1 ribs, black
arrows indicate T2 ribs, and grey arrowheads indicate C7 ribs. White arrowheads indicate Y-shaped cartilage reduction, and white arrow in (Biii) indicates ectopic ossification
of the Y-shaped cartilage. Grey arrows in (Di,ii) indicate an elongated sternum region between the Y-shaped cartilage and T1 attachment position, which was
sometimes associated with an ectopic ossification. Scale bar: 500 um. (E-H) Comparative lengths of sternal regions between arroweads indicated in (A). In each panel, null
crosses are graphed on the left, somite-specific deletion in the middle and LPM-specific deletion on the right. Bars and brackets indicate the mean and standard deviation,
respectively. *p < 0.05, **p < 0.01, **p < 0.001, n.s. not significant, Welch’s t-test. (I,J) Adult sternum with T1 and T2 attachments shown in side (1) or front (J) views. (K)
Schematic of E14.5 sternum and ribs attachments. (L) Schematic of a cross-sections through an E14.5 embryo at the axial level indicated by the blue line in (K).

observed, interpreted as a posterior transformation of C7 to T1. As
was previously reported for the null allele, C7 ribs could be
unilateral or bilateral and varied in extent and in whether they
were free or fused to the T1 rib or sternum (shown below).
Cartilage nodules were frequent in all genotypes and were not
considered ribs (see control embryo in Figure 2A and not shown).
Finally, somite-specific Hoxa5 deletion led to ectopic formation of
dorsal processes on T1, considered a posterior transformation of
T1 to T2 (Figures 1E, 2C). Note that at E18.5 the dorsal process
was not yet positive for Alcian blue, but mesenchymal
condensations could be observed. In contrast, none of these
vertebral phenotypes were observed following LPM-specific
Hoxa5 deletion with Prx1-Cre (Figures 1F, 2D). These results
indicate that, as expected, somite-specific Hoxa5 activity is
responsible for patterning of primaxial skeletal structures.

Rib-Sternum Attachment Phenotypes

Involve Somitic Hoxa5 Activity

In addition to homeotic transformations, Hoxa5 null mutants
present rib fusions, bifurcations and asymmetric sternal
attachment involving the first (T1) ribs and in some cases
ectopic C7 ribs (Jeannotte et al., 1993). These phenotypes are

consistent with a defect in rib guidance during segmental
outgrowth across the lateral somitic frontier, and/or with altered
recognition between T1 and a defined location on the presternum.
Interestingly, these rib defects were all reproduced by conditional
deletion of Hoxa5 in somites but not by deletion of Hoxa5 in LPM.

In wild-type embryos, the T1 ribs fuse symmetrically and at a
consistent position on the presternum, at the base of the Y-shaped
cartilage (Figure 3A). Rib attachment defects are shown in
Figure 3 and Supplementary Figure S1. Asymmetric
attachment of T1 ribs to the sternum was frequent in both
null embryos and following somite-specific deletion (Figures
3B,C, i,ii black arrowheads indicate T1 ribs in all panels). A
T1 bifurcation following conditional deletion of Hoxa5 in somites
is shown in Supplementary Figure S1Civ. When they formed, C7
ribs were sometimes free (Supplementary Figure S1, compare A
to Bi,Ci), but others fused with the T1 rib (Supplementary
Figure S1Cii), or were complete ribs, fused to the sternum in
the position normally occupied by T1 (Supplementary Figure
S1Ciii, grey arrowheads indicate C7 ribs in all panels). All of these
phenotypes were previously described for Hoxa5 null embryos
(Jeannotte et al., 1993). In contrast, no rib asymmetries, fusions or
bifurcations were observed following Hoxa5 conditional deletion
in LPM.
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We hypothesized that asymmetric T1 fusion could be caused
by physical displacement of one rib due to presence an extra
cervical rib on the same side. This was not the case, however,
because there was no correlation between aberrant T1 rib fusion
and an ipsilateral C7 rib. Of embryos with asymmetric T1 rib
fusions, 2/4 null embryos and 2/7 following somite-specific
Hoxa5 deletion lacked an ectopic C7 rib on the same side
(although we cannot rule out presence of ectopic intercostal
muscle or connective tissue). Of those that did have ipsilateral
C7 ribs, some were free, others fused to T1, and others fused to the
sternum. Thus, the symmetric outgrowth and fusion of T1 ribs is
apparently an independent phenotype from the presence of C7
ribs, and consistent with hypothesized loss of positional
information either during rib migration and/or during
presternum fusion. In one embryo with somite-specific
deletion, in which a C7 rib was fused to the sternum, both T1
ribs shifted their attachment symmetrically to the normal T2
position (Figure 3Ciii; Supplementary Figure S1Ciii). This
phenotype has been previously described in null embryos
(Jeannotte et al., 1993) but was not observed in our null samples.

The posterior fusion of T1 ribs, particularly in the latter
example, could be interpreted as a homeotic transformation of
T1 to T2. This did not appear to be the case, however, based on
sternum morphology. In wild-type mice (and other mammals), the
mesosternum segments at the positions rib attachment (T2-T7),
but not at the T1 attachment (Figures 3L]J). At E18.5, the future
mesosternal joints are visible as thin discontinuities in Alcian blue
staining, which are never observed at T1. Following somite-specific
Hoxa5 deletion, ectopic mesosternum-like segmentation was not
observed at the position of T1 fusion, even when T1 ribs fused at
the T2 position (not shown). This indicates that the joint
maintained at least this aspect of T1 identity and was not
transformed to a mesosternal-type joint. The T1 distal ribs are
also morphologically distinct from all other ribs in adults because
they make a double-contact with the sternum (Figures 3LJ, and see
below). However, this morphology has not developed at E18.5 and
thus could not be scored with Alcian blue staining.

Finally, it was previously reported that the Hoxa5 skeletal
phenotype involves asymmetric fusion of all or most ribs,
resulting in bifurcated or fused sternebrae, also called a
crankshaft sternum (Jeannotte et al., 1993). This phenotype
has been hypothesized to result from asymmetric fusion of the
ribs to the sternal bars, or from asymmetric fusion of the sternal
bars. This in turn subsequently disrupts the regular alternation of
ossified sternebrae and cartilaginous joints because the ribs are
known to inhibit sternum ossification at points of contact (Chen,
1953), and likely does not reflect a patterning change in the
sternum itself. We observed the crankshaft sternum phenotype at
low frequency in both conditional knockout crosses, but
occurrence was statistically indistinguishable from controls
(Figure 1F; Supplementary Figure S1Cv).

A Novel Presternum Phenotype Involves
Hoxa5 Activity in LPM

A novel phenotype not described in Hoxa5 null embryos was
produced by LPM-specific deletion of Hoxa5 with Prx1-Cre: an

Tissue-Specific Hoxab Patterns Sternum

additional ossification formed within the presternum, anterior to
the T1 attachment (Figures 1F, 3Di; Supplementary Figure S1D,
grey arrows). Further examination revealed that some embryos
showed presternum elongation even when no extra ossification
was present (Figure 3Dii, grey arrow). We therefore measured
absolute and relative lengths of different sternal regions in all
samples (measurement positions marked in Figure 3A). This
confirmed that the distance from the base of the Y-shaped
cartilage to the center of the T1 attachment was significantly
increased following LPM-specific deletion (Figure 3E).
Conversely, the distance between the T1 and T2 attachments,
which is typically greater than that between mesosternum rib
pairs, was significantly reduced (Figure 3F). However, the overall
distance between Y and T2 was significantly increased
(Figure 3G) confirming an overall elongation of the
presternum. In contrast, the length of the mesosternum,
measured between the T2 and T7 attachments, was not
affected (Figure 3H). Similar to the case above, the extra
sternebra above the T1 attachment might indicate a posterior
shift in identity. However, as in the examples above, even when an
extra ossification was present anterior to the T1 attachment, the
sternum retained a T1-like morphology because it did not
segment to form a joint (not shown).

Sternum lengths were also measured following somite-specific
or complete Hoxa5 deletion (here, specimens with asymmetric T1
fusion were excluded from measurements involving T1 position
but included in Y-T2 and T2-T7 measurements). No significant
differences in the lengths of sternal regions were observed
following somite-specific deletion of Hoxa5 (Figures 3E-H).
However, the Y to T1 length was significantly increased in the
null embryos, even excluding those with T1 asymmetric fusion.
However, the elongation was less severe than following LPM-
specific deletion and never involved an ectopic ossification
anterior to T1 (Figure 3E).

Together, these results show that Hoxa5 activity specific to the
LPM is responsible for the presternum phenotypes. The
observation that the elongation of the presternum is more
severe following LPM-specific deletion of Hoxa5 compared to
complete loss-of-function implies that Hoxa5 activities in somites
and LPM are not completely independent. Rather, this could
indicate that they act coordinately to pattern the presternum; if
so0, a mismatch in positional information following conditional
deletion could be expected to produce such a novel phenotype
relative to complete deletion. This possibility is discussed
further below.

Finally, the Y-shaped cartilage was often reduced following
either LPM-specific deletion or in null embryos (Figures
3Bi,Di,iii, white arrowheads) but not following somite-specific
deletion.

Sternum Ossification Phenotypes are Most

Prevalent in Hoxa5 Null Embryos

In wildtype embryos, rib primordia inhibit ossification of the
sternum at contact points (Chen 1953). In E18.5 embryos, the
sternum anterior to T1 is completely cartilaginous (Figure 3A)
although in adults this region does ossify (Figures 3LJ). In Hoxa5
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null embryos, early sternal ossification occurred frequently at
points of T1 rib contact (12/26 T1 ribs; for example, Figures
3Bi,iii). Ectopic ossification often extended anteriorly into the
Y-shaped cartilage (7/13 null embryos; Figure 3Biii and
Supplementary Figure S1Bii). This phenotype was observed
in one embryo following somite-specific deletion (Figure 3Ci)
and involved one T1 and both T2 ribs, but never following LPM-
specific deletion. Together, this implicates Hoxa5 in negatively
regulating ossification of the presternum, but does not clearly
identify the location of its activity in this role.

Embryonic Development of the Mouse

Presternum and the Role of Hoxa5

The results above showed that Hoxa5 plays distinct and largely
independent roles in the somites and LPM. However, a novel
phenotype following LPM conditional deletion indicates that
tissue-specific roles may not be purely additive in the
presternum. Overall, the function of Hoxa5 in presternum
development could be better understood if described in
reference to presternum embryology, which is incompletely
characterized.

Presternum Development is Disrupted by
Hoxa5 Loss of Function

In an adult skeletal specimen, the unique nature of the anterior
sternum and T1 articulation is apparent, including the absence of
sternal segmentation at the T1 joint and the morphology of the
distal T1 ribs, which form a double attachmentto the sternum,
unlike the mesosternal ribs. (Figures 3L]J, and diagrammed in
Figure 3K).

A recent description in human embryos suggests that multiple
cartilage condensations contribute to the presternum (Rodriguez-
Vazquez et al., 2013). This study showed that interclavicular (IC)
mesenchyme arises between and continuous with the clavicle
condensations and was proposed to have neural crest origin,
similar to the endochondral portion of the clavicle (Matsuoka
et al, 2005). IC mesenchyme later expands caudally and
bilaterally toward the first ribs, ultimately forming a
cartilaginous continuity with the first ribs. This bilateral
domain extending from the posterior end of the IC
mesenchyme to the site of T1 attachment was referred to as
the intercostoclavicular mesenchyme (ICC). We adopt the IC and
ICC terminology below to indicate the anterior-posterior
organization of the presternum. The complex composed of the
first appears to join posteriorly with the sternal bars, making up
the region of the presternum between the T1 and T2 ribs.
Throughout development, the mesenchymal condensations
that contribute to the presternum were found to have distinct
associations with developing muscles, further supporting their
different identities. Distinct muscles from the infrahyoid group
were found to be adjacent to the IC or ICC mesenchyme from the
earliest stages observed, while the pectoralis was associated with
the sternal bars.

To determine whether the mouse presternum develops in a
similar manner, we first examined embryos at E14.5, when sternal
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bar closure is mostly complete. Using Sox9 expression to mark
cartilage condensations, we analyzed serial cross-sections,
starting at the point of contact between the clavicles and
sternum (blue bar in Figure 3K and diagrammed in
Figure 3L), and continuing through attachment of the T3 rib.
Results are shown in Figure 4. We were able to identify the
presternum regions corresponding to the IC and ICC
mesenchyme previously described in human embryos
(Rodriguez-Vazquez et al., 2013). At the axial level of the IC
(Figures 4A,B), Sox9 marks clavicle as well as sternal structures.
At this anterior-most point, the presternum appears to contain at
least three components: paired dorsal elements that contact the
clavicles (blue arrow marks the right side of the pair); separate
paired elements that lie ventral to the clavicle (pink arrow marks
the right side), and a ventral-midline element where pectoral
muscle attachment occurs (white arrow). All three elements
continue posterior to the clavicles, in the presternum ICC
mesenchyme (Figures 4C-F, arrows as described above). At
the axial level of the ICC, the ventral paired elements are
larger and bar-shaped, and the level of SOX9 expression
within them is increased compared the level of SOX9 observed
in the dorsal IC and ICC mesenchyme (compare dorsal and
ventral expression in Figures 4A-F). Moving posteriorly through
the ICC mesenchyme, these ventral bar-shaped elements change
shape, with the lateral ends curving dorsally and the medial
portion forming a bulge (Figure 4F) that is more similar in shape
to the mesosternum. In contrast, the paired dorsal ICC elements
remain rounded and composed of a less dense mesenchyme with
lower SOX9 expression compared to the ventral element. In
Figure 4G, rib 1 is seen making first contact with the ventral
ICC element (red arrow in Figure 4G’). As observed in the adult
skeleton (Figures 3L]J), rib 1 makes a double contact. The first is
with this ventral element, while the second, more posterior
contact occurs in the position where the sternum shifts to a
more rounded morphology and no longer contains laterally-
extended bars (Figures 4L]J; blue arrow in 4] indicates where
the second attachment begins to form. See also Figure 3K). The
rounded sternum morphology continues posterior to T1 (Figures
4J-M), including the first intercostal region where the sternum is
rounded dorsally and is elongated in the dorso-ventral plane
relative to more anterior regions (Figure 4K). This elongated
region evidently corresponds to paired, fusing sternal bars at
points of rib 2 (Figure 4L) and rib 3 (Figure 4M) attachment.
Continuity between ventral ICC and the posterior mesosternum
suggests that ventral ICC might represent the anterior ends of the
sternal bars.

Transplantation and Prx1-Cre lineage-labeling has shown that
the sternal bars are LPM-derived (Bickley and Logan, 2014;
Chevallier, 1975; Durland et al., 2008; Fell, 1939) but the
origins the presternum components described above are not
known. Using the same Prx1-Cre transgene, we found that all
of these presternum elements are primarily, if not entirely, of
LPM origin (Supplementary Figure S2). We observed Prx1-Cre-
RFP in the clavicles (Supplementary Figures S2A”,B”), in the
dorsal and ventral elements of the presternum (Supplementary
Figures S2C”-J”), and in the mesosternum (Supplementary
Figures S2K”,L”; see SOX9 staining in Supplementary Figure
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FIGURE 4 | Development of the presternum is disrupted in Hoxa5 null mutants. (A-M’) SOX9 expression, shown with (A-M) and without (A’=M’) DAP!I labelling, in
serial sections from the anterior presternum through T1-T3 attachments of an E14.5 WT embryo. (N,N’-Z,2') SOX9 expression in serial sections through the
presternum and T1-T3 attachment of a Hoxa5 "~ null littermate. (A-H) and (N-U) Blue arrows mark dorsal IC/ICC; pink arrows indicate ventral ICC; white arrows point to
the site of pectoral muscle attachment. Red arrows in G’ and T’ indicate first contact of T1 with the sternum. Blue arrow in J indicates the beginning of the second
contact of T1 with the sternum. Scale bar: 200 uM. C, clavicle; IC, interclavicular; ICC, intercostoclavicular; P, pectoral muscle.

~

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 April 2022 | Volume 10 | Article 806545


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

Mitchel et al. Tissue-Specific Hoxab Patterns Sternum

IC Mesenchyme

ICC Mesenchyme

=< b < = Q L)
R '
> 4 P4

!

Rib 1

Rib 2 Intercostal

Rib 3

FIGURE 5 | HOXAS5 is specifically expressed in ventral elements of the presternum. SOX9 (A-M’') and HOXA5 (N-2') expression in alternate sections of a WT
E14.5, from the anterior presternum through T1-T3 attachments, shown with (A-M, N=Z) and without (A’-M’, N’=Z’) DAPI. C, clavicle. Pink arrow in (O'-T’) identifies
expression of HOXAS5 in the paired ventral elements of the ICC mesenchyme. Orange arrows in P’ and Q' mark HOXA5 expression lateral to, but continuous with, the
presternum. Red arrow in V' indicates HOXA5 expression within the sternum as it shifts to a more rounded morphology. Red arrows in X’ and Y’ point to a shift in

Hoxab expression more dorsally, likely marking the connective tissue of an infrahyoid muscles. HOXAS can also be seen in the perichondrium of ribs 2 and 3 (yellow
arrows in Y' and Z'), and in the body wall mesothelium (red arrow in Z’). Scale bar: 200 uM. C, clavicle; IC, interclavicular; ICC, intercostoclavicular; T1, thoracic rib 1.
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S2 for identification of each cartilage condensation). These
observations do not exclude contribution to the IC/ICC
mesenchyme and clavicles from other tissue sources, and
neural crest was previously reported to contribute to the
clavicle and manubrium (Matsuoka et al., 2005). However, we
were able to rule out any somitic contribution to the presternum
by performing a similar analysis with Meox1-Cre (Figures 6,7
and data not shown).

Having identified presternum and T1 skeletal phenotypes in
Hoxa5 mutants, we next examined Hoxa5 null embryos at E14.5
(Figures 4N-Z, n = 4), with references to the condensations
described above. While development of the clavicles and IC
mesenchyme was normal (Figures 4N,O, blue arrows), the
ventral paired elements of the ICC mesenchyme were
noticeably smaller than those of littermate controls (compare
Figures 4EF to Figures 4R,S, pink arrows). In contrast, the
medial portion of the ventral ICC appears intact. The T1 rib
contact is thus perturbed: instead of attaching to a bar of SOX9-
positive ventral ICC mesenchyme, which is absent in Hoxa5 nulls
(Figure 4G), rib 1 appears to make contact with the rounded,
medial ICC. In this particular Hoxa5 null specimen, the T1 ribs
attach symmetrically and at approximately their normal position
on the presternum, comparable to the skeletal examples shown in
Figures 3Biii. Moving further posteriorly, the medial element
where rib 1 attaches in control embryos becomes more
mesosternum-like in its morphology (Figures 4L,]). Here, the
Hoxa5 null sternum remains misshapen (Figures 4V,W). By
contrast, the morphology of the sternum at intercostal
(Figure 4X), rib 2 (Figure 4Y), and rib 3 (Figure 4Z) levels is
similar to those of the control (Figures 4K-M). To determine
whether changes in either cell death or cell proliferation were
responsible for the reduction of the lateral portions of the ventral
ICC in Hoxa5 mutants, we examined expression of cleaved
Caspase 3 and PCNA in E14.5 embryos, but observed no
noticeable differences in either (Supplementary Figure
S5; n = 4).

Together, analysis at E14.5 reveals that Hoxa5 null embryos
have altered sternum morphology from an early stage of
development, even in specimens with a relatively normal T1
attachment position. Specifically, the lateral bars of the ventral
ICC element are reduced, and their contact with rib 1 is
perturbed. In contrast, the IC, dorsal ICC, and all elements
posterior to the T1 rib appear normal.

HOXAS5 is Expressed in Ventral ICC of the
Presternum at and Anterior to the Site of Rib
1 Attachment

Having determined how Hoxa5 loss of function affects
presternum development, we next inquired whether these
phenotypes correspond to a domain of HOXA5 expression in
LPM-derived sternal elements. HOXA5 expression was examined
in E14.5 embryos and compared to SOX9 in alternate sections
from the same embryo (Figure 5) or by double labelling
(Supplementary Figure S3). Sternal HOXAS5 expression is first
detected faintly in the paired ventral condensations at the axial
level of the IC mesenchyme (pink arrow, Figure 50’ and

Tissue-Specific Hoxab Patterns Sternum

Supplementary Figures S3B,H), and then intensifies within
the ICC mesenchyme of the ventral sternum (Figures 5P'-S’;
Supplementary Figures S3C,D,LJ). We confirmed that this
HOXAS5 expression domain was derived from LPM by
comparing expression of HOXA5 to Prxl-Cre-RFP
(Supplementary Figure S2). Interestingly, while SOX9 marks
the entire ventral ICC, HOXAS5 labels the lateral edges but is
excluded from the midline-most domain (compare Figures
5E’,R’, red arrows in Supplementary Figures S3C’,D’). This
pattern of midline exclusion of HOXA5 continues, even as the
ventral sternum shifts to a more rounded, mesosternum-like
shape at the anterior point of T1 attachment (Figure 5T').
The expression domain of HOXA5 encompasses the same
lateral portions of the ventral ICC that appear reduced in
Hoxa5 mutant embryos (Figures 4R,S). At all anterior-
posterior levels of the presternum, HOXAS5 is excluded from
the SOX9-expressing dorsal IC and ICC elements (blue arrows in
Figure 4 and Supplementary Figure S3).

In addition to the ventral ICC, HOXAS5 is expressed in a
domain lateral to but continuous with the developing sternum
(Figures 5P’,Q" and Supplementary Figures S3C,D orange
arrows) throughout the ICC region between the clavicle and
T1 rib. These HOXA5-expressing cells are also LPM-derived
(Supplementary Figure S2F”, red arrow), and may either
reflect cells that are migrating toward incorporation into the
presternum (discussed below), or cells marking LPM-derived
connective tissue anterior to rib 1. Interestingly, it is this
component of the presternum that is elongated in Hoxa5
mutants, and forms an ectopic ossification following LPM-
specific deletion (Figures 3Diii,E). Initiation of rib 1
attachment is seen in Figure 5T. Importantly, both rib 1 and
the ventral presternum express HOXA5 (Figure 5T"), but while
expression looks continuous, the sternal HOXA5 domain is LPM-
derived, and the rib 1 domain arises from the somites (compare
Supplementary Figures S2H”,H").

Expression of HOXA5 in the ventral-lateral ICC extends
throughout the ICC and T1 rib contact. Posterior to this, a
dorsal LPM expression domain is also observed surrounding
infrahyoid muscles at the T1, intercostal and T2 levels
(Figures 5V'-Z’, red arrows and Supplementary Figure S2L’,
yellow arrow). These muscles were previously described to
associate with ICC mesenchyme (Rodriguez-Vdazquez et al,
2013). HOXAS5 can also be detected in the perichondrium of
ribs 2 and 3 (Figures 5Y',Z’, yellow arrows), and in a thin layer of
expression along the body wall mesothelium at the level of rib 3
(Figure 5Z', red arrow). Importantly, HOXAS5 is not expressed in
any part of the sternum posterior to the T1 site at E14.5.

We next characterized earlier stages of presternum
development, including the elements identified above, and
tracked both HOXA5 and SOX9 expression in this region. At
E13.5 (Figure 6 and Supplementary Figure S4) all of the
presternal condensations observed at E14.5 can be
distinguished. In the ventral ICC element, SOX9 expression
reveals paired bar-like condensations similar to E14.5 except
that fusion is apparently not yet complete (red arrows,
Figure 6D’ and Supplementary Figure S4E), and thus the
medial bulge of the ventral ICC is not present. However,
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FIGURE 6 | At E13.5, HOXA5 and SOX9 co-expression identifies a component of the presternum that is continuous with the sternal bars, and is the site of rib 1
attachment. (A-1") E13.5 Meox1-Cre-RFP embryo co-labelled for HOXAS (green (A’,A”-1"), SOX9 (blue, (A’",A"1",1"")), and RFP (red (A-l)). As observed at E14.5,
HOXAB5, and SOX9 are co-expressed (cyan cells, (A,A’-1,1’) in the ventral ICC element of the presternum—with HOXAS expression extending more broadly ventral to
SOX9 (C'-E’; L-N). (J-R) At higher magnification (corresponding to yellow square in (A’)), co-expression is more clearly visualized. SOX9, but not HOXAS5, is
detected at lower levels in the dorsal IC and ICC (A’-E'), while both are co-expressed in ribs 1 and 2 (F'-I') and spanning the site of rib 1-to-sternum fusion (F'-H’; 0-Q).
HOXAS5 is additionally found in the perichondrium of ribs 1 and 2 (G'-I'), as well as in the connective tissue of the infrahyoid muscles, dorsal to the sternum (1”). Red arrow
in (D) indicates exclusion of HOXA5 from the most medial region of the ventral ICC mesenchyme. Orange arrows in (C’,D’) point to portion of HOXAS lateral domain that
does not co-express with SOX9. Red arrow in (G) indicates site of rib 1 attachment. Scale bars: 200 uM T1, thoracic rib 1; T2, thoracic rib 2; T3, thoracic rib 3.

contact between rib 1 and with the ventral ICC bars has already
occurred (Figure 6G"; Supplementary Figure S4F).
Interestingly, sternal bar fusion is also incomplete at this
stage, thus the transition during rib 1 attachment from the
ventral element of the presternum to a more mesosternum-like,
sternal bar structure is quite distinct: in Figure 6H” and
Supplementary Figure S4H, the sternum appears as unfused
sternal bars, with a loose collection of SOX9-expressing cells
extending between them. And more posteriorly, ribs 2 and 3
attach to unfused sternal bars also connected by a stream of
SOX9-positive cells (Figure 61"”; Supplementary Figures S41,]).
As at E14.5, all presternum elements were composed largely if
not entirely from Prx1-Cre labelled, and thus LPM derived cells

(Supplementary Figures S4K-T), and none of these
presternum elements showed contribution from Meox1-Cre
labelled somites (Figures 6A-I).

A comparison of SOX9 and HOXA5 coexpression
(Figures 6A’-I'JJ-R) or in alternate sections at EI13.5
(Supplementary Figures S4K-T) also revealed a pattern
similar to that observed a day later at E14.5, with HOXA5
expression largely absent from IC mesenchyme but observed
in the ventral ICC mesenchyme of the presternum, where it is
localized to a lateral domain that does not express SOX9 (orange
arrows, Figures 6C’,D’ and Supplementary Figures S4M",N")
and is LPM-derived (orange arrow, Supplementary Figures
S4N’, S6B). To determine whether this lateral domain might
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FIGURE 7 | At E12.5, HOXA5 occupies a lateral domain as well as marking the site of rib 1 attachment to the sternum. E12.5 Meox1-Cre-RFP embryo in which
alternate sections were labelled for SOX9 (A-H'’") or HOXA5 (I-P""). Whole cross-sections are shown in (A) and (I), with remaining images from the region indicated by
blue rectangle in (A). Images are shown with RFP and either SOX9 (A-H) or HOXA5 (I-P); RFP alone (A’-H'; I'-P’), or SOX9 (A"-H") or HOXA5 (I"-P") alone. Pink
arrows in (C—F) and (L-N) indicate ventral ICC. Blue arrows in (C~F) point to dorsal IC/ICC. Orange arrow in (M") indicates lateral HOXA5 expression domain. Red
arrows in (M”,N") point to exclusion of HOXA5 from the medial-most region of the ventral ICC mesenchyme. Yellow arrow in (G,H) marks triangle of SOX9 expression
contacting the rib. White arrow in (H) marks stream of cells crossing the midline. Scale bar: 100 uM. C, clavicle; T1, thoracic rib 1; T2, thoracic rib 2.
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include cells that contribute to the connective tissue components
of the developing sternum, we co-labeled E14.5 embryo sections
for HOXAS5 and either Tenascin, a marker of the extracellular
matrix associated with tendons and ligaments (Supplementary
Figure S6A’) or EBF3, a transcription factor expressed in
connective tissue of the developing sternum (Kuriki et al,
2020) (Supplementary Figure S6B’). HOXA5 and Tenascin
were not expressed in the HOXAS5-expressing cells lateral to
the IC/ICC mesenchyme of the presternum (Supplementary
Figure S6A, orange arrow, and Supplementary Figure S6A’),
suggesting these cells do not correspond to tendon or ligament
progenitors. By contrast, HOXAS5 and EBF3 are coexpressed in
these lateral cells (Supplementary Figure S6B, orange arrow).
While this may indicate future contribution of these cells to the
sternum based on EBF3 loss-of-function phenotypes (Kuriki
et al., 2020), we also observe that EBF3 is expressed broadly in
muscle connective tissue (within LPM in Supplementary Figure
S6B, and data not shown). HOXA5 has also been previously
shown to be expressed in muscle connective tissue (Holzman
et al,, 2018), thus raising the possibility that this lateral domain
acts in establishing the muscle connective tissue of intercostal
muscles.

The anterior of the two Rib 1 contacts with the presternum
occurs within this region of the HOXA5-expressing ventral-
lateral ICC (red arrows, Figure 6G and Supplementary

Figure S4P"). Further, like at E14.5, Rib 1 contact with the
presternum continues posteriorly into the region where sternal
morphology shifts to unfused sternal bars (Figure 6H";
Supplementary Figure S4Q"). At this axial level, HOXA5
expression is also present dorsally and thus surrounds the
point of rib 1 contact (Figure 6H”; Supplementary Figure
S4R”), similar to E14.5. However, it does not mark the
remainder of the sternal bar. Continuity of SOX9 expression
again suggests that the ventral ICC likely represents the anterior-
most portion of the sternal bars.

In summary, E13.5 analysis showed the same elements and
HOXAD5 expression pattern as at E14.5 and additionally showed
that the T1 ribs contact the presternum at a transitional point,
encompassing both ventral ICC and sternal bars and the junction
between them. This region is HOXAS5-positive and LPM-derived.
Further, at this stage it is clear that pre-sternal elements arise as
paired progenitors that flank the midline.

HOXA5-Expressing Ventral Presternum

may Arise From a Lateral Population of Cells
Observation that the presternum appears to be composed of
multiple paired elements at E13.5 and E14.5, some of which
express HOXA5 and some of which do not, led us to further
examine sternum development at earlier stages, including E12.5
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FIGURE 8 | LPM-derived HOXA5 expression can be seen laterally as early as E11.5 and E12. (A—J"") E12.5 Prx1-Cre-RFP embryo in which alternate sections were
labelled for SOX9 (A-E") or HOXA5 (F-J"). Images are shown with RFP and either SOX9 (A-E) or HOXA5 (F-J); RFP alone (A'-E’; F'-J’), or SOX9 (A"-E") or
HOXAS5 (F"-J") alone. Pink arrows in (A,B) indicate SOX9 expression associated with developing clavicles and IC elements. (K) Whole mount in situ hybridization for Hoxa5 in
an E11.5 embryo. Black arrow indicates LPM expression anterior to the forelimb; red arrow points to LPM expression adjacent to the forelimb; green arrow marks
additional HOXAS expression that remains untranslated. (L,P) RFP and HOXAS expression in sections through an E11.5 Prx1-Cre RFP embryo at the level indicated in (K) by
black arrow (L), or red arrow (P). (M,N) expression of Hoxa5 (M) or EBF3 and HOXAS5 (N) in the area indicated by blue square in (L). (0) SOX9 expression in an alternate
section of same embryo shown in (L). (Q,R) expression of HOXA5 (Q) or EBF3 and HOXAS (R) in area indicated by blue square in (P). (S) SOX9 expression in an alternate
section of same embryo shown in (P). Yellow arrow in (N,R) indicates region of HOXAS and EBF3 co-expression. Yellow arrow in (0,S) shows corresponding region of SOX9
expression. Inset in (0) shows SOX9 expression in the context of Prx1-Cre-RFP. Scale bar: (A-J), 200 uM; (K), 25 mm; (L-S), 100 uM. SB, sternal bar; T1, thoracic rib 1.

(Figure 7), E12 (Figure 8), and E11.5 (Figure 8), with the goal of
identifying the axial source of these individual primordia. At
E12.5, SOX9 expression in the presternum is very similar to that
of E13.5 (Figures 7A”-H): expression is seen in separate dorsal
and ventral presternal elements (Figures 7B”-E”, blue and pink
arrows, respectively). Rib 1 contacts the paired ventral ICC
elements that have not yet fused or fully condensed into the
bar shape observed later (Figure 7F, pink arrow). More
posteriorly, the site of rib 1 attachment transitions to the
plow-shaped, dorso-ventrally  elongated  morphology
characteristic of the sternal bars (Figure 7G, yellow arrow).

Rib 2 similarly contacts the unfused sternal bars, and the bars
are connected by a stream of Sox9-expressing cells (Figure 7H,
white arrow). Meox1-Cre dependent expression of RFP marks all
cells derived from the somites, demonstrating that only the ribs
are somite derived, while all components of the sternum are RFP-
negative (Figures 7A-H).

HOXAS5 immunofluorescence in alternate sections of the same
embryo revealed expression in a domain laterally adjacent to but
not overlapping the SOX9 positive IC mesenchyme (Figure 7J).
Further, this domain of HOXA5 expressing cells is LPM-derived
(not shown) and is not labeled with Meox-Cre (Figure 7J'). In
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contrast, posterior to the clavicle in the ICC mesenchyme,
HOXAS is strongly expressed in the ventral elements of the
ICC (Figure 7L”) but remains excluded from the dorsal ICC
elements. A comparison with SOX9 reveals that as for later stages,
HOXAS5 expression is excluded from the most medial cells of the
ventral ICC, but overlaps with SOX9 in the lateral part of these
condensations (Figures 7M”,N”, pink arrows). In addition,
HOXAS5 is expressed in a LPM-derived lateral domain that
does not stain for SOX9 (orange arrow, Figure 7M”). The
SOX9-positive and negative domains of HOXAS5 expression
here appear continuous, suggesting that the lateral population
of HOXAS5 positive cells may migrate medially to populate the
ventral presternum, and activate chondrogenesis. This broad
lateral domain, inside and lateral to the ventral ICC cartilage
condensation is observed anterior to rib 1, as well as throughout
the region of rib 1 attachment (Figure 7N). As described above,
HOXAS5 expression in the sternum is restricted to the region
around rib 1 attachment, and shifts dorsally when rib 2 appears
(Figure 7P). As observed at later stages, HOXA5 expression
suggests an important role in the double attachment of rib 1 to the
sternum.

Half a day earlier, at 12 days of development, SOX9 is
expressed in a broad LPM-derived domain around the
midline, in the area that will form the clavicles and the IC
mesenchyme, although these structures are not yet
morphologically distinct from each other (Figures 8A,B pink
arrows). In the IC and ICC regions, the SOX9-positive
mesenchyme cannot be resolved as separate dorsal and ventral
domains, as it can at E12.5. Instead, a population of HOXA5-
positive cells are located lateral to SOX9 domain at the IC and
ICC levels (Figures 8F,G). More posteriorly, HOXA5 expression
remains lateral, but includes the lateral-most edges of the SOX9
domain, which now extends in a stream of cells across the midline
(Figures 8C,D,H,I). At the level of ribl, HOXAS5 marks a
population of LPM-derived cells lining the medial edge of the
incoming rib (Figure 8], orange arrow). At this stage, the sternal
bars appear as a Sox9-positive triangle of cells in contact with the
rib (Figure 8E), with a stream of cells reaching across the midline,
as previously described (Figure 8E) (Chen, 1952a). These
observations suggest that the HOXA5-expressing ventral ICC
presternum may arise from this population of LPM-derived cells
that develop lateral to the dorsal sternum elements. However,
they do not rule out the possibility that HOXAS5 expression
initiates in the ventral ICC presternum only after those
elements form at the midline.

At 11.5 days of development, prior to ventral body wall closure
and sternal bar migration, we detected Hoxa5 transcripts in the
LPM, just anterior to and adjacent to the forelimb bud
(Figure 8K, black and red arrows, respectively). More
posteriorly, additional Hoxa5 mRNA was detected (green
arrow, Figure 8K), but it was previously shown that this
corresponds to alternative Hoxa5 transcripts that are not
translated, and no HOXAS5 protein is produced posteriorly
(Coulombe et al, 2010). In section, LPM-derived HOXA5
expressing cells were observed anterior to the forelimb
(Figures 8L,M, black arrow in Figure 8K). Counterstaining
was performed for EBF3, a transcription factor previously
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shown to be expressed in LPM-derived connective tissue
precursors as early as E10.5, and required within the LPM
for sternum ossification (Kuriki et al., 2020). This revealed
co-expression of HOXA5 and EBF3 in a subdomain of
HOXAD5-positive cells (yellow arrow, Figure 8N). This raises
the possibility that HOXAS5 marks the progenitors of connective
tissue associated with the rib-sternum attachment point in
addition to the prospective cartilage itself. In an alternate
section, a low level of SOX9 was detected in the same region
(yellow arrow, Figure 80). At the level of the forelimb bud (red
arrow in Figure 8K), a similar pattern was found. LPM-specific
expression of HOXAS5 was seen ventral to the forelimb (Figures
8P,Q), a region previously shown to contain sternal bar
progenitors (Bickley & Logan, 2014). Co-expression with
EBF3 was again observed in a subset of the HOXA5 domain
(yellow arrow, Figure 8R), and in an alternate section, SOX9
was expressed in this region as well (yellow arrow, Figure 8S).
While we cannot yet determine if either or both of these HOXA5
domains will ultimately contribute to development of the
Hoxa5-dependent ventral presternum domain that arises later
in development, it is clear that LPM-specific expression partially
overlaps both SOX9 and EBF3 as early as E11.5.

DISCUSSION

In this work, we characterized and compared the roles of Hoxa5
in somites versus LPM, in order to address the broader question
of how skeletal development is coordinated between these
tissues. Our results led to an analysis of presternum
development, which had not been well characterized in mice.
The presternum is both morphologically and developmentally
distinct from the mesosternum. Anteriorly, it encompasses the
sternoclavicular joint--a structure that provides the single point
of skeletal articulation between the shoulder girdle and axial
column via contact with the clavicles--as well as the attachment
site for rib 1. In humans, this clavicle-presternum-T1 unit is
further strengthened by the presence of the costoclavicular
ligament, which attaches the clavicles to T1. Here, we first
present a model for mouse presternum development. In
following sections, we discuss evidence that HOXAS5
expression marks the embryonic precursor of a previously
identified lateral presternum structure that is variably present
in therians (Buchholtz et al., 2020) and discuss Hoxa5
phenotypes with reference the model for presternum
development, as well as the combinatorial action of other
Hox genes. Finally, implications for understanding sternum
evolution in the mammalian lineage are discussed.

The Mouse Presternum Develops From
Multiple LPM-Derived Elements

Analysis across a time-series allowed a detailed description of
presternum development in mouse. We propose that there are at
least five elements contributing to the presternum, each of which
arises as paired primordia and is derived primarily from LPM
with no contribution from the somites. Further, we propose that
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FIGURE 9 | The mammalian presternum is a composite structure with dorsal-ventral organization and molecularly distinct domains. (A) Schematic of sternum

development in an E12.5 embryo. The clavicles (orange) and dorsal IC/ICC mesenchyme form as paired condensations that express low levels of SOX9. The ventral ICC
of the presternum appears as a region of high SOX9 expression that is continuous with the posterior sternal bars (SB). HOXAS is expressed in both the ventral ICC and rib
1, marking the site of rib 1 attachment to the sternum. Rib 2 also expresses high levels of HOXAS. SOX9 expression can be seen in a stream of cells that cross the

midline between the sternal bars. (B) Schematic of sternum development in an E14.5 embryo. By E14.5 sternal bar fusion is mostly complete and the presternum can be
seen to have a morphology distinct from the rest of the sternum. The clavicles articulate with the dorsal IC, while the first rib contacts the HOXA5-expressing ventral ICC in
two places. The pectoral muscles attach along the ventral midline of the sternum. (C) Side view of an E14.5 sternum showing dorsal ventral regionalization. The dorsal IC
and ICC (blue) form a distinct element, while the ventral ICC appears continuous with the sternal bars. HOXA5 specifically marks the ventral ICC. (D) Key for coloring

there are at least two progenitor domains for these five elements
(and more are possible). This model is summarized in Figure 9.
The existence of an additional, lateral and LPM-derived
progenitor domain contributing to the presternum at the point
of T1 attachment is also supported by our results (see below).

By E14.5, five SOX9-positive condensations of the presternum
were observed (Figures 9B,C): 1) the IC mesenchyme between
the clavicles continuous with 2) dorsal ICC mesenchyme, which is
a heart-shaped, loose mesenchyme anterior to and flanking the T1
rib attachment; 3) ventral ICC mesenchyme, which is a bar shaped
dense mesenchyme anterior to and flanking the T1 rib; 4) ventral
midline mesenchyme likely forming the connective tissue of the
pectoral muscle attachment. and 5) the sternal bars, which have
fused at the midline by this stage and are clearly visible from the
posterior edge of the T1 attachment and extending posteriorly
through the rest of the sternum. Because the IC and dorsal ICC
appear morphologically continuous they are represented as a single
dorsal component (colored blue in Figure 9). Similarly, the ventral
ICC is morphologically continuous with the sternal bars and they
are represented as a second component (colored red in Figure 9).

Several points from past and the present work support these
two regions as having distinct developmental origins. Indeed,
other descriptions of presternum development in mammals
agreed that the presternum incorporates anterior sternal bars
(Gladstone & Wakeley, 1932; Rodriguez-Vazquez et al.,, 2013)
and references therein). Further, the anterior presternum
reportedly consists of dermal bone while the more posterior
part of the presternum is endochondral, like the mesosternum
(Gladstone & Wakeley, 1932). The former region has been
proposed to be homologous to the interclavicle, which is a
midline component of the presternum in most tetrapods, but
absent in therian mammals (for example, (Gladstone & Wakeley,
1932; Rodriguez-Vazquez et al., 2013; Buchholtz et al., 2020), and
references therein).

Our examination at stages prior to E14.5 also suggest at least
two progenitor domains for the presternum and extends previous
characterizations of the ICC and T1 attachment point. At E11.5,
progenitors of sternal bars are known to be clustered in a triangle
of cells ventral to the forelimb bud, many of which, as previously
reported, express EBF3 and/or SOX9 (Bickley & Logan, 2014;
Kuriki et al., 2020). In addition, beginning as early as E11.5 and
until fusion of the sternal bars, we observed a continuous line of
SOX9-postitive cells reaching across the midline from one sternal
bar to the other. These may be the “stream of flattened cells”
previously described as migrating with the outgrowing intercostal
muscles (Chen, 1952a). No other sternal progenitors are known at
that stage. However, at E12, we first observed a paired, SOX9
positive condensation between and largely continuous with the
clavicle condensations, and extending posteriorly into the ICC
region, similar to what was recently reported in human embryos
(Rodriguez-Véazquez et al., 2013). At this stage, the sternal bars
are in a separate and more dorso-lateral location, have already
fused with the outgrowing rib anlage, and migrated ventrally
from their point of origin in the axillary region. One half day later,
at E12.5, all five elements described above are distinct
(Figure 9A). A more closely spaced time series between E12-
E12.5, coupled with fate mapping, could further resolve the origin
of the five regions above.

Observations across this time series indicate that the ICC
region at and just anterior to the T1 attachment represents a
unique AP domain in which separate dorsal and ventral ICC
elements overlap with one another. Further, the lateral-most
portion of the ventral ICC is molecularly distinct based on its
differential expression with HOXAS5 (discussed below).

Additionally, our time series shows that all of these five
presternal regions originate from paired progenitor domains,
and thus likely migrate toward and/or fuse across the midline.
Finally, lineage-labeling with Prx1-Cre shows that all five

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

134

April 2022 | Volume 10 | Article 806545


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

Mitchel et al.

presternal elements are primarily if not entirely LPM-derived,
consistent with previous observations for the sternal bars (Fell,
1939; Chevallier, 1975; Durland et al., 2008; Bickley & Logan,
2014) and the sternum at the point of T1 attachment (Durland
et al,, 2008). Further, Meox1-Cre labeling shows that none of
these elements contain contribution from the somites, which
definitively marks the position of the lateral somitic frontier at the
points of rib attachment. It was previously reported that post-otic
neural crest contributes to the clavicle and anterior presternum
(Matsuoka et al., 2005), which is almost certainly restricted to the
IC mesenchyme.

HOXAS5 Expression Identifies a Molecularly
Distinct Region of the Presternum and T1

Rib Attachment

HOXAS is expressed in the developing T1-T3 ribs (Figure 5;
Holzman et al., 2018). Here we show it is also expressed in the
presternum, but specifically at both points of T1 rib contact as
well as anterior to rib 1 (green hatching, Figure 9). This domain
of expression corresponds to the ventral-lateral ICC. HOXAS5 is
also expressed in presternum at the second, more posterior point
of T1 contact, where there is sternal bar-like morphology. The
posterior border of HOXA5 expression in the sternum marks the
posterior edge of the T1 attachment. Finally, in addition to
expression in these lateral presternum cartilage condensations
(as marked by SOX9 expression), at E12.5-E13.5 we also
observed HOXAS5 in laterally adjacent, SOX9-negative cells. It
is possible that these lateral cells contain progenitors that will
contribute to the presternum condensation, or alternatively they
may become connective or other tissues of the surrounding
sternoclavicular joint. In either case, the position of HOXAS5-
expressing cells in LPM specifically surrounding the point of rib 1
contact suggests that HOXAS5 marks the embryonic anlage of a
recently-defined lateral presternum element. This was identified
as a separate lateral presternum ossification present at low
penetrance in human medical scans, and also variably present
in some groups of therians (Buchholtz et al., 2020). These results
suggest that the embryonic primordium of this region is present
in mice and thus may be common to all therians. HOXA5
expression marks this lateral embryonic element and HOXA5
expression was absent from other regions of the developing
presternum (Figure 9).

It is notable that the presternum HOXA5 expression domains
spatially coincide so precisely with the HOXA5-expressing T1
ribs. Indeed, expression in the LPM is notably specific to regions
immediately adjacent to somite-derived and HOXA5-positive
tissue from the earliest (E11.5, Figure 1) to the latest (E14.5,
Figure 5) stages we examined. As deletion of HoxA5 in either
LPM or somitic mesoderm affects attachment of the T1 rib, this
bridge of HOXAS5 expression across the lateral somitic frontier
may allow for proper communication between these two distinct
but cooperating mesoderm sources. In this context, it would be
interesting to know whether expression of Hoxa5 is co-regulated
in somites and LPM. In fact, the cis-regulatory elements that
control both forelimb bud and somitic transcription of the single
Hoxa5 coding transcript have been localized to a 2.1 kb fragment
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termed the mesodermal enhancer (MES) (Larochelle et al., 1999).
However, reporter assays suggest that CREs necessary for somitic
vs. limb bud expression can be at least partially separated but
reside within the same ~900 bp fragment (Tabariés et al., 2007).
Additionally, CDX1 binding sites within the same region define
the sharp posterior boundary of somitic expression. It would be
interesting to further characterize this CRE from mouse and other
mammals, to better understand how this intricate pattern of
expression is achieved across the lateral somitic frontier.

Tissue-Specific Roles for Hoxa5 in

Presternum and Rib Development

Results from conditional deletion of Hoxa5 in somites vs. LPM
show that Hoxa5 plays largely independent roles in these two
tissues: the conditional deletion phenotypes for the most part
additively explain the Hoxa5 null skeletal phenotype.

Somite-specific Hoxa5 deletion reproduced all of the vertebral
(primaxial) skeletal phenotypes associated with the null allele,
including homeotic transformations of C7-T1. This included
both vertebral changes and a gain of ectopic C7 ribs, which
could be unilateral or bilateral, and could be free, fused to the T1
rib, or fused to the sternum. While the proximal ribs are
primaxial, the distal T1 rib is abaxial (Durland et al.,, 2008).
However, LPM-specific Hoxa5 activity was dispensable for T1
(and C7) rib phenotypes including symmetrical guidance and
fusion to the presternum.

Somite-specific Hoxa5 activity is also necessary for proper
positioning of the T1 fusion to the presternum, and Meox1-Cre
conditional deletion reproduced the asymmetric T1 fusion and T1
bifurcation phenotypes associated with the null allele. As mentioned
above, these phenotypes could be explained in at least two ways,
which are not mutually exclusive. First, somitic Hoxa5 activity may
be required for rib progenitors (and those of associated intercostal
muscle and connective tissue) to migrate segmentally across the
lateral somitic frontier. This segmental migration is known to rely on
signaling among somite derivatives and to involve guidance
molecules such as Ephs/Ephrins (Compagni et al., 2003). Second,
it is also possible that symmetrical T1 fusion is achieved because the
presternum attachment point is molecularly unique. HOXA5
expression in somitic tissues may be necessary for recognition
and attachment to this unique region, and attachment becomes
more random in its absence resulting in altered an asymmetric rib
fusions. HOXA?5 itself could contribute to molecularly defining this
point of attachment, although its sternal expression is clearly
dispensable for symmetry of T1 fusion. However, it is required
for morphogenesis of the presternum; in null embryos, we observed
that the lateral, HOXA5-expressing portions of the presternum are
misshapen and thus the morphology of this attachment is altered
even in embryos with symmetrical rib fusion. Unfortunately, the
perinatal lethality of the Hoxa5 mutation (due to respiratory defects)
prevents analysis at stages when this region is further developed.

LPM-specific activity of Hoxa5 is shown here to include
negative regulation of presternum extension anterior to T1; in
both null embryos and in those with LPM-specific Hoxa5 deletion
this region was rostro-caudally elongated. The phenotype was
more extreme in the latter case. We suspect that it is the ventral

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

135

April 2022 | Volume 10 | Article 806545


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

Mitchel et al.

ICC that is perturbed, as these are the only LPM-derived cells in
the affected region that express HOXA5. HOXA5 could
negatively regulate recruitment of mesenchyme to the lateral
ICC condensation. Indeed, it is expressed both within the
SOX9 condensation and in mesenchyme lateral to it.
Alternatively or in addition, HOXA5 could regulate the
progress of chondrogenic differentiation which would also
alter the morphology of the resulting structure. Interestingly,
both roles were previously described for Hoxa5 in the acromion
(Aubin et al, 2002), which is the portion of the scapula that
articulates with the lateral end of the clavicle.

This presternum elongation was the only phenotype that may
be non-additive. The elongation of the presternum was far more
pronounced in LPM-deleted embryos than in Hoxa5 null
embryos; further, in the former, several embryos were
observed with a complete additional ossification between T1
and the Y-shaped cartilage. This could not be considered a
homeotic transformation by the criterion available at E18.5: in
these embryos, the sternum does not segment at the point of T1
attachment, in contrast to mesosternal joints where segmentation
is apparent. Rather, this phenotype could arise simply by failure
to limit recruitment or proliferation of cells into the ventro-lateral
ICC, or to regulate differentiation, as described above. It is
possible that the more severe phenotype in conditional
compared to complete knockouts results from a requirement
for communication between somites and LPM, and that a
mismatch in their Hox code exacerbates the effect. However,
we cannot rule out contribution of mixed genetic background
introduced from the Prx-1-Cre line altering the expressivity of the
phenotype. Countering this, the Hoxa5 skeletal phenotype has
been characterized in different backgrounds and in no case were
ectopic presternum ossifications ever observed (Aubin et al.,
2002). Finally, we cannot totally reconcile two different
phenotypes but note they are not mutually exclusive: in
whole-mount skeletons there is evident AP elongation of the
presternum corresponding to the ventral ICC. In sections, we also
observe a truncation in the medio-lateral direction; this is more
spatially restricted to the T1 attachment point.

In contrast to the presternum, there was no effect of Hoxa5
deletion (either conditional or complete) on the length of the
mesosternum, consistent with its lack of expression posterior
to T3.

Finally, while HOXAS5 expression is largely excluded from the
IC and dorsal ICC, we noted that the Y-shaped cartilage that
develops from this region is often smaller in Hoxa5 null or LPM-
specific mutants. Further, in null embryos both the Y-shaped
cartilage and the point of T1 attachment often ossify
prematurely. This latter phenotype was not produced by
LPM-specific deletion, and only once following somite-
specific deletion. This could indicate that either domain of
Hoxa5 is sufficient to regulate ossification of the presternum,
or alternatively, that Hoxa5 acts in a different tissue (such as
neural crest) to mediate this phenotype.

A Presternum Hox Code
It is well established that Hox genes act combinatorially to pattern
somites and neural tube derivatives, with nested, colinear
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expression important for their function (reviewed in
(Krumlauf, 2018)). With the exception of the limbs, colinear
Hox expression is not well-reproduced in the body wall LPM.
However, genetic evidence indicates a combinatorial Hox code is
also operating in the presternum.

For example, while Hoxa5 mutants show an elongated
presternum anterior to the T1 rib, in contrast, the entire
presternum anterior to the T2 attachment is absent in Hoxa5;
Hoxb5; Hoxc5 triple mutants (McIntyre et al., 2007). This
phenotype is consistent with a loss of both the dorsal and
ventral ICC elements described here. It is also consistent with
other Hoxa5 phenotypes including homeotic vertebral
transformations that show opposite effects in Hoxa5 single
mutants compared to Hoxb5 or Hoxa5 Hoxb5; Hoxc5 triple
mutants (Jeannotte et al., 1993; Mclntyre et al., 2007). Together,
this highlights the often antagonistic activity of Hoxa5 and
Hoxbs.

The Hox4 and Hox6 paralog groups also pattern in the
presternum. Following triple knockout of all Hox6 paralogs,
the distance between T1-T2 rib attachments is greatly reduced
and fails to ossify, but the Y-shaped cartilage anterior to T1
forms(McIntyre et al, 2007). This could be interpreted as
disruption specifically of the ventral ICC posterior to T1, a
region that is HOXAS5-negative and has a sternal-bar like
morphology. In contrast, Hoxb4 mutants show disruption of
the anterior presternum: the Y-shaped cartilage is absent, but
2 strips of unfused cartilage articulate with the T1-T2 ribs
(Ramirez-Solis et al, 1993). This could possibly result from
disruption of the IC/dorsal ICC, but retention of the ventral
ICC (which fails to fuse). All of these Hox phenotypes are
consistent with this model of presternum development, and
combinatorial effects on its different components.

Symmetrical rib attachment to the sternum is a genetically
separable phenotype from the growth of the various presternum
components. This is shown for Hoxa5 above, where Hoxa5 in
somites is necessary symmetrical T1 fusion. Although HOXA5
is also expressed in rib 2, Hoxa5 single knockouts do not have T2
phenotypes. In contrast, in Hoxb5 single mutants and Hoxb5;
Hoxb6 double mutants, the second rib often bifurcates and one
arm fuses at the T1 rib position (in the same animals the T1 rib
is either missing or shortened (Rancourt et al, 1995). Hox9
compound mutants also have aberrant fusion of T2 at the T1
position (McIntyre et al., 2007). Together, this implicates
multiple Hox genes in positional information located either
on the sternum and/or in the migrating distal ribs or associated
tissues.

Implications for Sternum Evolution

The sternum arose in early tetrapod evolution as an adaptation to
life on land, and sternum morphology varies with mode of
locomotion and respiration, making it a good system in which
to investigate the developmental mechanisms underlying
evolutionary change. In addition, the sternum is of interest
because it is the site of interaction between mesoderm
derivatives with different embryonic origins. In this way, the
site of contact between the two, the lateral somitic frontier,
requires the evolution of signals that function across it.
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The mammalian sternum has been reduced in size and
skeletal structure number over the course of evolution. On the
basis of fossil evidence, it has been proposed that this
reduction is either due to the loss of the primitive
interclavicle, the ancestral structure that constitutes the
entire sternum in basal synapsids, in the transition to basal
therians, or to the incorporation of the interclavicle into a
single presternum structure that articulates with clavicles
anteriorly, rib 1 laterally, and rib 2 posteriorly. Loss or
incorporation of the interclavicle has thus been thought of
as key step in sternum evolution. Using fossil and anatomical
imaging, evidence has been found suggesting that the
mammalian presternum is in fact a composite structure
containing the ancestral interclavicle, as well as the
anterior ends of the sternal bars. In addition, Buchholtz
et al (2020) provide evidence for the existence of lateral
elements that are the site of rib 1 attachment. Our
observations of presternum development in mice support
this hypothesis that the mammalian presternum is a
composite structure. We show that the presternum has
dorsal-ventral organization, and that it contains LPM-
derived IC and ICC elements (Figure 8). Our analysis of
SOX9 expression indicates that the dorsal IC and ICC may
represent the more primitive interclavicle element. The
ventral ICC likely arises from the anterior ends of the
sternal bars, and represents what is referred to as the
manubrium in the fossil record (e.g., Luo et al., 2007), in
agreement with previous studies (Rodriguez Vazquez et al.,
2013; Buchholtz et al, 2020). Moreover, while
morphologically continuous with the sternal bars, analysis
of Hoxa5 function and expression reveals that the ventral ICC
is molecularly distinct, and may indeed contain HOXAS5-
expressing lateral elements that provide the site of rib 1
attachment. Finally, our finding that HOXAS5 expression
spans the lateral somitic frontier, marking both somite-
derived ribs and LPM-derived sternum, suggests that
Hoxa5 may play an important role in allowing for
communication between both mesoderm types at the lateral
somitic frontier, thereby permitting establishment of the
unique rib 1-sternum attachment site.

METHODS

Mouse Strains and Genotyping

The following mouse strains were used: Hoxa5-Cre: Tg(Hoxa5-
cre)447BLjea (Bérubé-Simard & Jeannotte, 2014); Hoxa5™*:
Hoxa5"™"1%¢% (Tabaries et al, 2007); PrxI-Cre: B6.Cg-
Tg(Prrx1-cre)1Cjt/] (Logan et al, 2002); Rosa6™"*™*; B6.Cg-
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/] (Madisen et al,
2010); Hoxa5: Hoxa5tmlRob and Meox1Cre: Meoxltml(cre)
Jpa (Jukkola et al, 2005). Conditional knockout or RFP-
labeling was carried out by crossing a male harboring a Cre
allele to a female with a loxP allele. Timed-pregnant females were
sacrificed to collect embryos at the stages indicated. Genotyping
of tail snip DNA was performed with primers for Cre, RFP,
Hoxa5" or Hoxa5 alleles. All procedures were performed in
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accordance with the NIH Guide for Care and Use of Laboratory
Animals and approved by the Columbia University IACUC.
Genotyping primers (5" to 3') were as follows. Cre: forward
GCGGTCTGGCAGTAAAAACTATC, reverse GTGAAACAG
CATTGCTGTCACTT; tdTOMATO/RFP: forward CTGTTC
CTGTACGGCATGG, reverse GGCATTAAAGCAGCGTAT
CC; Hoxa5" allele: forward ACTGGGAGGGCAGTGCCCCCA
CTTAGGACA, reverse CTGCCGCGGCCATACTCATGCTTT
TCAGCT; Hoxa5 allele forward ACTGGGAGGGCAGTGCCC
CCACTTAGGACA, reverse GGCTACCTGCCCATTCGACCA
CCAAGCGAA.

Skeletal Staining
Alcian Blue and Alizarin Red staining was performed on E18.5
embryonic skeletons as previously described (Lufkin et al., 1992).

Immunofluorescence

Immunostaining was performed as described (McGlinn et al.,
2019). Briefly, embryos were fixed 2h to overnight in 4%
paraformaldehyde at 4°C and embedded in OCT. 8-10 pm
sections were cut, tissue was permeabilized and blocked in 5%
Normal Donkey Serum/0.3% Triton-X/PBS and incubated in
primary antibodies overnight at 4°C, washed in PBS, and
incubated for 3h RT with Alexa-488 or 594-conjugated
secondary antibodies (Jackson Immunoresearch, diluted 1:400).
Slides were washed in PBS counterstained with DAPI, and
mounted in Prolong Diamond. Primary antibodies: HoxA5
(Phillipidou et al, 2012; 1:5000); Sox 9 (Millipore-Sigma
AB5535, 1:500 or RnD Systems AF3075-SP 1: 500); RFP
(Chromotek 5F8, 1:1000); Ebf3 (RnD Systems AF5166, 1:
1000); Tenascin (Sigma-Aldrich T3413, 1: 100); PCNA (Santa
Cruz sc-56 1:200), Cleaved Caspase 3 (CST 9661 1:200).

In situ Hybridization
Whole-mount in situ hybridization for Sox9 was performed as
previously described (Brent et al., 2005).
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SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcell.2022.806545/
full#supplementary-material

Supplementary Figure 1 | Rib and sternum defects following conditional deletion
of Hoxab. (A) control sternum showing proper T1 and T2 fusion. (B-D) Examples of
rib and sternum phenotypes, described in the text. In all panels, black arrowheads
indicate T1 ribs, black arrows indicate T2 ribs, and grey arrowheads indicate
(ectopic) C7 ribs. Grey arrow indicates (ectopic) ossified sternebra anterior to T1.
White arrowhead in Bii indicates ossification of the Y-shaped cartilage, White arrow
in Cv indicates fused sternebrae, also called crankshaft sternum. Most of the whole-
mount views shown here correspond to specimens shown in Figure 3 after sternum
dissection. Correspondence of images is as follows: Supplementary Figures S1A
to Figure 3A, control embryo; Supplementary Figures S1Bi to Figure 3Bii
Hoxa5 null embryo; Supplementary Figures S1Ci-iii to Figure 3Ci-iii; three
somite-conditionally deleted embryos; Supplementary Figures S1D to Figure
3Di, LPM conditionally deleted embryo. Specimens shown in Supplementary
Figures S1Bii,Civ,v are not shown in Figure 3.

Supplementary Figure 2 | Medial clavicles and sternum are derived from LPM.
Analysis of E14.5 Prx1-Cre-RFP embryo in which alternate sections were labelled for
SOX9 or HOXA5. Images are shown with RFP, SOX9 or HOXA5, and DAPI (A-L),
without DAPI (A’-L'), RFP alone (A”-L”), and with SOX9 or HOXA5 alone (A"'-L"").
Red arrow in (F"") marks lateral HOXA5 expression. Yellow arrow in (L") points to
LPM-derived connective tissue in an infrahyoid group muscle. Scale bar: 200 pm. C,
clavicle; IC, interclavicular; ICC, intercostoclavicular.

Supplementary Figure 3 | At E14.5, HOXA5 and SOX9 are co-expressed in the
cells of the ventral ICC mesenchyme. (A-F) E14.5 embryo co-labelled for HOXA5

Tissue-Specific Hoxab Patterns Sternum

(green, A’-F') and SOX9 (red, A-F"). (G-L). Higher magnification of the region
corresponding to the yellow square in (A), reveals co-expression (yellow cells). Co-
expression is seen in the ventral ICC (l,J), with the HOXA5 domain extending more
broadly ventral to SOX9. HOXA5 and SOX9 additionally co-express in ribs 1 and
2 (K,L) and spanning the site of rib 1-to-sternum fusion (K), while HOXAS alone is
detected in the perichondrium of ribs 1 and 2 (E,F), and in the connective tissue of
the infrahyoid muscles, dorsal to the sternum (E,F). Pink arrows in (B,H) mark first
HOXA5 expression in the ventral mesenchyme. Red arrows in (C',D’) indicate
exclusion of HOXA5 from the most medial region of the ventral ICC mesenchyme.
Orange arrows in (C,D) point to HOXAS5 lateral domain that does not co-express
with SOX9. Scale bars: 200 uM.

Supplementary Figure 4 | Hoxa5 marks the ventral presternum at E13.5. (A-J’)
SOX9 expression in serial sections of a WT embryo after E13.5 days of
development, from the presternum to attachment of rib 3, shown with (A-J) or
without (A’-J’) DAPI staining. All of the presternal condensations observed at
E14.5 can be distinguished: the paired dorsal elements are present in IC
mesenchyme at the site of clavicle attachment (A,A’) and extend posteriorly
through the ICC region. Just posterior to the clavicles, the paired ventral elements
that express HOXAS5 at E14.5 are also visible (pink arrow, B) and extends through
the ICC region (C-E). The ventral-most SOX9-positive mesenchyme, which
articulates with pectoral muscles, is also apparent (white arrow, C'). Red
arrow in (E) points to the space between the paired ventral elements that have
not yet fused at the midline. To confirm that each presternum element was derived
from the LPM, we again compared SOX9 expression to that of RFP under control
of Prx1-Cre (K-T)”. E13.5 Prx1-Cre-RFP embryo in which alternate sections were
labelled for SOX9 or HOXAS5. Images shown with RFP, SOX9 or HOXAS, and DAPI
(K-T), without DAPI (K'-T’), RFP alone (K"-T"), and with SOX9 or HOXAS5 alone
(K"-T"). While the ribs were clearly RFP-negative as expected (R), all SOX9-
expressing sternal elements were RFP-positive (K-T). As at E14.5, none of these
presternum elements showed contribution form somites (not shown). A
comparison of SOX9 and HOXAS5 in alternate sections at E13.5 revealed a
pattern similar to that observed a day later at E14.5. HOXA5 expression is
largely absent from the presternum in the IC mesenchyme (L"), but it is
observed in the ventral ICC mesenchyme in a lateral domain (orange arrows,
N’, N"")that also expresses SOX9 (orange arrow, M"") and is LPM-derived (orange
arrow, N'). Additionally, HOXA5 is expressed in the ventral presternum of the ICC
region (pink arrows, N”, P") anterior to T1. Note: the plane of section in this
example is uneven, hence the right side of the embryo is slightly more posterior
than the left side. Anteriorly, Rib1 makes contact with the HOXA5-expressing
ventral-lateral presternum (red arrow, P"). Like at E14.5, Rib 1 contact with the
presternum also continues posteriorly into the region where sternal morphology
shifts to unfused sternal bars (@"). At this axial level, HOXAS5 expression is also
present dorsally and thus surrounds the point of rib 1 contact (R"). However, it
does not mark the remainder of the sternal bar (green arrow, R”") On the embryo’s
left side, which is slightly anterior to the right, HOXA5 is expressed in its lateral,
LLPM-derived domain (orange arrow, R’) like at E14.5. T" shows the sites of rib 1
and rib 2 attachment: sternal HOXA5 marks the point of rib 1 contact on the
embryo’s left side (red arrow, T"), but shifts to its more dorsal domain at the point
of rib 2 contact (green arrow, T"). Pink arrows in B, N", and P"" mark the ventral
ICC that expresses Hoxa5. Orange arrows in M” and N indicate lateral SOX9 or
HOXA5 expression. Red arrows in T"” and P" point to LPM-HOXAS5 expression at
the point of rib 1 fusion. Green arrow in T"” marks the point of rib 2 attachment,
where HOXAS has now shifted dorsally. Scale bar: 200 pM. C, clavicle; IC,
interclavicular; ICC, intercostoclavicular; P, pectoral muscle; SB, sternal bar;
T1, thoracic rib 1; T2, thoracic rib 2; T3, thoracic rib 3.

Supplementary Figure 5 | Reduction in size of lateral ventral ICC mesenchyme in
Hoxab mutants is not accompanied by change in either cell death or cell proliferation.
Cell death and cell proliferation at E14.5 were examined at E14.5 in Hoxa5 mutants
(n = 4) and WT littermate controls (n = 4). To identify changes in cell death, cleaved
Caspase 3 (green), SOX9 (red), and muscle Actin (blue) were analyzed in WT (A-D),
in both the ventral ICC (A,B) and at rib 1 attachment (C,D). Cell death appears
minimal in the sternum at both axial levels. Inset in (A) indicates positive cleaved
Caspase 3 in the dorsal root ganglion. In Hoxa5 mutants, (E-H), cleaved Caspase 3
in the sternum is comparable to that of WT, while an increase in cell death is visible in
the pectoral muscles ventral to the sternum (G,H). To identify changes in cell
proliferation, expression of PCNA (green), SOX9 (red), and muscle Actin (blue) was
examined in WT (I-L), in the ventral ICC (l,J) and at rib 1 attachment (K,L). At this
stage, cell proliferation appears minimal in the sternum at both axial levels, while
PCNA levels are higher in developing muscles (pink arrow in (J)). In Hoxa5 mutants,
(M-P), PCNA expression in the sternum is comparable to that of WT. Scale bar:
200 pM TH, thoracic rib 1.
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Supplementary Figure 6 | Lateral HOXAS domain co-expresses EBF3, but not
Tenascin. (A-A"") E14.5 embryo co-labelled for muscle Actin (blue, A), HOXA5
(red, A’,A"™), and Tenascin (green, A’,A”). HOXA5 and Tenascin are not co-
expressed in lateral domain (A'). (B-B") E14.5 Prx1-Cre-expressing embryo co-
labelled for RFP (blue, B), HOXAS5 (red, B’,B""), and EBF3 (green, B',B’‘). HOXA5
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Diversification and Functional
Evolution of HOX Proteins

Narendra Pratap Singh'" and Robb Krumlauf2*

"Stowers Institute for Medical Research, Kansas City, MO, United States, 2Department of Anatomy and Cell Biology, Kansas
University Medical Center, Kansas City, KS, United States

Gene duplication and divergence is a major contributor to the generation of morphological
diversity and the emergence of novel features in vertebrates during evolution. The
availability of sequenced genomes has facilitated our understanding of the evolution of
genes and regulatory elements. However, progress in understanding conservation and
divergence in the function of proteins has been slow and mainly assessed by comparing
protein sequences in combination with in vitro analyses. These approaches help to classify
proteins into different families and sub-families, such as distinct types of transcription
factors, but how protein function varies within a gene family is less well understood. Some
studies have explored the functional evolution of closely related proteins and important
insights have begun to emerge. In this review, we will provide a general overview of gene
duplication and functional divergence and then focus on the functional evolution of HOX
proteins to illustrate evolutionary changes underlying diversification and their role in animal
evolution.

Keywords: gene duplication and divergence, protein evolution, HOX proteins, Drosophila, mouse

INTRODUCTION

Evolution has brought an incredible range of morphological and physiological novelties to diverse
animals. Centuries of classical research has served to catalog diverse novelties in 1.2 million species
and sub-divide them into ~36 phyla and 107 classes, 500 orders, 5500 families and 110000 genera
(Mora et al., 2011). These efforts have uncovered the emergence of novelties during the progressive
evolution of animals, but we know relatively little about the genetic and genomic changes and
mechanisms that underlie this diversity. Technological advances which enabled the systematic
sequencing of animal genomes has reenergized this field of research and provided an opportunity for
comparative genomics of the diverse animals to probe the underlying genetic causes of their
morphological and physiological differences (Rogers and Gibbs, 2014). These genome-wide analyses
have highlighted common origins and similar physiological functions but have found it challenging
to uncover the genetic changes and mechanisms that underlie animal diversity. Comparative
genomic analyses reveal a very similar number of genes in diverse animals (Figure 1), indicating
that the total gene number does not reflect diversity (Hahn and Wray, 2002; Copley, 2008).
Furthermore, many of the same genes and gene families are present in a broad range of animal
species, suggesting there is a shared or common “gene toolkit.”

The discovery of a very similar number of genes and a common “gene toolkit” in animal genomes
appeared to refute the hypothesis that gene duplication and diversification is a major contributor to
animal diversity. This led to a shift in the focus of research from analyses of coding regions to
identifying and characterizing diversification of cis-regulatory (non-coding) regions and gene
regulatory networks embedded in the genome (Biemont and Vieira, 2006). A broad array of

Frontiers in Cell and Developmental Biology | www.frontiersin.org 1M

May 2022 | Volume 10 | Article 798812


http://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2022.798812&domain=pdf&date_stamp=2022-05-13
https://www.frontiersin.org/articles/10.3389/fcell.2022.798812/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.798812/full
http://creativecommons.org/licenses/by/4.0/
mailto:rek@stowers.org
https://doi.org/10.3389/fcell.2022.798812
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2022.798812

Singh and Krumlauf

Evolution of HOX Proteins

/" "\
Arthropods

Annelids

<
"o

FIGURE 1 | Tree of life and gene complexity: The diagram shows a phylogenetic tree of animals with the approximate total number of genes present in each
genome based on sequencing of their representative genomes (Hedges et al., 2015).
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technological advances have also revolutionized this field and
enhanced our ability to identify and functionally validate the cis-
regulatory code embedded in the genome by the integration of
comparative genomics, transgenic analyses, CRISPR/Cas9
genome modifications and  genome-wide approaches
(i.e., ChIP-seq, ATAC-seq, massive parallel reporter assays and
single cell transcriptomics) (Zhen and Andolfatto, 2012; Paul
et al., 2014; He et al., 2015; Gasperskaja and Kucinskas, 2017;
Avsec et al., 2021). Application of these approaches, has revealed
that diversity in non-coding cis-regulatory regions of the genome
has played a major role in the emergence of animal diversity
(Carroll, 2008; Rubinstein and de Souza, 2013; Reilly and
Noonan, 2016; Franchini and Pollard, 2017; Xie et al., 2019;
Roberts Kingman et al., 2021a; Roberts Kingman et al.,, 2021b).

Evaluating how changes in protein sequence impact in vivo
function following gene duplications in animal evolution has
been challenging to investigate in the absence of technologies for

precise manipulation of endogenous genes and quantitative and
qualitative functional assays to evaluate activity in an in vivo
context. The development of CRISPER/Cas9 gene editing
technology for precise manipulation of endogenous genes in
the genome of diverse animals has opened the door for more
direct cross-species comparisons of homologous protein
functions (Doudna and Charpentier, 2014). This approach has
the advantage of expressing the proteins being compared at the
same physiological levels in their normal spatial, temporal and
tissue-specific contexts under control of regulatory components
of the endogenous loci. In the past, functional studies have
primarily relied on comparing the degree of conservation in
amino acid sequences, in silico structure predictions, in vitro
assays for activity and ectopic over-expression assays in vivo. The
in vitro assays of protein activity, such as ligand binding,
enzymatic activity, transcription factor binding properties, can
be limited by ex-vivo conditions, which often lack key co-factors
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or components important in vivo. Hence, they may provide a
limited perspective on a subset of functional activities relevant to
their in vivo roles. To overcome some of the limitations of in vitro
assays, transgenic approaches have been used to ectopically
express genes in the animals and compare the in vivo
properties of candidate proteins (Mcginnis et al, 1990;
Quiring et al, 1994; Hanks et al, 1998). However, this
approach often involved broad over-expression of proteins at
high levels and ectopic sites, making it difficult to compare
activities in normal physiological and developmental contexts.
CRISPR/Cas9 technologies now offer possibilities to manipulate
the genome to precisely compare function of homologous genes
in vivo. As a result, cross-species analyses of gene function are
beginning to uncover unexpected changes and mechanisms that
contribute to conservation and divergence of protein functions
contributing to animal diversity (Enard et al., 2009; Truong and
Boeke, 2017; Laurent et al., 2020; Singh et al., 2020). In addition,
recent advances in cryo-EM and computational approaches for
predicting protein structures are rapidly changing our ability to
analyze and compare the properties of proteins (Assaiya et al.,
2021; Jumper et al., 2021).

GENE DUPLICATION AND DIVERGENCE

Sequence analyses have revealed a high level of conservation of many
domains in proteins with very diverse functions across the animal
phylum (Laity et al.,, 2001; Ponting and Russell, 2002; Noyes et al,,
2008). This implies that during evolution, the appearance of novel
functions is not associated with widespread de novo evolution of new
genes and that novel functional activities most likely arose by
diversification of existing genes (Holland et al, 1994; Hughes,
1994; Friedman and Hughes, 2001; Blomme et al, 2006).
Altering the function of an essential gene could be detrimental to
the survival or fitness of a species, but gene duplication events
provide a mechanism to circumvent this limitation. Generating
multiple copies of a gene provides a range of opportunities to
maintain essential functions, releasing selective pressure on a
single essential gene, while also producing new substrates that
can diversify and evolve novel functions. Analyses of gene sets
across the animal kingdom revealed that vertebrate genomes have
multiple copies of many invertebrate genes, including those that
regulate development, differentiation and physiological processes,
such as transcription factors, cell signaling pathways, odorant
receptor genes etc. (Paps and Holland, 2018; Richter et al., 2018;
Fernandez and Gabaldon, 2020). Large genome duplication events
followed by gene losses are considered as a critical step in the
emergence and evolution of vertebrates. Susumu Ohno suggested
that two rounds of whole-genome duplications (2R-WGDs) could
be a major source of gene amplification and functional
diversification in vertebrate lineage (Ohno, 1970; Panopoulou
et al, 2003; Vandepoele et al, 2004; Dehal and Boore, 2005).
While this hypothesis was used to explain a major cause of gene
duplications, comparing all homologous gene families between
Drosophila and humans showed that less than 5% of these
families display a predicted 1:4 gene ratio (Friedman and
Hughes, 2001). This was not consistent with Ohno’s hypothesis

Evolution of HOX Proteins
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FIGURE 2 | Phylogenetic tree depicting the position of postulated
whole-genome duplication (R) events during vertebrate evolution. The pink
ovals indicate the progressive rounds of whole-genome duplication. The
number of Hox clusters (C) in the different species is indicated in
parentheses.

and lead to an alternative idea, suggesting that selective regional
duplications (segmental duplications) created a mixed repertoire of
duplicated genes in the genome.

Despite these conflicting models, which remain challenging to
resolve, there is evidence for whole genome duplications in many
plants, yeast, and vertebrate species, such as teleost fish (3R),
salmonid fish (4R) and Xenopus laevis (Wendel, 2000; De Bodt
et al.,, 2005; Scannell et al., 2006; Pascual-Anaya et al., 2013; Session
et al,, 2016) (Figure 2). Advocates of the 2R hypothesis have further
refined the model to suggest that during vertebrate evolution
frequent gene loss after duplication, as a consequence of
redundancy, contributed to the observed digression from the
expected 1:4 gene ratio. Analyses of many known genome
duplications indicate that gene loss is the most common fate of
duplicated genes (Nadeau and Sankoff, 1997; Albalat and Canestro,
2016). Loss of many duplicated genes and nonessential genes could
also explain how a similar number of total genes are present in
higher animal genomes despite differences in the whole genome or
segmental duplication events. Despite the controversy on the
underlying mechanisms for widespread amplification of gene
families (Braasch et al., 2018; Sandve et al., 2018), the importance
of gene duplication in creating a major substrate for functional
divergence and emergence of novel functions is widely accepted in
the field (Lynch and Conery, 2000).

FATE OF THE DUPLICATED GENES

The contribution of gene duplication and divergence to the
emergence of novel protein functions in animal evolution has
gained more traction as gene functions have been characterized in
different animals across the phylogenetic spectrum (Blomme
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et al., 2006). Comparing classes of genes based on their functions
revealed that genes involved in animal development and cell
signaling pathways are highly amplified during the evolution,
while many other classes of genes have been lost. Based on these
analyses several hypotheses came to explain the forces that
shaped the future of a duplicated genes. Loss of function is the
most common fate of the duplicated genes. Studies have shown
that only half of duplicated genes are retained while others lose
functional activities by processes that include deletion,
rearrangement, point mutations, and pseudogene formation
(Nadeau and Sankoff, 1997; Blomme et al., 2006; Scannell
et al., 2006; Albalat and Canestro, 2016; Guijarro-Clarke et al.,
2020a; b). Even in the absence of duplicated genes, a large number
of genes (90% in bacteria, 80% in yeast, 65% in C. elegans and 85%
in Drosophila) are dispensable for animal survival, which
provides a large set of substrates for evolutionary change.
Gene duplication events further expand the repertoire of
substrates for change and generate opportunities for functional
redundancy that allows for non-deleterious functional
diversification of genes.

Essential genes and their functional roles need to be retained
to ensure animal survival and fitness. Hence, at least one
member of a duplicated gene family must retain the key
ancestral functions during evolution. Other members are free
to accumulate mutations that potentiates diversification and the
emergence  of activities, ~which is  called
neofunctionalization (Ohno, 1970; Clark, 1994; Holland
et al, 1994; Lundin, 1999; Friedman and Hughes, 2001;
Mazet and Shimeld, 2002; Sandve et al., 2018). A variation of
this idea is that the ancestral functions of essential genes maybe
collectively retained by partitioning sub-sets of the functional
roles between different duplicated family members, which is
termed subfunctionalization (Ohno, 1970; Force et al., 1999;
Lynch and Force, 2000; Sandve et al., 2018). These are not
mutually exclusive processes. A study by Le and Zhang
demonstrated that neofunctionalization or
subfunctionalization alone do not adequately explain the
diversification of protein function. They proposed that many
duplicated genes may go through a combination of
subfunctionalization and neofunctionalization to produce
duplicated genes that possess new and retain some ancestral
roles (He and Zhang, 2005; Marcussen et al., 2010). Various
theoretical and functional studies have explored these ideas and
confirmed that the retention of duplicated genes appears to be
mediated by a varying combination of these processes (Force
et al., 1999; Lynch and Force, 2000; Vandenbussche et al., 2003;
Walsh, 2003; Burki and Kaessmann, 2004; Escriva et al., 2006;
Perry et al., 2007; Kleinjan et al., 2008; Innan, 2009; Truong and
Boeke, 2017; Zimmer et al., 2018; Singh et al., 2020).

novel

HOX GENES AS A PARADIGM FOR
DUPLICATION AND DIVERGENCE OF
FUNCTION

Hox genes, encode a broadly conserved family of transcription
factors in animals, and represent an interesting paradigm for

Evolution of HOX Proteins

examining the duplication and divergence of gene functions.
The HOX proteins are involved in patterning and
specification of the anterior-posterior (AP) axis of all
bilaterian animals (Mcginnis and Krumlauf, 1992;
Krumlauf, 1994; Carroll, 1995; Pearson et al., 2005). The
temporal and spatial order of Hox gene expression and
function across the embryo is “colinear” and correlated
with their organization along the chromosome (Lewis,
1978; Duboule and Dolle, 1989; Graham et al, 1989;
Duboule, 1998; Kmita and Duboule, 2003). These genes are
typically found to be tightly clustered in the genome except for
some animals where evolution has led to the disintegration of
the ancestral complex (Kaufman et al., 1980; Akam et al., 1994;
Seo et al., 2004; Sekigami et al., 2017). Each gene in a cluster
specifies distinct cellular identities along AP axis during very
early embryonic development, which ultimately patterns
tissues and structures in adult animals. Evidence of Hox
genes in animal genomes is traced back to Cnidarians,
however, their role in patterning the AP axis is observed
only in bilaterians, as they have roles in patterning radial
segmentation in cnidarians (Pascual-Anaya et al., 2013;
Arendt, 2018; He et al, 2018). Mutations that affect the
expression and function of Hox genes in bilaterians lead to
homeotic transformation of one part of the body into another
(Lewis, 1994). Furthermore, diversification of Hox gene
number and function correlates with increased diversity in
the evolution of animals (Wagner et al., 2003; Lemons and
Mcginnis, 2006). There are fewer Hox genes in lower
invertebrates as compared to higher invertebrates,
chordates, and vertebrates, as illustrated by the 5 Hox
genes in nematodes (C. elegans), 8 in arthropods
(Drosophila), 14 in chordates, and 39 in mammals
(Human) (Ikuta, 2011; Pascual-Anaya et al, 2013; Irie
et al.,, 2018) (Figure 3A).

Despite their diverse and distinct functional activities,
sequence analysis indicates that Hox gene cluster was
generated by tandem duplication of a single gene. Analysis
of Hox gene clusters in invertebrate genomes suggests that they
expanded from a common ancestral gene through tandem
regional duplication events to form a maximum of fifteen
alloparalogs in cephalochordates (ex. Branchiostoma
floridae) (Garcia-Fernandez and Holland, 1994; Koonin,
2005). There are four Hox clusters in mammalian genomes
with a maximum of 14 genes in each cluster suggesting two
rounds of whole complex duplication (2R) from a common
invertebrate ancestor with 14 genes (Maconochie et al., 1996;
Hoegg and Meyer, 2005; Lemons and Mcginnis, 2006;
Duboule, 2007; Kuraku and Meyer, 2009; Pascual-Anaya
et al,, 2013; Holland and Ocampo Daza, 2018; Smith et al,,
2018). However, there is a maximum of 13 Hox genes in each
cluster of tetrapod genomes, such as mouse and human,
indicating a loss of 14th paralog during vertebrate
diversification (Figure 3A). There is also evidence for two
additional lineage specific whole-genome duplications events
in vertebrates, one in teleosts (3R) (Pascual-Anaya et al., 2013)
and an additional round (4R) in salmonid lineages to further
amplify HOX genes (Figure 2) (Soshnikova et al., 2013; Vieux-

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

May 2022 | Volume 10 | Article 798812


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

Singh and Krumlauf

Rochas et al, 2013). These data suggest that genome
duplication events have dramatically increased the number
of Hox genes in vertebrate genomes and provide opportunities
for evolution of novel functions. Further, functional
compensation or redundancy after gene duplication events
allowed for loss and diversification of these genes which have a
critical role in patterning the AP axis and the properties of
tissues in a manner that has been remarkably conserved across
the bilateral animals (Wagner et al., 2003).

Evolution of HOX Proteins

CONSERVATION AND DIVERSIFICATION
OF HOX GENE FUNCTION

The correlation between the expansion of Hox genes, a master
regulator of development, and greater complexity of vertebrates
highlights the importance of studying the functional evolution of
HOX proteins. There are reports to suggest both conservation
and diversification of Hox gene function through evolution
(Lawrence and Morata, 1994; Saurin et al., 2018). Early work
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in the field has demonstrated that HOX proteins from different
alloparalogs groups defines distinct morphological features along
the AP body axis implying that each regulates a distinct set of
gene regulatory networks and developmental pathways (Garcia-
Bellido et al., 1973; Mcginnis and Krumlauf, 1992; Lawrence and
Morata, 1994; Averof, 2002; Maeda and Karch, 2006). However,
HOX proteins appear to share many similar biochemical
properties. They display nearly identical DNA binding
specificities in vitro, as a consequence of the presence of a
highly conserved 60 amino acid long homeodomain (HD)
(Scott et al., 1989; Gehring et al., 1994a; Piper et al, 1999).
HOX proteins have the ability to interact with a PBC class (e.g.,
PBX, MEIS, PREP) of homeodomain transcription factors, which
serve as cofactors in binding DNA and modulating gene
expression (Desplan et al, 1988; Gehring et al, 1994a;
Knoepfler and Kamps, 1995; Mann and Chan, 1996; Noyes
et al, 2008). The interaction of HOX proteins with PBC
factors is primarily mediated by a conserved six amino acid
domain, referred to as the hexapeptide (HP). HOX-PBX
cofactor interactions modify the affinity and specificity of
HOX DNA binding on target sites in the genome (Slattery
et al, 2011; Merabet and Mann, 2016). These generic DNA
binding properties of HOX proteins and interactions with
shared cofactors, such as PBX, make it difficult to explain the
paralog-specific functions of HOX proteins. Hence, the distinct
differences in the functional roles and genome-wide binding
preferences of HOX proteins in vivo is likely to be a
consequence of additional unidentified features and
interactions of HOX proteins that impact and modulate their
context-dependent activities.

Conservation

Early studies on Hox genes explored the evolutionary
conservation of functions among homologous genes across the
animal evolution by using transgenesis to express vertebrate Hox
genes in Drosophila (Malicki et al., 1990; Mcginnis et al., 1990;
Zhao et al,, 1993; Lutz et al., 1996). These studies uncovered deep
conservation of Hox gene function in specifying regional identity
along the AP body axis over 600 million years of animal
evolution. Protein sequences of alloparalogs, formed by
tandem duplication of the ancestral Hox genes, show high
diversification and each of them are known to drive distinct
developmental and differentiation programs to regulate regional
identities in specific tissues along the AP axis (Lamka et al., 1992;
Mclain et al., 1992; Yokouchi et al., 1995; Carapuco et al., 2005).
Despite these differences in functional roles, many alloparalogs
show redundancy or overlaps of function in regulating
developmental events in some specific tissues (Saurin et al,
2018). For example, it has been observed that ubiquitous
expression of many Hox genes is important in Drosophila
larval fat body cells, which appears distinctly different from
their roles along the AP axis facilitated by their nested
collinear expression patterns in embryos. Furthermore,
functional analyses in autophagy inhibition uncovered no
paralog specificity and suggested redundant functions of many
HOX proteins (Banreti et al., 2014). Similarly, Drosophila Hox
genes have been also shown to have redundant activity in

Evolution of HOX Proteins

specification of tritocerebrum identity, endocrine ring gland
development, dorsal DA3 muscle lineage specification and
head repression etc. (Hirth et al., 2001; Coiffier et al., 2008;
Enriquez et al, 2010; Sanchez-Higueras et al., 2014). The
redundant role of Hox genes is not limited to Drosophila,
vertebrate  HOX proteins have also been shown to have
overlapping or redundant functions during development of
several tissue types (Young et al., 2009; Lacombe et al., 2013;
Denans et al., 2015). For example, vertebrate Hox6 paralogs
(Hoxa6, Hoxc6, and Hoxb6) are required to specify lateral
motor column motoneurons and functional studies displayed
that Hox paralogs 5, 7, and 8 can all substitute for this function
(Lacombe et al.,, 2013). These observations suggest that despite
evidence for sequence and functional diversification among HOX
alloparalogs, which underlies their distinct roles in axial
patterning, some aspects of their functional activities have
been conserved during evolution and play roles in specific
tissue contexts during development.

As expected, the functional redundancy among the Hox genes
is more common among the symparalogs formed more recently
after whole cluster duplications in vertebrate lineage (Figure 3A).
Deletion of a single gene or even a whole cluster does not show
dramatic consequences on embryonic development, consistent
with the idea of extensive functional redundancy between Hox
genes (Medina-Martinez et al., 2000; Suemori and Noguchi, 2000;
Spitz et al., 2001; van Den Akker et al., 2001; Hunter and Prince,
2002; Soshnikova et al., 2013). Gene swap experiments in mouse
models have also demonstrated that symparalogs, formed after
duplication of ancestral invertebrate cluster, are functionally
equivalent (Horan et al, 1995; Manley and Capecchi, 1997;
Greer et al., 2000; Tvrdik and Capecchi, 2006; Iacovino et al.,
2009). An interesting example is a gene swap of mouse Hoxa3 and
Hoxd3 that resulted in adult mice with no detectable
developmental defects (Greer et al., 2000). These observations
suggests that HOX paralogs have retained similarity in their
activity through millions of years of evolution, which has been
attributed to conservation of DNA binding properties of the
homeodomain and a shared hexapeptide domain that mediates
interaction with PBC factors.

Diversification

Over expression studies have provided evidence that Hox
alloparalogs regulate development of specific organs across the
body axis, indicating that they can drive distinct gene regulatory
networks (Schneuwly et al., 1987; Lamka et al., 1992; Mclain et al.,
1992; Yokouchi et al., 1995; Carapuco et al., 2005). Comparative
analyses of gene expression profiles upon ubiquitous expression
of Drosophila Hox genes show a very small number (1.3%) of
common changes, and most of changes are unique to each gene,
suggesting they individually regulate distinct set of targets
(Hueber et al, 2007). This data implies that despite the high
conservation of homeodomain region, HOX proteins regulate
distinct set of genes to specify unique cellular identities across the
AP body axis during animal development (Mcginnis and
Krumlauf, 1992; Averof and Akam, 1993; Lawrence and
Morata, 1994; Patterson et al, 2001; Averof, 2002). The
functional diversity among the HOX proteins may be
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FIGURE 4 | (A) Protein sequence alignment of hexapeptide (HP), linker (LK), Homeodomain (HD) and CTM region of Drosophila Labial with that of mouse HOX1
paralogs. (B) Distribution of ancestral activity in HOXA1 protein. (C) Alignment of CTM region in arthropod Labial, vertebrate HOXA1 and HOXB1.

generated in multiple ways. Domain swaps of the HD, the most
conserved region of HOX proteins, can result in functionally
distinct activity in some developmental contexts. This suggests
that even a small number of changes can lead to diversification of
the DNA binding properties and transcriptional activity of HOX
proteins (Zhao and Potter, 2001; 2002). In addition, studies have
shown that amino acid differences among the Hox alloparalogs
may not alter DNA binding preference but change their ability to
recruit different coactivators or corepressors (Li and Mcginnis,
1999; Gebelein et al., 2004; Joshi et al., 2010). Another mechanism
for generating diversity among HOX proteins is through its
interaction with PBC group of cofactors, which alters DNA
binding specificity. In fact, a high throughput study revealed
that DNA binding specificities of HOX-Exd complex are only
revealed upon heterodimerization (Slattery et al., 2011). These
observations suggest that HOX proteins are subject to a variety of
ways that can diversify or modulate their functional properties.

As discussed earlier, there are many examples of functional
redundancy among the HOX symparalogs (Horan et al., 1995;
Chen and Capecchi, 1997; Greer et al., 2000; Wahba et al., 2001;
Tvrdik and Capecchi, 2006; Iacovino et al., 2009). However,
several studies have also found functional diversification
among symparalogs (Fromental-Ramain et al, 1996; Miguez
et al., 2012; Singh et al., 2020; Singh et al., 2021). Analyses of
Hoxa9 and Hoxd9 mutants in mouse revealed that these two
symparalogous genes have both specific and redundant functions

in lumbosacral axial skeleton patterning and in limb
morphogenesis (Fromental-Ramain et al, 1996). Similarly,
Hoxa2 and Hoxb2 symparalogs show synergistic interactions
in regulation of gene expression in the hindbrain, however,
during oligodendrogenesis in the mouse hindbrain Hoxb2
antagonizes Hoxa2 function (Davenne et al, 1999; Miguez
et al, 2012). These analyses indicate that symparalogs have
retained a lot of overlapping functions during evolution, but
they have also diversified their functional roles thought changes
in the patterns of expression and protein structure. An important
understudied question in the field is how changes in amino acid
sequences of symparalogous after duplication from the ancestor
homolog relate to altered functions. Analyses of HOX1 proteins
in Xenopus suggests they have redundant roles of HOXA1, Bl
and D1 in hindbrain development (Mcnulty et al., 2005). Gene
swaps of HoxAl and HoxB1 in mouse also suggest they have
largely overlapping or redundant roles (Tvrdik and Capecchi,
2006). However, in a recent study, we utilized CRISPR/Cas9
technology to replace the Drosophila Hox gene labial with its
mouse homologs HoxAl, HoxBI and HoxDI to investigate
conservation of ancestral functions and assess diversification
during evolution (Singh et al., 2020). Despite similar degrees
of protein sequence diversification of mouse HOX1 proteins from
Drosophila Labial, our results revealed that among the HOX1
symparalogs (HOXA1, HOXB1 and HOXDI1) only HOXAI is
able to rescue labial function, as HOXB1 and HOXD1 failed to do
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A
Alignement of Drosophila Hox proteins:
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FIGURE 5 | Alignment of hexapeptide (HP), linker (LK), homeodomain (HD) and CTM regions from Drosophila (A) and mouse (B) HOX proteins. The three ovel
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so (Figures 3B, 4A). This demonstrates a remarkable
conservation of ancestral activity by HOXA1l and indicates
that HOXB1 and HOXD1 have diversified through 600
million years of evolution (Figure 3B). Furthermore,
consistent with their share ancestral activities, comparative
genome-wide DNA binding properties revealed that HOXA1
and Labial have similar patterns of binding in mouse genome,
while HOXBI1 binds to a distinctly different set of targets. This
adds support for neofunctionalization of HOXB1 by regulating a
district gene regulatory program (Figure 3B) (Singh et al., 2020;
Singh et al., 2021). Studies on mouse HOXD1 have shown that it
has lost ancestral activities and appears to have undergone
neofunctionalization through expression in new tissue types
and altered activities in regulating novel gene regulatory
programs (Guo et al, 2011). These distinct functional
properties of mouse HOX1 symparalogs illustrate the
diversification of HOXB1 and HOXD1 function and loss of

ancestral activity in mammalian lineage. Mapping of the
protein sequences that underlie functional diversification of
HOXAL1 and HOXBI proteins revealed that a small number of
changes across the protein cause functional diversification. It will
be important to examine similar changes in other paralogy groups
of HOX proteins to determine if this is a common means for
modulating functional activities.

CRITICAL REGIONS UNDERLY HOX
PROTEIN FUNCTION AND FUNCTIONAL
DIVERSIFICATION

The deep conservation of HOX protein function across
bilaterians and their redundant role in some tissue types
suggest that the essential roles of HOX proteins in AP
patterning has restricted their diversification. Preservation of
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many of their ancestral functions is likely mediated through
conservation of the homeodomain and hexapeptide regions.
The homeodomain of Drosophila HOX proteins is known to
bind directly to DNA (Galant et al., 2002; Merabet et al., 2003).
However, on many in vivo target sites, binding affinity and
specificity is enhanced by interaction with PBC factors (Loker
et al, 2021). The regions outside these domains are highly
diversified among the HOX proteins that can impact
activation or repression of transcription of potential target
genes (Li et al., 1999; Li and Mcginnis, 1999). In this section
of the review, we will discuss evidences on what is known about
various domains of HOX proteins and how they may have
diversified to adopt novel functions during evolution.

Homeodomain

The HD stands out as the most conserved region of all HOX
proteins (Figure 5). Three-dimensional structural studies using
X-ray crystallography and NMR spectroscopy have revealed the
presence of three alpha-helix regions in the HDs (Gehring et al.,
1994b; Passner et al., 1999; Piper et al., 1999). The third helix, also
known as the recognition helix, directly contacts the DNA
through the major groove of DNA, while the region between
the first and second helices establishes specific contact with the
phosphate backbone. In addition, sequences adjacent to the
N-terminus of the HD, referred to as the N-terminal extension
region, also makes specific contact with DNA in the minor
groove. These regions that insert into the minor groove have
been shown to confer specificity to the HDs of Drosophila
Ultrabithorax and Sex combs reduced Hox proteins imparting
distinct DNA recognition properties (Joshi et al., 2007). The
interactions of the N-terminal extension along with contacts
mediated by the third helix are the primary determinates of
DNA binding specificity and serve as a key constraint,
maintaining the high level of sequence conservation.

Genetic and biochemical data suggest that the HD of HOX
proteins is not freely interchangeable with each other. Functional
assays of chimeric HOX proteins with swapped homeodomains
of paralogs have been found to alter their functions, suggesting
that homeodomains are not equivalent to each other (Zhao and
Potter, 2001; Zhao and Potter, 2002). This indicates that the small
differences between HD sequences contribute to differences in
their DNA binding properties and functional activities
(Furukubo-Tokunaga et al, 1993; Phelan et al, 1994;
Zappavigna et al, 1994; Noyes et al., 2008; Breitinger et al,
2012). For example, 28 out of 60 amino acids are identical
between all Drosophila HOX proteins and 18/60 are identical
between all mouse HOXA paralogs (Figures 5A,B). In addition,
many differences among the paralogs are conservative amino acid
replacements that would be expected to preserve biochemical
properties. This means that there are a series of non-conservative
amino acid replacements or changes (19/60 in Drosophila and 22/
60 in mouse HOXA paralogs), that have the potential to alter the
DNA binding properties of HDs. For example, the crystal
structures of HOXB1 and HOXA9 display many paralog
specific amino acid contacts with DNA (Figure 5B) (Piper
et al., 1999; LaRonde-LeBlanc and Wolberger, 2003). On the
basis of sequence alignments and specific amino-acid residues

Evolution of HOX Proteins

within the homeodomain along with their relative positions in
Hox clusters, Hox genes have been assigned to 14 different
alloparalogous groups (PG1-14). These fall into three general
classes: the anterior class contains PG1-5, the central class PG6-8
and the posterior class genes (PG9-14) (Domsch et al., 2015;
Frobius and Funch, 2017). Hence, despite high conservation
between homeodomain sequences there are paralog-specific
differences that may alter DNA binding properties and
preferences of HDs to modulate HOX function. The paralog
specific changes in homeodomains may also alter the interaction
of conserved amino acids with the DNA (Gruschus et al., 1997).

Hexapeptide

The PBC group of proteins, Drosophila Extradenticle (Exd) and
Homothorax (Hth) proteins and their vertebrate orthologs Pre-
B-cell leukemia transcription factor (PBX1, PBX 2, PBX3 and
PBX4) and myeloid ectopic leukemia virus integration site
(MEIS1, MEIS2 and MEIS3) respectively, are well
characterized cofactors of HOX proteins (Chan et al, 1994;
Chang et al, 1995; Lu et al., 1995; Mann, 1995; Ryoo et al,
1999). Interactions with PBC proteins change DNA binding
affinity and specificity of HOX monomer proteins (Slattery
et al, 2011). In vitro binding analyses have demonstrated that
the interaction between most HOX proteins and PBX are highly
dependent on the HP motif, which contains the four core residues
YPWM. This interaction alters the DNA binding properties of
each protein, leading to the recognition of a bipartite HOX-PBC
consensus site, and it enhances affinity and specificity of HOX
target selection (van Dijk and Murre, 1994; Chang et al., 1995;
Phelan et al., 1995; Popperl et al., 1995; Chan and Mann, 1996;
Hudry et al,, 2012).

The presence of the HP is important for HOX function, as loss
of this motif has been implicated in the eliminating homeotic
functions in several genes (fushi-tarazu, zerkniillt, bicoid) formed
after duplication of Hox genes (Alonso et al., 2001; Panfilio and
Akam, 2007). There is also evidence for sequence diversity among
HP regions of different HOX proteins, which may impact the
DNA binding properties and function of HOX proteins (Chang
et al, 1995; Neuteboom et al, 1995; Medina-Martinez and
Ramirez-Solis, 2003; Remacle et al., 2004). While the four core
amino acids in the HP motif have been shown to be critical for its
activity, only the tryptophan (W) residue in the 4™ position is
highly conserved. The rest of the amino acids are highly variable
among the HOX protein paralogs, which may alter their
interactions with PBX (Figures 5A,B) (Neuteboom et al,
1995; Neuteboom and Murre, 1997; Mann et al., 2009). The
divergence of the HP region away from YPWM motif in HOX
proteins from paralogous groups 8-13 suggests a progressive
change in their function through evolution of this motif
(Figure 5B).

Consistent with the divergence of the HP regions, in vitro
DNA binding experiments show that HOX proteins from paralog
groups 1-10 mainly interact with PBX, while paralogy groups 11-
13 preferentially interact with MEIS (Chan et al., 1994; Shen W. F.
et al., 1997; Shen W.-F. et al, 1997). HOX proteins also form
trimeric complex with PBX and MEIS proteins upon binding to
target genes (Berthelsen et al, 1998; Shanmugam et al., 1999;
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Ferretti et al., 2000; Penkov et al., 2013; Amin et al., 2015). The
presence of MEIS proteins have also been shown to induce
remodeling of HOX-PBX interactions that leads to changes in
the requirements for motifs that drive trimeric complex
formation (Dard et al, 2019). High throughput SELEX-seq
technology, which measures the relative affinities of
transcription factor complexes with all possible DNA
sequences, has shown that interaction of HOX proteins with
Exd-Hth dimers alters the DNA binding properties of all eight
Drosophila HOX proteins. Based on this data, the DNA binding
specificities of HOX proteins can be subdivided into three main
classes with similar DNA binding preferences: 1) anterior,
containing Labial and Proboscipedia; 2) middle with
Deformed and Sex comb reduced; and posterior, with
Antennapedia, Ultrabithorax, Abdominal-A and Abdominal-B.
These observations are consistent with the idea that the nature of
interactions with PBX and MEIS varies among different HOX
proteins and this directly impacts their DNA binding properties
and functions.

Recent research has opened new insights into the complex
nature of interactions between HOX and PBC proteins. Studies
have revealed that novel HOX-PBX cofactor interactions arise
through the loss or gain of other interacting domains beyond the
HP and these have the potential to further modify HOX DNA
binding properties and functions (Shen W. F. et al., 1997; Liu
et al., 2008; Noro et al., 2011; Slattery et al., 2011; Hudry et al,,
2012; Merabet and Mann, 2016; Dard et al., 2019; Singh et al,,
2020). Use of sensitive in vivo assays to quantify HOX-PBX
interactions have revealed that, in the presence of MEIS, the HP
motif is dispensable in all HOX proteins except those from
anterior paralog groups 1 and 2 (Dard et al, 2018).
Furthermore, detailed analyses uncovered alternative PBC
interaction motifs in human HOXB3, HOXA7 and HOXCS8
proteins that are critical for HOX-PBC interaction in specific
cell contexts and DNA-binding site topologies. While in the case
of HOXAY, the HOXA9-PBX-MEIS interaction is dependent on
the activity of the HP motif and two paralog-specific residues of
the homeodomain region. These observations suggest that HOX-
PBC interactions are not rigid and may behave in a dynamic
manner that vary based on specific cellular and genomic contexts.
The array of HOX- PBC interactions might have evolved
independently in novel ways as a common regulatory node or
mechanism to diversify DNA binding properties of HOX
proteins. The highly conserved W residue in the HP region
has been shown to be required for binding on HOX-PBX
consensus motifs, while HOX protein binding on non-
consensus motifs and low-affinity binding sites may be altered
through HP diversity in combination with other novel interaction
domains (Foos et al., 2015; Dard et al., 2018; Singh et al., 2020).

Linker Region

HP region of HOX proteins is connected to the N-terminal of the
HD through a linker (LK) region (Figures 5A,B). The sequence
and size of the linker region is highly variable among the HOX
paralogs, ranging from 3 to 50 amino acids in the vertebrate HOX
proteins. Since the HP region of HOX proteins interacts with a
highly conserved three amino acid loop extension domain in the

Evolution of HOX Proteins

HD region of PBX cofactors, the size and sequence of the linker
region may constrain these interactions and further modulate
DNA binding properties. Structural studies have revealed that the
LK region of the Drosophila Sex Combs Reduced (Scr) HOX
protein is critical for binding at some target sites, but on other
binding targets it is disordered and makes minimal contribution
to binding (Joshi et al., 2007). Converting the LK region of
Drosophila Antp to that of Scr changes the DNA binding
preference of the protein such that it binds very similar targets
to those of Scr (Abe et al., 2015). Furthermore, comparative
functional studies of mouse HOXA1 with HOXB1 proteins,
Drosophila Ubx with Abd-A and Dfd with Scr show that the
linker region is required for some aspects of the paralog specific
functions of these HOX proteins (Merabet et al., 2003; Joshi et al.,
2010; Singh et al., 2020). This indicates that the LK sequence has a
role in modulating DNA binding preferences of HOX proteins
and diversity in this region may be a determinant that underlies
aspects of the paralog-specific functions of HOX proteins.

C-Terminal Region

The C-terminal region flanking the homeodomain of HOX
proteins is highly variable in size and sequence. The
importance of this part of HOX proteins has been generally
ignored because of the high degree of variability among the HOX
paralogs. This region has also been left out of the studies that
analyzed the three-dimensional structure of HOX proteins with
PBX and DNA. Sequence analyses show that this region varies
from 7 amino acids in HOXA13 to 168 amino acids in HOXA2
(Figure 5B). This is also highly variable between the HOXA
alloparalogs (HOXA1 to HOXA13) and symparalogs among Hox
A, B, C and D clusters. Our recent cross-species functional
analyses revealed that a highly conserved CTM motif
(KEGLLP) is a key determinant involved in maintaining the
homologous ancestral functions of Drosophila Labial in the
mouse HOXA1 protein (Figures 4A,C) (Singh et al., 2020).
Diversification of this motif in mammalian homologs, HOXB1
and HOXD1led to a loss of the ancestral activity. Furthermore,
structure prediction analyses suggested that the CTM region may
establish another interaction domain with PBX1 on DNA.
Consistent with this idea, in vitro DNA binding analyses
revealed that the CTM region is not sufficient for HOX1
interaction with PBX1, but it can modulate the ability of
HOXALI to interact with PBX1 when bound to a target site
(Singh et al., 2020). Similarly, small, conserved regions in the
C-terminal domains of HOX proteins have also been observed in
Drosophila HOX proteins Ubx and Abd-A (Lelli et al., 2011). In
vitro DNA binding analyses and three-dimensional structures
show that this region in Ubx (called Ubd-A region) is required for
direct physical interaction with Exd, a homolog of PBX1, and
affects DNA binding properties (Foos et al., 2015). Hence, it may
play an analogous role to the CTM, identified in HOXA1. The
UBD-A region is highly conserved among insect orthologs of
Ubx, but it is absent from other arthropods and onychophorans
(Galant and Carroll, 2002; Ronshaugen et al., 2002). Functional
analyses of this domain with a transgenic reporter line displayed a
repressive role on a Distal-less (DI]) cis-regulatory element that is
involved in promoting limb development. These results suggests
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that evolution of the UBD-A domain suppressed limb formation
in abdominal segments and provided an evolutionary transition
to hexapod limb pattern. Furthermore, in vitro DNA binding and
in vivo reporter assays show cooperation between linker and
UBD-A region of the Ubx protein, which suggests subtle changes
in HOX-PBC complexes have played a major role in the
diversification of HOX protein function in evolution (Saadaoui
et al,, 2011). These data illustrate that flexible extensions outside
of the HD helix have the potential to mediate additional contacts
between HOX proteins and their cofactors in concert with those
mediated by the HP motif on the opposing side of the DNA.
Together these findings demonstrate that small differences in
sequences outside of HDs, which do not contact DNA
themselves, may be a common mechanism for modulating
protein-protein interactions that impact DNA binding
specificity of HOX proteins.

SUMMARY

A small number of changes in key amino acids may affect DNA
binding properties and protein-protein interactions of
transcription factors that can influence their DNA binding
targets and potential for transcriptional activation or
repression (Lai et al, 2001; Johnson et al, 2003; Chi, 2005;
Sakazume et al., 2007; Shoubridge et al., 2012; Webb et al,
2012; Jubb et al,, 2017; Singh et al., 2020; Chi, 2005). This
indicates that sequence conservation alone may be a poor
determinant in predicting the functions of HOX proteins.
Genome-wide binding and gene expression analyses have
revealed both overlapping and paralog-specific targets of HOX
proteins (Hueber et al., 2007; Sorge et al., 2012; Beh et al., 2016;
Bulajic et al., 2020; Singh et al., 2020). This suggests that there
could be many common downstream targets in the genome, but
the unique targets might have evolved by diversification of HOX
proteins, resulting in selective alterations in their downstream
target genes and inputs into novel gene regulatory programs.
Paralog specific binding at unique target sites could arise through
small differences in DNA binding domain and associated regions
that alter interaction with cofactors such as PBX. Studies have
shown that HOX-PBX interactions have diversified by altering
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determining if this is a general mechanism used by other
transcription factor families in the generation of diversity and
evolution of novel functional activities of proteins.
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