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Abstract—The evolution of major taxa is often associated with the emergence of new gene families. In all mul-
ticellular animals except sponges and comb jellies, the genomes contain Hox genes, which are crucial regula-
tors of development. The canonical function of Hox genes involves colinear patterning of body parts in bilateral
animals. This general function is implemented through complex, precisely coordinated mechanisms, not all of
which are evolutionarily conserved and fully understood. We suggest that the emergence of this regulatory com-
plexity was preceded by a stage of cooperation between more ancient morphogenetic programs or their individual
elements. Footprints of these programs may be present in modern animals to execute non-canonical Hox func-
tions. Non-canonical functions of Hox genes are involved in maintaining terminal nerve cell specificity, autophagy,
oogenesis, pre-gastrulation embryogenesis, vertical signaling, and a number of general biological processes. These
functions are realized by the basic properties of homeodomain protein and could have triggered the evolution of
ParaHoxozoa and Nephrozoa subsequently. Some of these non-canonical Hox functions are discussed in our review.
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INTRODUCTION

The history of multicellular animal emergence is
tightly linked to the appearance of a new class of tran-
scription factors — Antennapedia (ANTP), members of
the superclass of homeodomain proteins [1]. The rapid
structural and functional evolution of the ANTP genes
led to the emergence of the most numerous and diverse
clade in the animal kingdom, now referred to as Para-
Hoxozoa [2]. This clade includes approximately 7 mil-
lion species of bilaterians (Bilateria), about 10 thousand
species of cnidarians (Cnidaria), and several species of
placozoans (Placozoa). The name of the clade indicates
an evolutionary boundary within Metazoa, which sep-
arates taxa with Hox/ParaHox genes from comb jellies
and sponges, which lack these genes [2-5].

Abbreviations: ANTP, Antennapedia; HOX, homeotic homeo-
box; GRN, gene regulatory network; PG, paralogue group;
Ubgx, ultrabithorax.

* To whom correspondence should be addressed.

Hox (homeotic homeobox) genes were the first
genes shown to be involved in development and evo-
lution [6]. Their discovery led to the emergence of a
new science — evolutionary developmental biology
(evo-devo) and made Hox genes the most stud-
ied group among all homeobox genes in animals.
The homeobox is a conserved region of the primary
sequence that encodes a DNA-binding motif of the
homeodomain, which is required for the Hox protein
to interact with enhancers of downstream target genes
[7, 8]. Hox genes are organized in a cluster, i.e., they
are physically linked. Traditionally, they are divid-
ed into 9 paralogous groups (PG1-8 and PG9/14). This
classification is based on the differences in Hox pro-
tein sequences and their relative positions in clusters.
The level of evolutionary conservation within a pa-
ralogous group (e.g., between lab (PG1) of the fruit fly
and Hox1 (PG1) of the amphioxus) is always higher
than outside of it (between lab (PG1) and pb (PG2) of
the fruit fly). Overall, the structural expansion of the
Hox cluster and the formation of the most paralogous
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groups occurred before the appearance of the three
major Bilaterian clades [9, 10].

The main feature of the Hox cluster is the abili-
ty to exhibit a colinear expression. Colinearity refers
to the correspondence between the location of genes
on a chromosome and the order of their expression
along the anterior-posterior axis of the body [11, 12].
The closer is a Hox gene to the 3'-end of the cluster, the
closer to the anterior end of the embryo it will func-
tion. This is called spatial colinearity. Colinearity can
also be temporal, when genes are expressed sequential-
ly in time, starting from the 3’-end of the cluster [13].

The Hox gene cluster is the result of tandem cis-du-
plications of the ancestral sequence, starting from the
single proto-Hox gene that belonged to the NK family
[14, 15]. This event occurred before the sister branches
Bilateria and Cnidaria were formed because the Hox
genes belonging to the paralogous groups PG1, PG2,
and PG4/14 are already present in both these branch-
es [16]. These paralogous groups emerged as a result
of the diversification of cis-duplicates under two sce-
narios: neofunctionalization and subfunctionalization.
In the former case, a copy acquires a new function,
while in the latter, the ancestral function is shared
between two copies [17]. The cluster can be intact
(compact or relaxed) or contain rearrangements and
discontinuities (breakages) up to complete atomiza-
tion [18-21]. Integrity of the Hox cluster is essential for
maintaining temporal colinearity but is not crucial for
spatial colinearity [22].

Paradoxically, Hox genes are both highly con-
served and functionally flexible. Their functions are
universal during the establishment of the bilateral
body plan and species-specific at the level of local pat-
terns, such as the formation of bristles on the legs of
different Drosophila species [23]. This systemic prop-
erty is known as scalability. In the case of Hox genes,
it is manifested at both ontogenetic and phylogenetic
levels.

The staggering diversity of the bilaterian animals
results from the rapid evolution of developmental pro-
grams, which are simultaneously stable and flexible.
Bilaterian animals maintain a common body plan due
to the conserved members and parts of gene regula-
tory networks (GRNs), which start functioning shortly
after cleavage and are necessary for regionalization
and patterning. This is particularly evident in verte-
brates and other segmented animals, which undergo a
phylotypic period or “zootype” stage [24]. During this
period, representatives of a particular phylum (or sub-
phylum) are morphologically very similar to each other
(for example, all vertebrates at the pharyngula stage).
A the molecular regulation level, the similarity is even
broader, as segmented animals from different phyla
(vertebrates, arthropods, annelids) exhibit orderly ex-
pression of Hox genes shortly before or during gastru-
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lation [25-27]. The zootype concept is graphically rep-
resented as the hourglass model, where the constricted
waist corresponds to the onset of colinear transcription
of the Hox clusters along the anterior-posterior axis of
the body. Such expression is conceptually similar in all
segmented Bilateria, despite significant differences in
implementation mechanisms. Hox proteins determine
the fate of cells in broad spatial domains of the embryo
along the anterior-posterior axis of the body. During
this early period, their targets are genes of signaling
pathways and transcription factors, the sets of which
will qualitatively and quantitatively differ depending
on the Hox code. This difference ultimately will lead
to morphological and functional differences between
embryo regions.

This function is traditionally considered basic,
i.e., canonical. It is this function that is implied when
discussing the role of Hox genes in development, and
there are several reasons for this. Firstly, animals in
which we observe early colinear transcription of Hox
genes in broad spatial domains (i.e., regionalizing func-
tion) belong to the three superphyla — Deuterostomia,
Ecdysozoa, and Lophotrochozoa, which are grouped
into the clade Nephrozoa. The likelihood that such a
function of the Hox genes arose independently (conver-
gently) in these groups appears lower than the likeli-
hood of its direct inheritance from a common ancestor
of all Nephrozoa. Secondly, the sequential in-time ear-
ly activation of Hox cluster genes is always associated
with regionalization, and such a mode of activation
depends on the intactness or minimally damaged state
of the cluster [22, 28]. If the structure of the cluster
determines its regionalizing function and if a whole
cluster is a priori considered primary, it is logical to
assume that this function itself is inseparably linked to
the emergence of the Hox cluster.

The constricted waist in the hourglass model in-
dicates a lack of variability available for selection,
so it can be confidently stated that the action of Hox
genes determines the organization of the body plan, at
least in the segmented Bilateria. However, with this ap-
proach, questions about the early stages of system evo-
lution remain unsolved. The coordinated temporal and
spatial early colinear expression of Hox clusters looks
very complex. It is difficult to imagine the primary and
intermediate steps that formed this hyper network.
Moreover, if the canonical function of Hox genes is pri-
mary, then the last common ancestor of Nephrozoa is
a complex animal, not inferior in terms of organization
to the amphioxus, fruit fly, or Platynereis. This leads us
to the old paradox of irreducible complexity. Perhaps
among the multitude of functions of Hox genes, which
are not canonical ones, there are those that provide a
clue to the primary state of Hox regulation in the Para-
Hoxozoa lineage and its subsequent evolution. Some of
them are discussed in our review.
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HOX GENES AND NEUROGENESIS

The older the trait is, the more likely it is to be
found in the phylogenetically distant descendants of
the species that acquired this trait. The idea that the
ancestral function of Hox genes is patterning of the
nervous system was first suggested by Jordi Garcia
Fernandez [29], and not without reason. If we put the
canonical function of Hox genes out of consideration,
we are left with the most widespread and most dam-
age-resistant function - control of neurogenesis [30-32].
Control persists even in the animals that have aban-
doned early regionalizing function (leeches, appendic-
ularia, rotifers), or use it in isolation from the anteri-
or-posterior axis specification (mollusks) [19-21, 33-36].
It is noteworthy that in most of the studied mollusks,
the ganglia of the nervous system show signs of Hox
colinearity [21, 35, 36].

Modern experimental methods make it possible to
locally turn on or off selected genes at different stages
of development of model animals (nematodes, Drosoph-
ila, mouse). These experiments revealed an important
pattern. It turned out that the Hox genes do not simply
determine the cellular territories in which neuroblasts
are laid down. But they control pathways of their dif-
ferentiation and, more interestingly, establish terminal
specificity of the mature postmitotic neurons [32]. Ter-
minal specificity (neuronal terminal identity) brings
the neuron to a functional state. It begins to form neu-
rites, synthesize neuropeptides, proteins necessary
for the production of neurotransmitters, receptors to
them, and components of ion channels. All these and
many other changes in the postmitotic neurons occur
due to unrelated regulatory proteins called terminal
selectors. One such selector in the nematode Caenor-
habditis elegans, Unc-3 (an ortholog of EBF/Olf/Collier),
determines the terminal differentiation of the cholin-
ergic motor neurons. The Unc-3 protein binds directly
to the cis-regulatory sites of acetylcholine biosynthesis
genes, ion channels, and numerous other genes. It does
not work alone but in cooperation with various Hox
proteins that act as its cofactors. Different Hox proteins
(depending on the site of the body) determine differ-
ences in the number and length of neurites, synaptic
connections, and electrical activity of the motor neu-
rons. This general scheme is also valid for other types
of neurons (sensory, motor, and intermediate) with
other terminal selectors [37]. It is important that the
Hox proteins are needed by the worm not only for the
correct tuning of the neuron at the time of its termi-
nal differentiation but also for its further work. It has
been shown that the Hox protein of C. elegans Lin-39
(PG 4/5) is necessary in adulthood to maintain the ter-
minal specificity of the motor neurons [38, 39].

C. elegans is a simply organized animal. An adult
worm (hermaphrodite) has only 302 mature neurons [40].
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An adult Drosophila brain contains about 200,000 neu-
rons [41], but their differentiation, targeting, and num-
ber of synapses are determined by similar processes.
The fly neuroblasts acquire unique fates under the
action of Hox proteins [42], and, more surprisingly,
neuromuscular synapse formation is under the Hox
control [31, 43]. It is hypothesized that the assembly of
synaptic contact between a neuron and a muscle cell is
possible if they express the same Hox protein (or set of
Hox proteins). This is true for at least one model sys-
tem, where the Hox protein Dfd (PG4) directly turns
on the expression of ankyrin (Ankyrin2-XL; synaptic
protein) and turns off the expression of Con (an adhe-
sive protein that selectively works in neuromuscular
synapses of another type) in the motor neurons and
muscles they innervate [43].

Finally, a type of neurons (leucokinergic neurons)
has been described in Drosophila for which Hox pro-
teins from the BX-C complex [Ubx (ultrabithorax),
abd-A (abdominal A), Abd-B (abdominal B)] are direct
terminal selectors because they turn on (Ubx, abd-A)
and turn off (Abd-B) synthesis of the neuropeptide leu-
cokinin [44].

Without going into details, it should be noted that
mammals (mouse, human) have fundamentally similar
rules for establishing proneural territories, differenti-
ation of neurons, and their postmitotic settings under
the control of Hox genes [30]. Mammals have also been
shown to have Hox proteins that function as terminal
selectors of motor neurons [45] and are required in
adulthood. Hindbrain development is controlled by 24
Hox genes, and they continue to work in the mature
brains of adult mice, while forebrain development in
vertebrates is a Hox independent process [46].

This is all the more surprising that the Hox genes
from several anterior paralogical groups (PG1,3-5)
begin to be expressed in the postnatal neocortex and
thalamus of the mouse [46].

Thus, modern experimental data obtained with
different model animals lead us to the idea that the
ancestral function of Hox genes is the terminal dif-
ferentiation of neurons, most likely motor neurons.
This hypothesis has a strong theoretical and evidence
base. Firstly, it has recently become known that the
homeobox-containing factors in general tend to trigger
and maintain neurogenic differentiation. The C. ele-
gans genome encodes 102 homeodomain-containing
proteins from different families that selectively and
combinatorially function as terminal selectors or their
partners in the mature neurons [47, 48]. Therefore, the
specification of neurons using Hox proteins is a special
case of a general principle.

Secondly, in the GRNs, direct linkage between
high-level regulatory genes and terminal differentia-
tion genes may indicate the ancestral state of the sys-
tem. Within the GRNs master genes, target genes and
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intermediate regulatory genes are distinguished. These
intermediate genes form a complex architecture of the
developmental GRNs, and according to the hypothesis
of intercalary evolution, they are the result of evolu-
tionary intercalations (insertions) between the master
gene and its target. Such as in the case of the homeo-
box gene Pax6 and the light-sensitive transmembrane
protein rhodopsin [49-51]. The Hox genes are univer-
sally implicated in the establishment and maintenance
of the terminal neuronal specification in Protostomia
and Deuterostomia, allowing for the existence of a sim-
ple organized ancestor of all Nephrozoa, which used
Hox genes for the same purpose. Initially, the simple
GRNs of such ancestor gradually and independently be-
came more complex in different evolutionary lineages
due to the involvement of the new clade-specific genes
under the control of the Hox cluster. In the course of
evolution, heterochronies shifted the activity onset of
all participants to earlier developmental stages and
brought their expression to the canonical state. It is
possible that in the first stages of this evolutionary pro-
cess, Hox genes coordinated the formation of synapses
between the motor neurons and muscles. Therefore,
the general principle of colinear transcription of Hox
genes relates Drosophila and mammals at the level of
two germ layers, ectodermal and mesodermal. Impor-
tantly, the principle of intercalary evolution allows the
GRN growth by duplication of the master gene and sub-
functionalization of the descendant genes with partial
preservation of the ancestral function [51].

This attractive hypothesis has internal contradic-
tions. Firstly, the physical linkage of terminal selectors
is not necessary to specify neurons. Most homeobox
genes that create the neural code in nematodes are not
clustered [47, 48]. Secondly, the level of complexity of
the last common ancestor of all Nephrozoa remains
in question because its Hox cluster already consisted
of at least 7 or 8 genes - five anterior (PG1-5), one or
two middle (PG6/8), and one posterior (PG9/14) [9]. It is
known that functions of the genes from different paral-
ogous groups overlap significantly [52], which means
that the ancestral cluster formed very quickly before
its members began to differ greatly in the spectra of
their targets. If the quantitative information realized
by the Hox proteins was at some point more important
than the qualitative (paralog-specific) information, this
could have pushed the Hox cluster to a rapid structur-
al expansion with minimal divergence of participants.
However, the paralog-specific functions began to ap-
pear later. This explanation looks logical but raises the
following questions: why are the Hox proteins from
different paralogous groups qualitatively important
for the neuron specification, and why do these proteins
differ structurally, while some of their paralog-specif-
ic functions are conserved (common to Nephrozoa)?
It seems that selection drove the evolution of the Hox
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cluster in several directions at once, and this could be
explained by the scenario when the neurogenic func-
tion was not the only one. Whether this is true or not,
we could figure it out by referring to basal taxa.

Outside the Nephrozoa group, expression of the
Hox genes has been studied less, but it is known that
small and disjointed clusters of Acoelomorpha (a sister
branch of Nephrozoa, previously classified as a clade
within flatworms) operate in the nervous, muscular,
and reproductive systems [53-56]. In a single study
on embryos [53], three Hox genes of Convolutriloba
longifissura (PG1, PG5, and PG9/14) colinearly turn on
in the proneural territories shortly after gastrulation.
Two of these three genes operate in parenchymatous
internal domains slightly later or simultaneously with
this event.

The cnidarian Hox genes have been extensively
studied [57-59], and expression of some of them can
be associated with the nervous system, e.g., Hox1 (PG1)
of Clytia hemisphaerica functions in statocysts and
Anthox1 (PG9-like) in the apical tuft of the Nematostella
vectensis planula larva. However, in comparison with
the diverse neural differentiation involving other ho-
meobox genes in cnidarians, this is a very modest
outcome [60, 61]. Surprisingly, many cnidarian neu-
rotransmitters (including acetylcholine) and enzymes
of their biogenesis are synthesized not in neurons but
in gastrodermal cells [62]. Analyzing expression data
is also difficult because direct correspondence of the
genes from Hox/ParaHox classes in cnidarians and bi-
laterians is not obvious due to the high divergence or
loss of orthologs [63]. However, there are no direct reg-
ulators of neurogenesis among the genes, which exact-
ly match the category of “PG1-like” or “PG2-like”, but
there are genes with broad expression domains at the
level of ectoderm and endomesoderm.

Thus, before the origin of the last common ances-
tor of Nephrozoa, at the level of Acoelomorpha, Hox
genes were already engaged in several different de-
velopmental programs. Their functions in cnidarians
are diverse and not associated with terminal neuronal
specification. The path from the common ancestor of
cnidarians and bilaterians to modern Nephrozoa was
accompanied by structural expansion of the Hox clus-
ter and complex rearrangements of the regulatory rela-
tionships between the ancient developmental programs
hidden to us. Some of these programs may have relied
on the shared paralog-nonspecific functions of Hox
genes, which are realized in isolation from the spa-
tial colinear transcription. We hypothesize that these
functions have remained in modern animals, and to
investigate them we need to look at the general biolog-
ical processes in which Hox genes are involved. There
are several examples where the paralog-nonspecific
function of Hox genes is realized particularly clearly.
We will discuss them in the following sections.
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HOX PROTEINS CONTROL DEVELOPMENTAL
TIMING THROUGH AUTOPHAGY

Autophagy is a cellular degradation process neces-
sary for maintaining cell homeostasis and renewing its
cytoplasmic components. It is highly conserved, and its
influence on various biological functions has been de-
scribed in a wide range of organisms, from plants and
yeast to humans [64]. For bilaterians, autophagy is an
important tool in early development, as it participates
in cellular differentiation and tissue remodeling [65,
66]. For instance, in the Drosophila larvae, autophagy
activity is very high in the fat body during the wander-
ing L3 (L3W) stage, when the larva is rapidly growing
and undergoing metamorphosis, but not in the younger
feeding L3 (L3F) stage. It has been shown that the tran-
sition from the L3F to L3W stage is controlled by ecdys-
one, and the main regulators of autophagy in this case
are Hox proteins, which suppress premature autopha-
gy at the L3F stage [67]. During normal development,
colocalization of Hox proteins from multiple paralo-
gous groups is observed in the fat body of L3F larvae,
but it is not colinear. Here, the Hox proteins suppress
the expression of the atg genes (18 genes), which are
responsible for autophagy. It has been shown that in-
activation of the individual Hox genes (Dfd, Scr, Ubx,
abd-A, AbdB) does not lead to premature induction of
autophagy. Only the simultaneous shutdown of all Hox
paralogs in the L3F larval experiment initiates this
process [67]. Conversely, prolonged expression of the
investigated Hox genes inhibits autophagy in the lar-
val fat body cells. Such animals enter the wandering
stage 6-7 days later than the controls, indicating that
the forced maintenance of the Hox gene expression de-
lays development in Drosophila.

Thus, in the larval fat body, the universal activi-
ty of Hox proteins carries temporal rather than spa-
tial information, regulating the onset of autophagy at
the required stage of development. It is worth noting
that in the culture of mammalian fibroblasts, HoxB8
and HoxA9 also inhibit autophagy. The same proteins
exhibit a similar effect on the Drosophila larvae after
transgenesis [67]. These preliminary studies do not rule
out the paralog-nonspecific involvement of Hox genes
in autophagy control in the last common ancestor of
insects and vertebrates but require additional analysis
across a wide range of models.

WHY DO HOX GENES WORK
BEFORE DIFFERENTIATION BEGINS?

In multicellular animals, Hox genes are not ex-
pressed in totipotent and pluripotent cells because this
expression induces differentiation. In mammalian em-
bryonic stem cells, Hox loci have an ambivalent epigen-
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etic status. Their histone code contains both repressive
and permissive tags [68]. These cells do not express
Hox genes, but expression can start rapidly in case of
additional permissive signals, which will lead the cells
to the beginning of the differentiation path.

Despite the blockage of Hox genes activity in toti-
potent cells, their maternal transcripts have been found
in oocytes of mammals (mouse, cow, and human [69],
amphibians (Xenopus laevis [70]), annelids (Platynereis
dumerilii [71]), myriapods (Strigamia maritima [72];
Trigoniulus corallinus [73], hymenopterans (ants of the
tribe Camponotini [74]), decapods (Macrobrachium olfer-
sii [75]), and even in oocytes of hydroid polyp Clitya
hemisphaerica [58]. In all animals, except Xenopus lae-
vis, the genes from several paralogous groups are ex-
pressed in oocytes.

The structure of oocyte transcripts of Hox genes
may provide clues about their functions. The exam-
ple of centipede Strigamia maritime (Chilopoda) [72]
showed that the maternal RNAs of Hox genes are
polyadenylated, but some of them do not contain an
open reading frame. Possibly, part of the maternal
RNAs of the centipede belongs to the class of regulatory
(protein-noncoding) RNAs. On the other hand, the Hox
gene transcripts in mammalian oocytes are deadenylat-
ed [69]. This is reasonable if such maternal transcripts
are required for later developmental stages and stored
in a stable (non-translated) form [76]. In addition, the
HOXB9 protein was detected in the nuclei of oocytes
and the cells of early mammalian (mouse, cow) embry-
os [77], and the Ubx and AbdA proteins were found in
ant oocytes [74].

The function of Hox genes in oocytes differs from
the canonical one since transcripts of different paral-
ogous groups are localized in a single cell. The wide-
spread nature of this phenomenon suggests that it is
not random. So far, there are no successful experiments
unambiguously indicating the functions of the Hox
gene transcripts in oocytes, but several hypotheses can
be put forward.

Most of the maternal transcripts of the Hox genes
may not be translated. They may represent an element
of epigenetic tuning of the zygotic genome. It is known
that the non-coding RNAs often function as scaffolds
for the assembly of chromatin remodeling proteins,
targeting them to subordinate loci. This function has
been described for the regulatory RNAs that are read
from the vertebrate Hox clusters [78] and it is consis-
tent with the presence of transcripts without an open
reading frame in the Strigamia oocytes. The importance
of the non-coding RNAs in the first cleavage divisions
was shown in the mouse embryos [79].

On the other hand, the mRNAs of Hox genes
can be translated. For example, the HoxB9 protein
is present in the nuclei of oocytes (both mature and
immature) and the cell nuclei of early embryos [77].
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This does not exclude an early function of Hox genes
directed to oogenesis. It is known that in the mouse
several transcripts of Hox genes and their cofactors are
already present at the stage of the growing oocyte [80].
Interestingly, the homeodomain protein Nobox from the
family of the same name, which is close to both the Antp
and PRD classes [81], is present in the mouse oocytes
and regulates the functioning of the genes important
for oogenesis [82]. It cannot be ruled out that the oocyte
RNAs and proteins of the Hox genes are required for the
transcriptional control of the early zygotic genes [83].

The Hox proteins can be not only transcriptional
regulators, but also regulators of the cell cycle, RNA
splicing, DNA replication and repair [84-86]. For exam-
ple, some Hox proteins have recognition sites for the
serine/threonine kinase ATM [87], whose role in the
DNA double-strand break repair is widely known [88].
At least one vertebrate Hox protein, HoxB7, has been
experimentally shown to be involved in this process
[85]. In the mammary epithelial cells, HoxB7 increas-
es the probability of nonhomologous DNA end joining
by binding to the complex of Ku70/80 heterodimers
(proteins that recognize double-stranded breaks) and
DNA protein kinase [85]. HoxB7 expression stimulates
the DNA-protein kinase activity, which correlates with
the repair efficiency, whereas this effect is lost when
HoxB7 is knocked out. In addition, Hox proteins pro-
mote the assembly of pre-replicative complexes. For
example, HoxD13 and HoxC13 in different cell cultures
interact through homeodomains with the proteins
of ORC and Cdc6 pre-replicative complexes [86, 89, 90].
Although the mentioned functions of Hox proteins were
not described in embryogenesis, we assume that they
can still participate in the first stages of the develop-
ment of multicellular animals. In the early develop-
ment, synchronous divisions of blastomeres occur with
a minimum interval (there are no G1 and G2 phases of
the cycle), therefore, a very precise adjustment of the
molecular machinery of the oocyte is necessary for the
successful completion of the cleavage stage. In this case,
Hox proteins in oocytes may accelerate the assembly of
pre-replicative complexes and enhance DNA repair to
maintain the integrity of the embryo’s genetic material.

Undoubtedly, the role of Hox genes in oogenesis
will not be clarified without functional tests on a wide
range of models. It cannot be ruled out that the oocyte
RNAs and proteins of the Hox genes could be a “tran-
scriptional noise” or by-products of the previous stages
of oogenesis [91].

DOSE-DEPENDENT FUNCTIONS
OF HOX PROTEINS

There are dose-dependent functions of Hox pro-
teins when their concentration determines the mor-
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phology of the anlage [92]. In mammals, Hox proteins
specify vertebral morphology in a dose-dependent
manner [93] and set the number and length of dig-
its [94]. In both cases, a gradual decrease in the dose
of Hox proteins increases intensity of morphological
changes. For instance, when the dose of any protein
from the posterior paralogs of HoxA and HoxD clus-
ters (Hoxd11, Hoxd12, Hoxal3, Hoxd13) is gradually
decreased, the digits shorten linearly and paralog-
independently depending on the proportion of mutant
alleles of the Hox genes [94].

In invertebrate animals, the most obvious exam-
ple of a dose-dependent function of Hox proteins is the
regulation of wing morphology. This function has been
described in insects from different clades and, appar-
ently, is universal for the diversification of the wing
shape and size in the second (T2) and third (T3) thorac-
ic segments [92]. It involves the Antp and Ubx proteins
in its realization. In the wild-type Drosophila, the Antp
protein is present only in T2 and the Ubx protein in
T3, with a lower concentration of Antp in T2 than of
Ubx in T3 (Fig. 1a) [95]. In the Ubx” mutants, a pair
of wings is formed at T3 instead of halteres (Fig. 1b).
If the dose of Antp in T3 is increased to the level of
Ubx in such mutants, the normal phenotype is restored
(halteres are formed on T3 (Fig. 1c¢) [95]. On the con-
trary, when the Ubx dose is decreased, wings grow in-
stead of halteres at T3 (Fig. 1d) [95]. Likewise, when
the Antp dose is increased in T2, halteres grow instead
of wings (Fig. 1e) [95].

HOX FACTORS CAN BE SECRETED BY CELLS

The difficulty faced by a researcher who decides to
elucidate the ancestral function of the ANTP-class ho-
meobox genes is related to the fact that such function
was not originally a single function, at least at the level
of Metazoa. This follows from the arrangement of mul-
titasking ANTP-class homeodomain proteins (Fig. 2).
At the end of the last century, it was discovered that a
synthetic homeodomain protein of 60 amino acid res-
idues, repeating the sequence of the Drosophila Antp
homeodomain, can penetrate the membranes of rat
nerve cells without the mediation of any receptors.
After penetration, it is transported into the nucleus
and increases the level of differentiation of the re-
cipient cells [96]. Later it was found out that the nat-
ural homeodomain proteins Emx1, Emx2, Engrailed-2
(En2), Hoxa5, Hoxb4, Hoxc8, Knotted1, Otx2, Pax6, and
Vax1 are present in the cells that do not express their
mRNA [97].

Apparently, most of the homeodomain proteins, in-
cluding those beyond the boundaries of the ANTP class
[97-100], have the ability for intercellular transport like
a signaling or morphogen molecule. The mechanism
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Fig. 1. Effect of Antp and Ubx protein dose on the Drosophila phenotype. a) “Wild-type” (WT); b) Ubx mutant —/—; ¢) Antp dosage
increase in T3 to the Ubx level restores normal phenotype; d) decrease of Ubx dosage in T3 to the Antp level in T2 leads to wing
formation; e) Antp dosage increase in T2 to the Ubx level in T3 leads to halteres formation; f) hypothetical phenotype that
could be modeled on Drosophila. It is characteristic of insects from the order Strepsiptera. The illustration is based on the data

of Paul et al. (2021) and Merabet and Carnesecchi (2024) [92, 95].

by which this is realized is not yet fully understood.
It is known that secretion and internalization depend
on two overlapping motifs localized in the most con-
served regions of the homeodomain [100]. In addition,
secretion depends on individual hydrophobic amino
acids outside of the homeodomain (Fig. 2) [97]. It seems
that homeodomain proteins can enter any cell type
through macropinocytosis, but the efficiency of the
process depends on the structure of the glycocalyx of
the receiving cell [97, 101].
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In the impressive study conducted in 2019 [97], 162
human homeodomain proteins from different classes
were tested for their secretion and transfer abilities,
and the test was performed simultaneously on three
different cell cultures (secretion — HEK 293T, GT1-7,
and MDCK; internalization — HeLa). It was shown
that secretion efficiency strongly depends on the cell
type and characteristics of the primary sequence of
the homeodomain proteins themselves. For example,
the proteins EN2, HOXC8, PAX6, and VAX1 were secreted
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Fig. 2. Structural motifs of proteins from the ANTP class and their participation in the realization of the Hox protein functions.
The scheme describes the functional significance of the main domains of Hox factors. The homeodomain, the most conserved
region of ANTP-class proteins, is required for Hox factors to realize both canonical (transcription) and non-canonical functions.
In addition to the homeodomain, a high degree of conservatism is also characteristic of the short hexapeptide motif by which
Hox proteins interact with cofactors [102]. Surprisingly, the transport capacity of the Hox factors is also mediated by these do-
mains: the homeodomain contains secretion and internalizing (penetratin) motifs, and the conserved tryptophan residue in
the hexapeptide is required for Hox proteins to be exported from the nucleus [103]. For some Hox factors, it has been shown
that their secretion could depend on individual hydrophobic amino acids localized at less conserved sites on the protein [97].
Colored letters in the sequences indicate conserved positions, colored boxes surround motifs, non-canonical functions are in
bold; Mm, Mus musculus; Dm, Drosophila melanogaster; aa, amino acid residues.

in all three cell cultures, while HOXA5 and OTX2 were
secreted in only two. Ten proteins, including only
one Hox (HOXA10), were not secreted at all, which,
however, does not exclude this possibility in other
cell types. All tested proteins (including non-secreted
ones) turned out to be capable of internalization. This
means that secretion of the homeodomain proteins is
the crucial stage of transduction at which cells control
this process.

Homeodomain proteins can diffuse over two or
three-cell diameters like paracrine signaling factors,
but there are examples of their extensive diffusion.
In the mouse, the Otx2 protein is synthesized in the
vascular plexus, secreted into the cerebrospinal fluid,
and accumulates throughout the cerebral cortex [104].

Importantly, the endogenous Hox proteins prefer-
entially function as transcription factors. Immediately
after translation, they are taken up by karyopherins,
which recognize the nuclear localization signal, and
transport Hox proteins to the nucleus. The exogenous
Hox proteins exhibit a broader range of functions.
It has been shown that the secreted mouse Otx2 moves
into mitochondria, where it binds to mitochondrial ATP
synthases and enhances ATP synthesis [105]. Earlier
it was reported that the exogenous En2 in Xenopus
accumulates in the growth cones of neurons, controls
their axonal targeting, and indirectly enhances trans-
lation [106].

This does not exclude penetration of the exoge-
nous proteins into the nuclei, where they trigger tran-
scription of their mRNAs and other specific targets.
A classic example of this type is vertical signaling
during gastrulation in Xenopus. It was shown that the
Hox proteins from presomitic mesoderm sequentially
switch on the expression of their own Hox genes in the

gastrula neuroectoderm, i.e., copying of positional in-
formation from one germ layer to another occurs in
this case [104]. Direct exchange of transcription factors
between the cell layers coordinates the operation of de-
velopmental programs without the mediation of mor-
phogens and signaling cascades.

Remarkably, the signaling and regulatory func-
tions in general cases are mediated by the same evolu-
tionarily ancient and conserved motif - homeodomain.
The ability to solve two tasks with a single tool could
have been used to coordinate growth and development
by the first Metazoa, even before the emergence of
modern relationships between the long-range signaling
ligands, their messengers, and targets [104].

HOW DID NON-CANONICAL FUNCTIONS
BRING HOX CLUSTER ACTIVITY
TO A CANONICAL STATE?

The coherent operation of Hox genes required for
canonical function remains a great evolutionary mys-
tery because it is a multi-event process. It consists of:

— epigenetic tuning of Hox loci, including through

the regulatory RNAs encoded in the Hox clusters;

— establishment of the topology-associated do-

mains (TADs), which are stabilized according

to the position of cells along the anteroposterior
axis;

— responses to multidirectional signals from mor-

phogens (retinoic acid, Wnt, Fgf, Bmp) in three-

dimensional coordinates of the embryo;

— coordinated expression in cells of different germ

layers due to the mechanism unique for home-

odomain proteins — vertical signaling;
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Fig. 3. Control of Hox cluster transcription. a) Some control mechanisms of the Hox cluster in bilateral animals. 1) GCR, Global
controlling element. Regulatory elements of this type have been described in vertebrates; 2) local cis-regulatory modules (in-
dividual and shared), site-specific transcription factors, and microRNAs (miR) encoded in Hox cluster sequences. These modes
of regulation are present in protostomes and deuterostomes; 3) vertical signaling has been described in vertebrates. b) Non-ca-
nonical functions of Hox genes that could be realized by separate elements of the controls; c) Simplified scheme of Hox clus-
ter regulation during realization of the canonical function of axial patterning (d). Not all mechanisms are represented in the
scheme, and not all of those represented are universal. GCR and vertical signaling are not found in the model arthropods. Spiral
animals are generally poorly studied at the level of Hox cluster activation mechanisms, but among them, there are organisms
with temporal colinearity and early mesodermal transcription. RA (Retinoic Acid), FGF, and WNT are gradients of morphogens.

- response to individual signals from upstream
regulatory proteins, which can turn on/off indi-
vidual genes;

- reciprocal interactions of Hox genes (posterior

suppression and beyond).

Some of the regulatory mechanisms are shown
in Fig. 3. How could this very complex picture emerge
from non-canonical functions? Perhaps the different
modes of Hox cluster regulation needed to perform
separate tasks were co-opted into a new program.
It seems intuitively correct to assume that this new
program is gastrulation in its “bilateral version.” This
seems to be suggested by the temporal conjugation of
the Hox cluster activation and gastrulation processes in
deuterostomes. Moreover, there is evidence for pre-ad-
aptation — two Hox genes of the cnidarian Nematostella
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vectensis (anterior NvAx6 and mid-posterior NvAx1)
are important for gastrulation and specification of the
oral-aboral axis. Their expression sites label the oral
and aboral poles, and the morpholino knockdown sup-
presses gastrulation [107]. However, these genes do not
form a cluster and operate in different germ layers.
In Drosophila, the axial pattern of Hox genes is estab-
lished before the onset of gastrulation, and there are no
studies to reliably confirm or refute the involvement of
the Hox genes in arthropods in gastrulation. In some
spiral animals (annelids, brachiopods, mollusks), early
activation of the Hox genes coincides with the onset
or continuation of gastrulation, but functional tests are
still lacking [26, 108, 109].

With a high degree of confidence, it can be stat-
ed that the last common ancestor of bilateral animals



996

had a single Hox cluster. This cluster could have been
used for different tasks, such as the specification of mo-
tor neurons, the establishment of neuromuscular junc-
tions, and a function requiring quantitative changes in
transcripts in response to a stimulus (probably a mor-
phogen concentration). Such an ancient function may
have been related to autophagy, control of prolifera-
tion, or gametogenesis. Importantly, this function was
enabled by the gradient distribution of Hox proteins
along the axis and kept the Hox genes in the cluster.
The Nephrozoa ancestor could use the whole cluster
or some of its genes to control gastrulation, but this is
not the case in the lineage of modern Acoelomorpha
(sister branch of Nephrozoa) because all Hox genes of
Convolutriloba are turned on after gastrulation [53].

Different ways of controlling the same cluster
could lead to errors in its regulation, and some of the
resulting aberrant variants were preserved by natural
selection. Two important events could have occurred in
the evolution of bilateral animals from the Nephrozoa
lineage. Firstly, several mechanisms controlling the
Hox cluster could have united to control a single mor-
phogenetic program. Secondly, there might have been
a heterochronic shift in the activation of this program
towards earlier development. The least catastrophic
variant suggests a series of heterochronic shifts of co-
linear expression of the Hox genes in internal, meso-
dermal in origin, structures up to the gastrula stage.
Then, through the vertical signaling, the Hox genes
began to turn on colinearly in the adjacent ectoderm
(future neuroectoderm), providing animals with a
new powerful tool for controlling early development.
This tool could be easily scaled by the gradients of mor-
phogens, it coordinated the development of ectodermal
and mesodermal tissues, and it was evolutionarily plas-
tic due to many controls coming from the older pro-
grams. Perhaps it was this new molecular mechanism
that “detonated” and triggered the “Cambrian Explo-
sion” because of its ability to rapidly alter early devel-
opment.

CONCLUSION

The diversity of non-canonical functions of Hox
genes is determined by the structure of the home-
odomain protein itself, which can work not only as a
transcription factor, but also as a regulator of general
biological processes, such as DNA repair, replication,
translation, and RNA splicing.

The “hourglass” model, while illustrative, leaves
non-canonical functions of the Hox genes invisible.
According to the inverse hourglass model, which is
valid for Metazoa as a whole [110], there is a fundamen-
tal similarity in gene functioning at the earliest stages
of development (pluripotent state of cells, cleavage)
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and at later stages (differentiation, organogenesis).
However, animals from different phyla will vary sig-
nificantly in the ensembles of regulatory genes and
nature of their involvement in morphogenesis in the
middle of development, just between cleavage and
committed differentiation [110]. These are the differ-
ences that define fundamental distinction between
the phyla within Metazoa. In other words, it is possi-
ble to identify distinct sets of signaling pathways and
transcription factors that interact during the estab-
lishment of Metazoa organization plans. Their specific
combination defines the appearance of each phylum.
It turned out that homeobox genes in general and Hox
genes in particular do not fall into the category of such
“phylum-specific” regulators because their functions
are broader and more conserved during the divergent
period of development.

We assume that the proto-Hox gene initially pos-
sessed a wide repertoire of functions, some of which
relied on the signaling nature of its protein. Animals
from the ParaHoxozoa branch turned out to be heirs
of this regulatory complexity. They further enhanced it
through cooperation between developmental programs
that used different functional capabilities of Hox pro-
teins. These programs emerged at various stages of
evolution, and their traces are preserved in modern
animals in the form of distinct paralog-nonspecific and
dose-dependent functions.
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