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Abstract

Basic helix-loop-helix (bHLH) transcription factors have attracted the attention of developmental
and evolutionary biologists for decades because of their conserved functions in mesodermal and
neural tissue formation in both vertebrates and fruit flies. Their evolutionary history is of special
interest because it will likely provide insights into developmental processes and refinement of meta-
zoan-specific traits. This review briefly considers advances in developmental biological studies on
bHLHs/HLHs. I also discuss recent genome-wide surveys and molecular phylogenetic analyses of
these factors in a wide range of metazoans. I hypothesize that interactions between metazoan-spe-
cific Group A, D, and E bHLH/HLH factors enabled a sophisticated transition system from cell pro-
liferation to differentiation in multicellular development. This control mechanism probably emerged
initially to organize a multicellular animal body and was subsequently recruited to form evolution-

arily novel tissues, which differentiated during a later ontogenetic phase.



I. Molecular structure and classification of bHLHs/HLHs

Basic helix-loop-helix (bHLH) genes are evolutionarily conserved transcription factors that have
been reported in wide range of eukaryotes, including metazoans, plants, fungi, and unicellular or-
ganisms, including the Choanoflagellida and Amoebozoa (Sebé-Pedros et al., 2011; for reviews, see
Massari and Murre, 2000; Jones, 2004; Fritzsch et al., 2015). A bHLH domain is composed of two
regions, a basic region for recognition and binding to a target DNA sequence, and a helix-loop-helix
(HLH) motif, a structure comprising two a-helices separated by a loop (Davis et al., 1990; Massari
and Murre, 2000; Jones, 2004). HLH motifs mainly mediate dimerization with the same or another
type of bHLH/HLH protein (Davis et al., 1990; Massari and Murre, 2000; Jones, 2004). Metazoan
bHLHs/HLHs have been categorized into high-order Groups A-F, based on features such as molec-
ular phylogenetic relationships, recognition of DNA sequences, and protein structures (Atchley and
Fitch, 1997; Ledent and Vervoort, 2001). Group B includes genes such as bilaterian myc, max, and
SREBP. All other groups seem to have originated from this most ancient group (a simplified dia-
gram is shown in Fig. 1. For representatives of each group, see Tablel). Group B members have
been reported in metazoans and fungi as well as several unicellular organisms, such as those be-
longing to the Choanoflagellida and Holozoa (Sebé-Pedrés et al., 2011). They have biologically
fundamental functions in control of metabolism and cell proliferation in both yeasts and metazoans
(Massari and Murre, 2000; Jones, 2004). Groups A (MyoD, Achaete-Scute etc.), D (ID and pearl),
and E (HES, HEY etc.) seem to be metazoan innovations (Sebé-Pedrés et al., 2011). This review
will discuss mainly these three Groups, since many studies have revealed their roles in mesodermal
and neural tissue differentiation, and these proteins can interact directly with one another (Massari
and Murre, 2000; Jones, 2004). Since there have been many studies of these factors in vertebrates
and fruit-flies, I will introduce examples from both, where possible. Group C members, such as
Clock and Bmal, are involved in biological processes such as circadian clock and detoxification.
Group C members have been reported in metazoans as well as a holozoan, Capsaspora owczarzaki

(Sebé-Pedr6s et al., 2011). Group F contains only one factor, collier/olfactory/early B-cell factor



(COE). This gene has been reported in metazoans, as well as in C. owczarzaki (Suga et al., 2013). It
also has a conserved function in neural differentiation in metazoans (Dubois and Vincent, 2001;
Demilly et al., 2011), which will be addressed later.

In molecular phylogenetic analyses, when two or more bHLH genes from phylogenetically
distant organisms form a single clade with high confidence, those genes are regarded as members of
an orthologous family (Ledent and Vervoort, 2001; also see Table1). This definition has been
adopted in many studies (Ledent et al., 2002; Simionato et al., 2007; Gyoja et al., 2012; Gyoja,
2014; Bao et al., 2017). When I describe bHLH/HLH genes below, I will indicate to which ortholo-

gous family they belong.

I1. Group A, D, and E bHLH/HLH interactions in development

II-1 Group A. Many Group A factors function as transcriptional activators that promote tissue dif-
ferentiation. Although there are several exceptions, most Group A bHLHs function as heterodimers
(For a review, see Massari and Murre, 2000). One Group A orthologous family, E12/E47, which is
also called E-protein in mammals, is expressed almost ubiquitously, at least in rats and Drosophila
(Cronmiller and Cummings, 1993; Roberts et al., 1993). On the other hand, most other Group A
bHLH factors are expressed in a tissue-specific manner, and their transcription factor activities usu-
ally require heterodimerization with ubiquitous E-proteins (Murre et al., 1989). These Group A het-
erodimers specifically recognize DNA sequences called E-boxes (Fig. 2a).

Many Group A factors are involved in differentiation of mesodermal and neural tissues. I
will begin with a well-known orthologous family involved in mesodermal tissue development.
MyoD and its paralogs in vertebrates, which belong to orthologous family “MyoD,” are potent myo-
genic factors (for review, see Olson, 1990). When introduced into cultured cells from rats, humans,
or chickens, MyoD induces expression of skeletal muscle differentiation-markers (Weintraub et al.,

1989). Mice have four MyoD paralogs, called MyoD, Myf-5, myogenin, and MRF-4 (Olson, 1990;



Weintraub et al., 1991). Mice lacking functions of both MyoD and Myf-5 are born without any de-
tectable skeletal muscle and die soon after birth, probably because they cannot breathe (Rudnicki et
al., 1993). This result shows that these genes are indispensable for skeletal muscle differentiation.
MyoD-induced myogenesis is related to cell proliferation. Oncogenes ras and fos can prevent ex-
pression of MyoD and myogenin, as well as muscle differentiation markers in cultured mouse cells
(Lassar et al., 1989). On the other hand, myogenesis is induced by inhibiting ras function (Lassar et
al., 1989).

The Drosophila melanogaster genome has a single member of MyoD, called nautilus. This
gene is involved in formation of subsets of muscle cells, although loss-of-function phenotypes are
less severe than in mice (Balagopalan et al., 2001). Therefore, the function of this gene seems to be
at least partially conserved in both deuterostomes and protostomes.

Group A bHLH factors also contribute greatly to neural fate specification and differentia-
tion. Here I will describe an orthologous family, ACSa. Guillemot et al. (1993) reported that Mash-
1/Ascll, one of two paralogs in mice, is required for olfactory and autonomic neuron formation.
This gene, together with another Group A factor, Math3/NeuroD4, promotes neuronal fate and re-
presses glial fate in several cell populations during central nervous system (CNS) development in
mice (Tomita et al., 2000). Genome-wide analysis for Mash-1/Ascll recognition sites by ChIP-chip
showed that this Group A bHLH promotes cell proliferation in early neurogenesis, and inhibits it in
the late differentiation phase of neural differentiation (Castro et al., 2011).

The D. melanogaster genome has four tandemly aligned paralogs, Achaete, Scute, Asense,
and Lethal of Scute. This cluster is called the Achaete-Scute complex. Its members have pivotal,
partially redundant roles in neural differentiation, as in microchaete and macrochaete formation in
Drosophila (For reviews, see Ghysen and Dambly-Chaudiere, 1988; Campuzano and Modolell,
1992; Jan and Jan, 1993). They are called “proneural genes” because their expression endows ecto-
dermal cells with neural cell-forming potential (Ghysen and Dambly-Chaudiere, 1989; Jan and Jan,

1993; Bertrand et al., 2002). Achaete or Scute single-mutant flies lose subsets of sensory bristles in



wing discs, while double-mutant flies lack all sensory bristles (Ghysen and Dambly-Chaudiere,
1988). Like Mash-1/Ascll, Asense first promotes neuroblast division, and later suppresses its prolif-
eration (Southall and Brand, 2009).

Some Group A factors such as murine 7Twist (Spicer et al., 1996) and murine MyoR/Muscu-
lin (Lu et al., 1999) act as transcriptional repressors that inhibit other Group A factors (Fig. 2b).
Such inhibitory Group A factors form dimers with E-proteins, thereby antagonizing activator-type
Group A factors. At least in some cases, these dimers bind to E-boxes, thereby inhibiting the bind-

ing of activator-type Group A factors/E-protein heterodimers (Lu et al., 1999).

II-2 Group D. Group D proteins have helix-loop-helix domains, but no basic region; therefore, they
are HLH factors, but not bHLH factors. Here I describe one of two orthologous families of Group
D, called EMC. M. musculus has four paralogs, Inhibitor of DNA binding 1 (Idl), 1d2, 1d3 and Id4,
while D. melanogaster has one, which is called extramacrochaete (EMC). Mouse 1Ds dimerize with
Group A factors such as MyoD, E12 and E47 and inhibit them from binding E-boxes, thereby re-
pressing their transcriptional activity (Benezra et al., 1990; Fig. 2c). There are many reports on ID
functions, such as promotion of cell growth, cell differentiation arrest, cell cycle progression, and
oncogenesis (For a review, see Norton, 2000). For example, double knockout mice for Id1 and Id3
show aberrant neurogenesis and angiogenesis in brain, and cannot survive beyond E13.5 (Lyden et
al., 1999). In those knockout mice, neuroblasts prematurely exit the cell cycle and start to express
differentiation markers (Lyden et al., 1999). Therefore, those paralogs likely have an essential func-
tion in maintaining neuroblasts in an undifferentiated, proliferative state.

The gene name “extramacrochaete” of D. melanogaster came from its loss of function phe-
notype. Loss-of-function mutants of this gene have numerous extra-sensory organs, especially
macrochaete (Botas et al., 1982). As described above, formation of these organs is largely depend-
ent on Achaete and Scute. EMC protein inhibits Achaete and Scute proteins from binding to E-

boxes in vitro (Van Doren et al., 1991). EMC has also been shown to inhibit those Group A factors



during the course of Drosophila development in vivo (Cubas and Modolell, 1992; For a review, see

Jan and Jan, 1993).

II-3 Group E. An orthologous family, “Hairy/Enhancer of Split”, sometimes abbreviated “HES,” is
the most vigorously studied orthologous family within Group E (for gene names, see Tablel). Many
studies on HES have revealed their functions as transcriptional repressors of Group A activators.
Mice have six paralogs, Hes-3 and 5-7 (Kageyama et al., 2007). They are important in maintaining
neural progenitors in undifferentiated, proliferating states (for review, see Kageyama et al., 2007;
Imayoshi and Kageyama, 2014). Hesl; Hes5 double knockout mice cannot maintain undifferenti-
ated neural progenitor cells properly, formed neurons prematurely at the expense of other types of
neural cells, such as glia. They form severely disorganized CNS structures (Hatakeyama et al.,
2004). These phenotypes become even more severe in Hesl; Hes3; Hes5 triple knockout mice
(Hatakeyama et al., 2004). Repressional targets of HES genes include Group A neural differentia-
tion factors such as Mash-1/Ascll.

HES protein shows oscillatory expression, and this feature is proposed to be important for
retaining cells in an undifferentiated, proliferative state (For reviews, see Kageyama et al., 2007;
Imayoshi and Kageyama, 2014). A C-terminal WRPW motif, which will be discussed below, func-
tions as a polyubiquitylation signal and induces rapid degradation of HES proteins (Hirata et al.,
2002; Kang et al., 2005). In neural progenitor cells of mouse telencephalon, HES promotes cell-au-
tonomous oscillatory transcription by the following mechanisms (Hirata et al., 2002). Once HES
represses its own transcription, the concentration of HES protein within the cell decreases rapidly,
because it is unstable. This weakens HES transcriptional repression, which restarts transcription and
translation of HES, increasing the total amount of HES protein. For this reason, Ascll, a Group A
protein belonging to ASCa, also oscillates, because it is also unstable and its expression is sup-
pressed by HES proteins. Oscillation of these Group A and E bHLH factors is thought to retain neu-

ral progenitor cells in a multi-potent, proliferating state (Imayoshi and Kageyama, 2014). On the



other hand, persistent, non-oscillatory expression of Hes-1 keeps cells in an unproliferative, undif-
ferentiated state, rather than in a proliferative state, in two boundary regions of the CNS, the zona
limitans intrathalamica and the isthmus (Baek et al., 2006; Kageyama et al., 2007). When Hes-1 is
persistently activated in neural progenitor cells, cell proliferation rate is reduced (Baek et al., 2006).

HES proteins can repress Group A activators in several different ways (Fig. 2¢ and 2d; for
review, see Kageyama et al., 2007; Imayoshi and Kageyama, 2014). First, homodimers of HES, or
another Group E factor HEY, or heterodimers of HES and HEY, bind directly to DNA sequences,
such as N-box or C-site, to repress transcription of Group A members in mammalian cultured cells
(Fig. 2d; Sasai et al., 1992; Iso et al., 2001). An evolutionarily conserved tetra-peptide motif
“WRPW” at HES C-termini then recruits a strong transcriptional repressor, Groucho/Transducin
Like Enhancer of Split (TLE), suppressing transcriptional activity nearby (Fisher et al., 1996). A
HEY protein molecule also has a similar, conserved YRPW motif at its C-terminus. At present, the
role of the YRPW motif is not as clear as that of HES (Iso et al., 2001; Fischer and Gessler, 2007).
Secondly, HES protein seems to form a dimer with Group A protein, preventing it from forming
transcriptionally active heterodimers (Fig. 2e; Sasai et al., 1992; Fritzsch et al., 2015).

D. melanogaster has 11 paralogs of HES in the genome (Ledent and Vervoort, 2001; See
Table 1). Among them, Hairy suppresses Achaete function to prevent ectopic sensory organ for-
mation (Botas et al., 1982; Skeath and Carroll, 1991). E(spl) genes, other members of the Drosoph-
ila HES family, comprise a cluster in the genome, and also have a suppressive function in neural
differentiation (for a review, see Campos-Ortega and Knust, 1990). Heterodimers of E(spl) m7/my
and Group A bind to an E-box, representing the third mechanism for suppression of Group A by
Group E (Fig. 2f; Giagtzoglou et al., 2003). By this interaction, heterodimerization of E-proteins
with other Group A factors is antagonized, and transcriptional activation by Group A is repressed
(Giagtzoglou et al., 2003). Combinations of these repression mechanisms apparently enable sophis-
ticated and strictly controlled repression of Group A bHLHs by Group E factors (Giagtzoglou et al.,

2003).



The sole Group F factor, COE, also has conserved functions in differentiation of mesoder-
mal and neural tissues (Dubois and Vincent, 2001; Demilly et al., 2011). I will not discuss this
group hereafter because direct molecular interactions between COE and bHLHs/HLHs of other
groups have not been reported, so far as I am aware. Moreover, this factor seems to have evolved
before metazoan emergence, because recently a candidate was reported in the genome of the non-
metazoan holozoan, C. owczarzaki (Suga et al., 2013). But orthology between this gene and meta-
zoan COE genes should be analyzed carefully in the future. There is a possibility that Group F HLH
also has some indispensable roles in developmental processes, which are achieved by Group A, D,

and E bHLHs/HLHs, and therefore we should pay attention to such studies of COE in future.

III Recent advances in evolutionary studies of Group A, D, and E bHLHs/HLHSs

As described above, many developmental and cell biological studies of Group A, D, and E
bHLHs/HLHs have been performed in mice and fruit-flies. Both of them belong to the Bilateria. In
this section, I describe recent genome-wide bHLH/HLH surveys in basal metazoans, namely Porif-
era, Ctenophora, Placozoa, and Cnidaria, as well as Bilateria. Phylogeny of metazoans and a sum-
mary of this section are shown in Fig. 3.
(1) The origin of Group A and E bHLHs, inferred from the Phyla Porifera and Ctenophora
I begin with two metazoan phyla, the Porifera and Ctenophora, the most basal metazoans. There
have been two contradictory theories regarding their phylogenetic positions. Some claim that the
Porifera is the most basal, while others argue that the Ctenophora occupies that position (Ryan et
al., 2013; Pisani et al., 2015). A recently published study using a large, high-quality dataset strongly
supports the traditional view, which places the Porifera in the most basal position (Simion et al.,
2017). Poriferans, also known as sponges, are sessile. They lack muscle, nerve, and gut tissue (Sri-
vastava et al., 2010). Ctenophores, also known as comb jellies, are planktonic, and swim using eight
rows of cilia, which resemble “combs.” Most species have smooth muscle, while one species has

sarcomeric muscle (Ryan et al., 2013). They also have a nervous system (Ryan et al., 2013).



To date, no Group A or E bHLHs have been reported in non-metazoan genomes, including
the Choanoflagellate, Monosiga brevicollis (Sebé-Pedr6s et al., 2011) and the filasterean, C.
owczarzaki (Suga et al., 2013). Simionato et al. (2007) comprehensively surveyed the genome of
the sponge, Amphimedon queenslandica for bHLH genes. They reported one E12/E47 ortholog, and
three Group A bHLHs (Simionato et al., 2007). One of the latter was later shown to be expressed in
a cell population that may give rise to putative sensory cells in the sponge (Richards et al., 2008).
Recently, Fortunato et al. (2016) reported a genome-wide survey in another poriferan, Sycon cilia-
tum. They reported 18 Group A bHLH genes, including two genes that belong to E12/E47 and some
other putative orthologs for bilaterian bHLH genes, such as Hand (Fortunato et al., 2016). There-
fore, the heterodimeric character of Group A bHLHs seems to be as old as the origin of Group A
itself. Group A bHLH information reported in ctenophores is minimal at present.

A Group E factor, HEY, has been reported in the sponges, A. queenslandica (Simionato et
al., 2007) and S. ciliatum (Fortunato et al., 2016). A. queenslandica HEY has an FRPW motif,
which resembles the YRPW motif of mouse and Drosophila HEY , at its C-terminus (Gazave et al.,
2014). Gazave et al. (2014) reported one HES ortholog with a C-terminal WRPW motif from a ho-
moscleromorph sponge, Oscarella chimeric. They also suggest that this sponge has a putative
ortholog of HELT, although supporting values in molecular phylogenetic analyses were low
(Gazave et al., 2014). There are three HES candidates in the M. leidyi genome, all of which have a
WRPW motif at their C-termini (Gazave et al., 2014; Copley, 2016). Groucho candidates are re-
ported in the genomes of the phyla Porifera and Ctenophora; therefore, it is likely that WRPW mo-
tifs are recognized by Groucho proteins (Copley, 2016). Presently no Group D factors have been
reported in genomes of any species belong to these two phyla (Simionato et al., 2007; Fortunato et
al., 2016).

According to these surveys, great bHLH innovations seem to have accompanied the emer-
gence of basal metazoans. At that time, Groups A and E emerged (Fig. 3). Heterodimerization of

E12/E47 factors with other Group A bHLHs also seems to have occurred. HES proteins apparently
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interact with Groucho via its C-terminal WRPW motif. Molecular biological studies will be needed
to confirm these possible protein-protein interactions. At present there are only a few reports of
bHLHs among these basal phyla. bHLH data from A. queenslandica, O. chimeric, S. ciliatum, and
M. leidyi may not provide adequate insight into bHLH genes in those phyla. Genome-wide surveys

of bHLHs should be continued in basal metazoan phyla to further clarify these matters.

(2) A simple appearance with delicate bPHLH components: Placozoa

There are more than 20 members of Group A bHLHs in most bilaterians studied so far (Simionato
et al., 2007). When and how did Group A factors increase their numbers? When and how did
orthologous families such as MyoD and Neurogenin appear and become established? Since most
bilaterian orthologous families have not been reported in either the Porifera or the Ctenophora, they
probably appeared after separation of these clades from their common metazoan ancestor. Members
of two orthologous families, Ferl and ACSb, have not yet been reported in either of these phyla, but
were reported in the Trichoplax adhaerens genome (Gyoja, 2014). Moreover, the Trichoplax ge-
nome contains at least 14 Group A bHLHs (Gyoja, 2014).

For Group E, the placozoan, T. adhaerens, has one member each for HES, HEY, and HELT
in its genome (Gazave et al., 2014; Gyoja, 2014). There is a C-terminal WRPW motif in the HES
predicted protein, although I could not find a YRPW motif in HEY (Gyoja, 2014). Presently no
Group D factors have been reported in the placozoan genome either (Gyoja, 2014).

Since the body plan of T. adhaerens, the sole member of the Phylum Placozoa, seems to
lack a nervous system and mesodermal-like tissues, its complex bHLH components are curious. At
present, we do not know the reason, but this organism may have acquired its simple body plan sec-

ondarily, or it may have unknown tissue(s) in its life cycle (Srivastava et al., 2008).

(3) Cnidaria: Similar to, but also quite different from the Bilateria
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The number of Group A and E bHLH components in 7. adhaerens is still smaller than that in bilate-
rians. What about the Phylum Cnidaria, a sister clade of the Bilateria, which contains gelatinous an-
imals such as jellyfish, corals, hydras, and sea anemones? Actually, they reportedly have as many
Group A bHLH components as do bilaterians (Simionato et al., 2007; Gyoja et al., 2012). There are
approximately 30 members of Group A bHLHs in genomes of the sea anemone, Nematostella vec-
tensis, and the coral, Acropora digitifera (Simionato et al., 2007; Gyoja et al., 2012). They, along
with bilaterians, have members of many orthologous families such as ASCa, Twist, and SCL (Si-
mionato et al., 2007; Gyoja et al., 2012; Fig. 3). Spring et al. (2000) reported the expression pattern
of Twist in a jellyfish, Podocoryne carnea, by whole mount in situ hybridization. This gene is ex-
pressed in myoepithelial cells of the polyp, and later in mesoderm-like entocodon cells, indicating
active transcription in proliferating cells (Spring et al., 2000). This expression pattern probably re-
sembles that of bilaterian Twist genes (Spring et al., 2000).

In both number and orthology of Group A bHLHs, cnidarian genomes are much more simi-
lar to bilaterian genomes than to other basal metazoans. However, there are many differences be-
tween them. Group A genes such as MyoD, NeuroD, Neurogenin, and Afonal have not been re-
ported in cnidarian genomes (Simionato et al., 2007; Gyoja et al., 2012). Although Miiller et al.
(2003) reported a MyoD-like gene in P. carnea, similarity between its predicted amino acid se-
quence and those of bilaterian MyoDs is very low. In addition, recent genome-wide surveys in other
cnidarian species failed to find MyoD candidates (Simionato et al., 2007; Gyoja et al., 2012). There-
fore, at present it appears that cnidarians likely lack MyoD, although comprehensive surveys and
molecular phylogenetic studies in cnidarians should be continued to obtain more information.

On the other hand, many cnidarian Group A members seem to lack orthologs in any known
bilaterian genome (Simionato et al., 2007; Gyoja et al., 2012). In summary, cnidarian genomes con-
tain as many Group A bHLHs as bilaterian genomes, but many cnidarian bHLH factors have no bi-

laterian orthologs. This implies that Group A bHLHs first increased their numbers, and conserved

12



orthologous families became established later (Gyoja, 2014; Fig. 3). Nevertheless, it is possible that
part of the expansion may have occurred independently in those two clades.

There is another interesting trait in cnidarian bHLHs. Some cnidarians have many copies of
HES. For example, N. vectensis has least 11 HES copies in its genome (Simionato et al., 2007). A.
digitifera has at least eight HES copies (Gyoja et al., 2012). Six copies of HES have a WRPW motif
at the C-termini of the predicted proteins, while no such motif could be detected in the remaining
two (Gyoja et al., 2012). Both cnidarian genomes have one HEY gene along with a few unclassified
Group E genes (Simionato et al., 2007; Gyoja et al., 2012). A similar situation can be found in bilat-
erians. Many bilaterians also have multiple HES paralogs. Sometimes the copy number exceeds ten,
in cases such as the amphioxus, Branchiostoma floridae and D. melanogaster (Ledent and
Vervoort, 2001; Simionato et al., 2007; Gazave et al., 2014). Therefore, HES has tended to increase
its copy number as more Group A members emerged.

As mentioned above, no Group D factors have been reported yet in the phyla Porifera, Cte-
nophora, or Placozoa. The Cnidaria is the only non-bilaterian phylum in which Group D factors
have been reported (Fig. 3). Both N. vectensis and A. digitifera have one member each of EMC/ID
and another Group D member, Pearl, in their genomes (Simionato et al., 2007; Gyoja et al., 2012).
Group D is therefore probably an innovation of the common ancestor of cnidarians and bilaterians.

Evolution of Group A seems to have been tightly linked to evolution of its negative regulators.

I1I-4 Conservative Fellows: Bilateria

The Bilateria comprises more than 30 phyla, including the Arthropoda, Nematoda, Mollusca, An-
nelida, Echinodermata, and Vertebrata (For the Phylum Vertebrata, see Satoh et al., 2014; Satoh
2016). bHLH components have been surveyed genome-wide in many bilaterians. Many of them,
including H. sapiens, B. floridae, Capitella teleta, and Lottia gigantea have a conserved repertoire
of bHLH factors (Ledent et al., 2002; Simionato et al., 2007). Most bilaterians seem to retain ances-

tral bHLH gene families that the Urbilateria, a hypothetical common ancestor of all bilaterians, had
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in its genome (Simionato et al., 2007). Furthermore, there seem to be only small scale innovations
of Group A bHLH components after the emergence of bilaterian phyla (Simionato et al., 2007). No-
tably, there are several exceptions, such as C. elegans and an ascidian, Ciona intestinalis (Ledent
and Vervoort, 2001; Satou et al., 2003). These have lost several bHLH orthologous families and de-
veloped several unassigned bHLHs, unlike other bilaterians (Ledent and Vervoort, 2001; Satou et
al., 2003).

Group E bHLHs, especially HES, seem to be less evolutionarily conservative. As described
above, there are variable numbers of HES genes in bilaterian genomes (Ledent and Vervoort, 2001;
Ledent et al., 2002; Simionato et al., 2007; Gazave et al., 2014). Some bilaterians, such as B. flori-
dae and D. melanogaster, have more than ten HES genes in their genomes, while there is only a sin-
gle copy in the C. elegans genome, and three in that of C. intestinalis (Ledent and Vervoort, 2001;
Satou et al., 2003). Ambiguous molecular phylogenetic relationships within the HES clade makes
this evolutionary variability more complicated (Satou et al., 2003; Gyoja, 2014; Gazave et al.,
2014). HES proteins from various metazoan taxa tend to cluster in molecular phylogenetic analyses,
suggesting that they arose from a single ancestral gene, although statistical support is often low
(Simionato et al., 2007; Gyoja, 2014; Gazave et al., 2014). However, resolution tends to be so low
within the HES clade that in most cases it is difficult to tell whether HES members in one species
are descendants from an ancient HES population of almost the same size, or whether they originated
from one ancestral HES gene. Molecular phylogenetic analyses by Gazave et al. (2014) seem to
support the latter scenario. What this evolutionary character of HES means is an important question

for bilaterian bHLH research.

IV Hypotheses about roles of Group A, D, and E bHLHs in Metazoan Evolution
There are pivotal questions yet to be answered in metazoan bHLH research. Group A and E bHLHs
and multicellular metazoan organisms emerged at around the same time. Was there a functional

connection between those events? What were the initial function(s) of those novel groups? Did they
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contribute to mesodermal and/or neural tissue invention in the course of evolution? If so, how? Tak-
ing recent studies into account, in subsequent sections I will present hypotheses relative to these

questions.

(1) One of the initial functions of Group A and E bHLHs may have been cell proliferation
control
As mentioned above, Group A and E bHLHs have very ancient origins in metazoan evolution. Mo-
lecular interactions characterizing them seem equally ancient. It is likely that they had some im-
portant function(s) in multicellularization.

If so, what were the initial function(s) of Group A and E bHLHs? As described above, both
of these groups are thought to have originated from Group B (Fig. 1; Sebé-Pedrés et al., 2011).
Group B members are involved in fundamental biological processes such as metabolism and cell
proliferation in both metazoans and yeasts (Massari and Murre, 2000 and references therein; Jones,
2004). For example, a Group B factor, myc, often together with its dimerization partner max,
strongly promotes cell proliferation and represses differentiation in mice and Drosophila (For a re-
view, see Eilers and Eisenman 2008). Since development of an ordered multicellular animal body
requires strict cell proliferation control, one of the initial functions of Group A and E bHLHs may
have been cell proliferation control. Group E bHLHs may have promoted cell proliferation and/or
may have repressed Group A bHLH transcriptional activity (Fig. 4a). As development proceeded,
cells likely exited from this proliferation phase and shifted to a differentiation phase, probably initi-
ated by Group A activators (Fig. 4b, c). Another, not mutually exclusive, possibility is that ancient
Group E bHLHs inhibited metabolism. A recent study by Hashimshony et al. (2015) showed that
endoderm is the most ancient germ layer, and that its characters, like metabolic control, originated
from similar functions already present in ancestral unicellular organisms. Once they became multi-
cellular, organisms probably acquired additional cell population(s) like ectoderm, and this novel

differentiation process may have been achieved by repression of “endodermal” genes by Group E
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bHLHs. Recently, Yasuoka et al. (2016) showed that a T-box gene, Brachyury, activates ectodermal
genes and represses endodermal genes to maintain the ectoderm-endoderm border in the coral,
Acropora digitifera. They suggest that this “demarcation” activity may have been the ancestral
function of this transcription factor (Yasuoka et al., 2016). Functionally, this suggestion is some-

what similar to my hypothesis above.

(2) Controlled transition from an undifferentiated, proliferating state, to differentiation may
have enabled mesodermal and/or neural tissue formation

Group A, D, and E bHLHs/HLHs are deeply involved in mesodermal and neural tissue formation in
extant bilaterians. One of the most important questions regarding bHLHs/HLHs in metazoan evo-
devo is why did Group A, D, and E factors become especially involved in differentiation of meso-
dermal and neural tissues? Are there differences between tissues that are deeply regulated by these
subsets of bHLH/HLHs and other tissues? Recently Hashimshony et al. (2015) suggested that genes
with evolutionarily conserved endodermal expression, tend to be expressed early in development,
followed by such genes for ectoderm. Such genes for mesoderm tend to be expressed comparatively
later (Hashimshony et al., 2015). This trait seems to be conserved among several distant metazoan
clades (Hashimshony et al., 2015). This probably means that tissues that evolved later tend to re-
quire a longer, undifferentiated, proliferating state than their progenitor cells in development, while
differentiation and/or fate restriction of cell populations such as endoderm and/or ectoderm, with
more ancient evolutionary origins, starts earlier. This “retarded differentiation” of novel tissues
probably requires strict maintenance of an undifferentiated proliferating state, partly by prevention
of endodermal and epidermal differentiation, as well as a regulated conversion system from prolif-
eration to differentiation. “Retarded differentiation” may be required because morphology of cells
that constitute “novel” tissues, such as skeletal muscle or nervous system, are often so specialized

that it is difficult for those cells to actively divide once they have become differentiated. As de-
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scribed before, Group E factors can repress Group A activators both by binding directly to their en-
hancer DNAs and through physical interactions with them (Fig. 2d, 2e and 2f). The latter mecha-
nism may have been important for cell fate specification before the “retarded differentiation” took
place, because it allows expression of differentiation factor(s) in an inactive state in cells. “More
ancient” endodermal and epidermal tissues possibly also required this conversion system. But these
tissues likely started to differentiate earlier (Hashimshony et al., 2015) and may not have required
strong suppression systems for differentiation into other types of tissue. Therefore, systems for
maintenance of an undifferentiated state and for the transition to differentiation have probably re-
mained simple. Cells comprising them perhaps have been able to divide after initiation of differenti-
ation, when their cell populations are still small and cell morphology is simple. My hypothesis is
that Group A and E bHLHs, which initially controlled cell proliferation during development in an-
cient multicellular animals (Fig. 4a), were recruited for formation of novel tissues later in evolution
because their functions were suited for a sophisticated proliferation/differentiation control system
(Fig. 4b, c). Group D HLHs likely attended this system later. Such a view also offers a possible ex-
planation for mesodermal-like and/or neural tissues in the Ctenophora and/or the Cnidaria. Those
tissues may be not homologous to bilaterian mesodermal and/or neural tissues in a strict sense. Nev-
ertheless, they may share some features with bilaterian mesodermal and/or neural tissues, concern-
ing this switching system, in which Group D HLHs and/or E bHLHSs suppress functions of Group A
differentiation factors.

Duplication and diversification of regulatory genes have been proposed as important in in-
novation of novel cell types in multicellular animals (For reviews, see Pan et al., 2012; Arendt et
al., 2016). It is noteworthy that, among six High Order Groups, Group A and E members expanded
largely during early metazoan evolution, while other Groups expanded only slightly (Ledent and
Vervoort, 2001; Simionato et al., 2007; Sebé-Pedrds et al., 2011; Gyoja 2014). As I suggested,
members of Group A and E may have been recruited frequently for novel tissue formation in early

metazoans. If a member of Group A or E duplicated to yield two copies, one of those copies may
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have acquired a new function in formation of novel tissues, allowing both copies to survive. The
gradual increase of Group A and E members in metazoan evolution and the emergence of Group D
may have finally enabled an explosion of bilaterian phyla with sophisticated mesoderm and nervous
systems that could be invested with capacities for locomotion, feeding, escaping, and so on. Experi-
mental approaches, especially in basal metazoans, will likely provide some important keys to test

and refine these hypothetical roles for Group A, D, and E bHLHs/HLHs in metazoan evolution.

V Perspectives in “orthologous family’’ evolution

Many important questions in the bHLH evo-devo field have yet to be resolved. For example, what
factors established and maintained orthologous families in the course of evolution? As described
above, many extant Group A orthologous families seem to have been established after the expan-
sion of Group A members. Most extant bilaterians still have an ancient set of orthologous protein
families that urbilaterians may have had in their genomes, with slight modifications (Simionato et
al., 2007). Once an orthologous family became established, it should have been tightly retained in
many cases. Expansion of Group A may have enabled complex, refined animal development, in-
volving differentiation of novel tissues, as described above. Probably, amino acid sequences of pro-
teins became tightly conserved, allowing only neutral molecular evolution, as specialized func-
tion(s) of the protein became requisite. Nevertheless, what the nature of those “specialized func-
tions” was and how they became requisite, remains to be solved. Why several Group A factors be-
came conservatively shared by bilaterians, but not by poriferans and diploblasts, is also an intri-
guing question. For example, bHLH factors, the expression of which promotes ectodermal cells to
initiate the development of a neural lineage, are called proneural genes (For a review, see Bertrand
et al., 2002). Three proneural orthologous families are known either in mammals and/or Drosoph-
ila: ACSa, Neurogenin, and Atonal (Bertrand et al., 2002). While ACSa is reported in both bilateri-

ans and cnidarians, the latter two have been reported only in bilaterians (Ledent and Vervoort,

18



2001; Simionato et al., 2007). They may have enabled emergence of more complicated and sophis-
ticated bilaterian neural tissues. By considering these questions, we may gain insight into why many
extant bilaterian phyla became established during a relatively short period (the Cambrian Explo-
sion) (Peterson et al., 2004; Simakov et al., 2015).

There is another important question: Why are there exceptions among bilaterians, such as C.
elegans and C. intestinalis, described above? Since development of C. elegans proceeds rapidly and
an adult worm is composed of a surprisingly small number of cells, the transition system from an
undifferentiated proliferating state to a differentiated state may have been less important than for
most other bilaterians. From this point of view, it is interesting that this animal seems to lack EMC
homologs in its genome (Massari and Murre, 2000; Simionato et al., 2007). Larvae of C. intestinalis
are also comprised of a small number of cells, although this species forms an adult body through
active cell proliferation after metamorphosis (Satoh, 2014). I suggest that seeking to answer these
questions, together with testing my hypothesis, will provide more profound insights into metazoan

development and evolution.

Concluding Remarks

Recent genome-wide studies have greatly advanced our knowledge of bHLH components in a wide
range of metazoans. I hypothesize that interactions between Group A and E, which maintain cells in
an undifferentiated, proliferating state, was essential in development of ancient multi-cellular ani-
mals. When development of an animal reaches an appropriate stage, those cells began to differenti-
ate, probably by recruiting Group A factor(s). I propose that recruitment of this conversion system
may have enabled emergence of more complex and refined animal body plans comprising novel tis-
sues. Testing this hypothesis and solving other questions concerning bHLH evolution will support

fascinating studies in metazoan evo-devo.
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Figure Legends

Figure 1

A simplified diagram, indicating that Group A, C, and E bHLHs originated from ancient members
of Group B. Phylogenetic relationships shown here are only schematic and do not necessarily re-
flect actual phylogeny. Groups D and F are not shown because they are HLH genes lacking basic
regions. They have often been excluded from molecular phylogenetic studies. Groups A, C, and E
are nearly monophyletic, although two members of Group B, 4P4 and Fig-a, tend to cluster with
Group A (Simionato et al., 2007; Sebé-Pedros et al., 2011). Group B members are paraphyletic

(Simionato et al., 2007; Sebé-Pedros et al., 2011). For more detail, see Sebé-Pedroés et al. (2011).

Figure 2

Several ways to repress Group A activators. Most diagrams are based on Massari and Murre (2000),
Kageyama et al. (2007) and Imayoshi and Kageyama (2014). (a) A heterodimer comprising a Group
A activator (magenta) and an E-protein can bind to an E-box to activate transcription, thereby pro-
moting tissue differentiation and suppressing cell proliferation. (b) A repressive Group A factor
(dark purple) forms a dimer with an E-protein. In some cases, this dimer can bind an E-box, without
activating transcription. By this reaction, binding of a Group A activator to an E-protein, an E-box
is antagonized. (¢) A Group D protein (pale blue) forms a dimer with an E-protein. By this means,
dimerization of Group A activators and E-proteins can be inhibited. (d) Group E factors HES and
HEY (dark blue) can form both homo- and heterodimers. These dimers recognize specific target
DNA sequences, such as an N-box. A WRPW motif at the HES C-terminus recruits a strong tran-
scription repressor, Groucho. This complex represses transcription of target genes, including Group
A activators. (e) A Group E factor can make a dimer with a Group A protein such as E-protein, in-
hibiting formation of Group A-Group A heterodimer. (f) An E protein molecule forms a complex
with a Group A protein molecule. This complex binds to an E-box sequence and represses tran-

scription, which also requires Groucho.
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Figure 3

A simple diagram showing phylogeny of metazoan and its sister group Choanoflagellida, based on
Simion et al. (2017). Presumed positions of emergence of metazoan specific High Order Groups
(magenta), emergence of some orthologous families (blue) and expansion of High Order Groups

members (green) are also shown.

Figure 4

A hypothesis showing roles of Group A and E bHLHs in metazoan evolution. (a) A virtual unicellu-
lar ancestor state. The dark brown oval represents a single cell with endodermal-like character. Ar-
rows represent cell divisions. This virtual ancestor likely proliferated continuously under suitable
conditions for survival. (b) Development of a virtual multicellular ancestor with endoderm-like and
epidermis-like tissues. The white oval represents an undifferentiated cell and a light brown oval rep-
resents a differentiated, epidermis-like cell. A Group E bHLH, represented by a magenta square,
may have acted to maintain a relatively undifferentiated state by repressing a Group A factor, repre-
sented by a light brown “A.” When Group E functions were eliminated, the Group A factor acti-
vated cell differentiation, which is represented by a light brown oval. For simplification, numbers of
cell divisions shown here are very small. Conversion from an undifferentiated, proliferating state to
differentiation likely occurred more gradually. (c) Development of a virtual, multicellular ancestor
with multiple novel tissues. Orange ovals represent differentiated cells, while red ovals represent
cells of another kind. Because these novel tissues likely required elongated, undifferentiated states
and a more strictly controlled switching system from undifferentiated state to differentiation, Group

A and E factors may have been recruited for these purposes.
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