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Abstract

The study of Drosophila Hox genes, located in the Antennapedia complex (ANT-C) and Bithorax 

complex (BX-C), have provided fundamental insights into mechanisms of how the segments of 

the animal body plan are specified. Notably, even though the analysis of the BX-C formally began 

over a century ago, surprises continue to emerge regarding its regulation and function. Even 

simply the gene content of the BX-C has been regularly revised in past years, especially with 

regard to non-coding RNAs (ncRNAs), including microRNAs. In this perspective, we review the 

history of studies of non-coding transcription in the BX-C, and highlight recent studies of its 

miRNAs that provide new insights into their tissue-specific roles in Hox gene regulation. In 

particular, we have demonstrated unexpected importance of endogenous BX-C miRNAs to restrict 

the spatial accumulation of Hox proteins and their TALE cofactors in the ventral nerve cord, and 

link this to aberrant neural differentiation and reproductive behavior. These findings open new 

directions on studying Hox miRNA function, and we speculate that further understanding of their 

roles in insect models may provide new leads for studying the enigmatic biological functions of 

analogous miRNAs located in vertebrate Hox clusters.

Introduction

microRNAs (miRNAs) are a particular class of short RNAs that are bound by Argonaute 

proteins, and act as antisense sequence guides to target genes for post-transcriptional 

repression (Bartel, 2009). Although several aspects of the ~22 nucleotide (nt) mature 

miRNA and target mRNA sequence can impact regulation, the dominant feature involves 

Watson-Crick pairing between nts 2–8 (the “seed”) of the miRNA and target (Brennecke et 

al., 2005; Doench and Sharp, 2004; Lai, 2002). Such minimal target recognition 

requirements in animals permit individual miRNAs to regulate many transcripts, and 

conserved animal miRNAs tend to have hundreds of conserved targets (Sun and Lai, 2013).

Beyond the inference that purifying selection acting on conserved target sites implies their 

functional constraint, transcriptomic (Lim et al., 2005) and proteomic (Baek et al., 2008; 
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Selbach et al., 2008) studies confirm that individual miRNAs indeed confer detectable 

(although subtle) regulation of extensive target networks. On the other hand, the founding 

miRNAs, C. elegans lin-4 and let-7, were identified on the basis of characteristic mutant 

phenotypes that proved to be attributable to individual target genes (Ecsedi et al., 2015; Lee 

et al., 1993; Reinhart et al., 2000; Wightman et al., 1993). It remains an ongoing question 

whether modest regulation of panels of miRNA targets can directly explain the phenotypes 

ascribed to genetic manipulations of miRNAs. Moreover, most miRNA mutants generated in 

large-scale reverse genetic efforts tend to have modest phenotypes, if at all (Chen et al., 

2014; Miska et al., 2007). The general paucity of miRNA mutant phenotypes, combined 

with the typically extensive catalogs of conserved miRNA target genes, together have made 

it challenging to define the contributions of miRNAs to in vivo biology (Lai, 2015).

The Hox genes comprise sets of genomically clustered, homeodomain-encoding, 

transcription factors that are well-known for establishing segmental identities along the 

anterior-posterior (A-P) axis of animal species (Pearson et al., 2005). Therefore, regulatory 

mechanisms that specify and maintain the appropriate A-P domains of Hox protein 

accumulation are central to normal development. Indeed, mutants of Hox genes were 

famously identified due to “homeotic” defects in which the identity of one body segment is 

transformed into another (Gehring and Hiromi, 1986). The discovery of multiple miRNAs 

encoded in invertebrate and vertebrate Hox clusters, and the finding that their predicted 

targets include some Hox genes, raised the possibility that they comprise a novel layer of 

regulatory complexity in the Hox hierarchy (Yekta et al., 2008). However, as is the case for 

most other miRNAs, recognition of their endogenous biological impact has been difficult to 

garner, and has led to the notion that Hox miRNAs confer fine-tuning, but are not 

intrinsically required for substantial aspects of Hox-mediated body patterning (Hornstein et 

al., 2005; Lemons et al., 2012). Nevertheless, recent studies shed light on the unexpectedly 

robust and non-redundant impact of Drosophila Hox miRNAs on Hox gene expression and 

organismal biology (Bender, 2008; Garaulet et al., 2014; Gummalla et al., 2012). Critical to 

these advances was the appreciation of novel locations of Hox miRNA expression and 

function (i.e., in the post-embryonic central nervous system), and the consideration of Hox 

gene function beyond body segmentation (i.e., to neural differentiation in reproductive 

circuits). These findings extend the regulatory complexity of the Hox hierarchy, and provide 

new vistas for probing Hox gene function. Although we focus this perspective on a 

particular set of Drosophila Hox miRNAs, the general principles gained from their analysis 

may potentially be applicable to other Hox miRNAs, not only in flies but also in vertebrates.

A look at the past: 30 years of non-coding transcription across the BX-C

A century ago, in 1915, Calvin Bridges isolated the first homeotic mutant of Drosophila 

melanogaster in Thomas Morgan’s laboratory at Columbia University. These exhibited 

transformation of the metathorax (T3) towards the mesothorax (T2), and given the much 

larger size of T2 relative to T3, the flies appeared to duplicate the entire thorax. Calvin 

named this mutant after the double-thorax phenotype: bithorax (Bridges and Morgan, 1923). 

Such mutants became the life work of the Nobel laureate Ed Lewis, who spent some 50 

years generating and analyzing dozens of mutations that caused homeotic transformations in 

fly thoracic and abdominal segments (Figure 1A–C). He found that all these lesions mapped 
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very close to each other in the third chromosome, and speculated that they might have 

originated by duplication and divergence during arthropod evolution. In the end, he 

categorized 9 classes of mutations, which he postulated to define a complex of 9 genes (the 

Bithorax complex, BX-C) that controlled the specification and development of the second 

thoracic segment, the abdomen, and the genital organs (Lewis, 1978). Similarly, the 

Antennapedia complex (ANT-C) encodes other homeotic functions that are required to 

specify head and anterior thoracic segments (Kaufman et al., 1990).

The molecular identity of Hox genes followed the recovery of BX-C and ANT-C sequences, 

and was particularly informed by the discovery of colleagues in the Gehring and Kaufman 

groups of the homeobox. This 180 bp sequence encodes a DNA binding domain present in 

multiple coding regions of the ANT-C (McGinnis et al., 1984; Scott and Weiner, 1984), and 

is found three times within ~330kb comprising the entire BX-C (Regulski et al., 1985). 

Together with complementation tests involving recessive alleles performed by the Morata 

and Whittle groups (Sánchez-Herrero et al., 1985; Tiong et al., 1985), the molecular and 

genetic data supported a revised model of the BX-C. Instead of 9 genes, it was established 

that this region consists of three homeodomain-encoding genes, Ultrabithorax (Ubx), 

abdominal-A (abd-A) and Abdominal-B (Abd-B) (Figure 1A). The other homeotic mutant 

groups within the BX-C were inferred to affect cis-regulatory sequences contained in the 

large intergenic regions between the critical protein-coding homeotic loci.

Curiously, these intergenic regulatory regions proved to be extensively transcribed. The first 

evidence of this was provided by the Hogness group (Hogness et al., 1985; Lipshitz et al., 

1987). Northern blotting and cDNA analysis identified two transcripts from the bithoraxoid 

(bxd) cis-regulatory region of the Ubx gene (Figure 1A). The bxd region is responsible for 

directing the expression of Ubx in the posterior half of the third thoracic segment (T3p) and 

the anterior half of the first abdominal segment (A1a). The bxd region is transcribed in early 

embryos and larval/pupal stages to yield polyadenylated transcripts of 1.1–1.3 kb and 0.8 kb. 

More recently, Bender’s group used embryo in situ hybridizations to provide evidence for 7 

additional non-coding transcripts in the Ubx-bxd region, arising from both DNA strands 

(Pease et al., 2013).

Distal to Ubx, the BX-C encodes abd-A and Abd-B, which confer the appropriate metameric 

identity of the A2-A8 segments throughout the development of the fly (Figure 1A and 1C). 

The expression of abd-A and Abd-B is controlled by a titanic regulatory region that spans 

these genes (Celniker et al., 1990; Karch et al., 1990; Karch et al., 1985; Macias et al., 1990; 

Sánchez-Herrero, 1991). Ed Lewis catalogued the mutations in this region as “infra-

abdominal” lesions (iab) (Figure 1A). In situ hybridizations using probes covering the entire 

iab region showed the majority of this genomic region was transcribed during 

embryogenesis (Sanchez-Herrero and Akam, 1989), in an analogous manner to the Ubx 

domain. These analyses did not distinguish the number or structure of the iab transcription 

units, but they defined three distinct expression domains along the anterior-posterior (A/P) 

axis of the embryo that corresponded with their relative position within the iab region. Such 

A/P-restricted patterns, in accord with relative 5′-3′ position along the genome (Figure 1A, 

B), are characteristic of the canonical BX-C Hox genes and referred to as colinearity (Lewis, 

1978). In fact, the colinearity principle is a general feature not only of Hox genes in the 
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Drosophila Antp-C, but also of Hox genes in a wide variety of other invertebrate and 

vertebrate species (Duboule, 2007).

Shortly thereafter, further study of the iab sequences that regulate abd-A expression in the 

embryo, revealed two novel transcripts arising from the opposite strand (thus, proximal to 

distal) of the protein-coding genes (distal to proximal), at the level of the iab-4 domain 

(Cumberledge et al., 1990) (Figure 1A). These apparently non-coding RNAs differ only in 

their 3′ termini, with two polyadenylation (polyA) sites separated by 304 bp, yielding stable 

transcripts of 1.7 and 2 kb. Termed accordingly iab-4 ncRNAs, their transcription was later 

demonstrated to originate from the iab-3 region (Bender and Hudson, 2000) and progress 

through iab-4 (Figure 1A), but their original naming has been preserved until now. More 

than a dozen years after their discovery, small RNA cloning by the Tuschl lab showed that a 

microRNA (miRNA) hairpin is encoded downstream of the initial polyA site that generates 

the short iab-4 isoform, yielding the mature species miR-iab-4-5p and miR-iab-4-3p (Aravin 

et al., 2003) (Figure 1A).

The discovery of a miRNA in the BX-C expanded the genic content of this homeotic cluster, 

and expanded the recognition of mir-10 located in the ANT-C, which is conserved in both 

sequence and position in vertebrate Hox clusters (Lagos-Quintana et al., 2001). Subsequent 

deep sequencing of Drosophila small RNAs revealed further surprises, an additional ANT-C 

miRNA (mir-993), and the existence of miRNAs produced from the antisense strand of the 

mir-iab-4 hairpin (Ruby et al., 2007). The latter were characterized in concurrent papers 

from our group and those of Kellis and Bender (Bender, 2008; Stark et al., 2008; Tyler et al., 

2008), which demonstrate that sense and antisense transcription across the iab-4 locus 

produces hairpins that are independently processed by the miRNA biogenesis machinery 

into functional small RNAs. Although the initial nomenclature was “mir-iab-4AS”, the 

bottom strand miRNAs were subsequently renamed mir-iab-8 species (Figure 1A, see 

below). Interestingly, all four mature miRNAs from this locus (miR-iab-4-5p and 3p, miR-

iab-8-5p and -3p) are highly conserved in insects, and the regulatory activity of all four 

possible mature miRNA products was detected in cultured cells and transgenic animals (Hui 

et al., 2013; Okamura et al., 2008). However, the dominant small RNAs from sense and 

antisense hairpins derive from the “5p” arms (Ruby et al., 2007). Since miRNAs function as 

concentration-dependent regulators, this may imply that miR-iab-4-5p and miR-iab-8-5p 

have greater biological impact than their respective “3p” species.

Although it is the same genomic sequence that produces the top and bottom strand miRNA 

hairpins, mir-iab-4 can be considered to exist more proximally on the chromosome to mir-

iab-8, based on the relative locations of their promoters (Figure 1A, B). In accord with this, 

mir-iab-4 is transcribed in more anterior segments relative to mir-iab-8, and in fact their 

spatial domains abut each other but for the most part they are not co-expressed (Bender, 

2008; Ronshaugen et al., 2005; Stark et al., 2008; Tyler et al., 2008) (Figure 1B). Therefore, 

BX-C miRNAs conform to the colinearity principle.

In fact, the notion of antisense transcription (from the bottom strand) across the iab-4 region 

of the BX-C was not a new one. After the initial in situ experiments by Sanchez-Herrero and 

Akam, Levine’s group detected transcription of this strand from an iab-8 internal promoter 
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lying just downstream of the Abd-B transcription unit (Zhou et al., 1999). This putative iab-8 

transcript is expressed in the A8 and A9 segments throughout embryonic development. 

Further in situ studies by the Drewell lab confirmed transcription from this strand in all the 

iab domains from iab-2 to iab-8, with different patterns of expression (Bae et al., 2002). 

During early embryonic development, the anterior limit of the expression domain of each 

transcript was colinear with its relative position of their DNA in the chromosome, in 

agreement with previous studies. But intriguingly, their patterns of expression in late 

embryos proved indistinguishable, and confined to only the A8–A9 segments of the ventral 

nerve cord (VNC, analogous to the spinal cord in vertebrates). The explanation of this 

discrepancy, although initially suggested by Bender’s lab (Bender and Fitzgerald, 2002) was 

not fully confirmed until later complementation experiments (Bender, 2008). These tests 

implied the existence of a massive iab-8 non-coding transcript (potentially >140 kb) 

spanning from the iab-8 promoter described by Levine and colleagues, and later 

corroborated in other studies (Enderle et al., 2011; Gummalla et al., 2012), to at least past 

the mir-iab-4 hairpin, thus generating miR-iab-8 species (Figure 1A). The previous 

observations of the coincident transcription patterns from distinct iab domains in late 

embryos (Bae et al., 2002) may likely be explained by the maintained transcription of a 

single iab-8 ncRNA through the entire iab region, once the transcriptional activity from all 

the other iab domains has ceased by mid-embryonic development.

Contemporary studies by the modENCODE project yielded higher-resolution molecular 

information on developmental and tissue-specific non-coding transcription within the BX-C 

(Graveley et al., 2011). While the boundaries of pri-mir-iab-4 transcripts are relatively well-

delineated, the picture regarding iab-8 transcripts generated from the entire transcribed 

infra-abdominal region gained complexity. For example, novel spliced, male-specific 

isoforms of the long iab-8 ncRNA were identified from RNA-seq data and confirmed by 

cDNA evidence; the latter identified transcript initiates in the iab-6 region and terminates 

just upstream of abd-A (Graveley et al., 2011) (Figure 1A). This locus was named male 

specific abdominal (msa), based on its restriction to the male gonad. It is unclear whether 

msa exerts function as non-coding transcripts or potentially via short ORFs (Gummalla et 

al., 2014). In addition, msa necessarily transcribes mir-iab-8 (contained in its intron) and 

therefore may represent a source of this miRNA.

Despite the deep annotation of transcription from enormous datasets, recently expanded in 

the capstone modENCODE Drosophila transcriptome paper (Brown et al., 2014), it is 

important to bear in mind that highly cell-specific, temporal-specific, and/or short-lived 

transcripts may still elude recognition. For example, although a huge amount of embryonic 

mRNA-seq and total RNA-seq data now exist, for the most part, these were performed from 

whole embryo samples. Notably, earlier in situ studies detected transient expression of 

additional putative short iab RNAs in specific domains of the A/P axis other than A8 and A9 

during early embryonic development (Bae et al., 2002; Sanchez-Herrero and Akam, 1989) 

(Pease et al., 2013), whose molecular identities remain undetermined. One can imagine that 

further sequencing of polyadenylated and rRNA-depleted RNAs from specific axial domains 

across development, may produce further insights.

Garaulet and Lai Page 5

Mech Dev. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Three decades of work on non-coding transcripts across the regulatory regions of the BX-C 

provide extensive knowledge of the transcriptional status of specific cis-regulatory regions 

across developmental stages and certain tissues. During all this time, several groups have 

speculated about the possible functions of these transcripts. However, it has been difficult to 

separate potential effects of mutations, often involving chromosomal rearrangements or 

other complex aberrations, on the ncRNAs as intrinsic regulatory molecules from effects on 

transcriptional enhancers. Conversely, current knowledge points to the idea that it is not the 

sequence identity of such transcripts, but their transcription per se, that contributes to 

regulation of BX-C protein-coding genes. Earlier work established that transcription across a 

Polycomb-silenced region of the BX-C could lead to its activation (Bender and Fitzgerald, 

2002; Hogga and Karch, 2002; Rank et al., 2002; Schmitt et al., 2005). On the other hand, 

non-coding transcription in the BX-C might interfere with that of downstream of protein-

coding gene promoters, as proposed for the effect of bxd transcription on Ubx (Petruk et al., 

2006), or iab-8 transcription on abd-A (Gummalla et al., 2012). Given that painstaking 

genetic efforts to precisely eliminate a major BX-C ncRNA (bxd) did not yield substantial 

regulatory or phenotypic defects (Pease et al., 2013), the possibility remains that many BX-

C ncRNAs might represent products of transcriptional noise associated with enhancers. 

Since miRNAs are typically considered as trans-regulatory species, then, it becomes 

especially germane to ask whether these BX-C miRNAs indeed have any functional 

consequence to the regulation or function of the BX-C.

Homeotic function of BX-C miRNAs: conducting the conductors

Initial bioinformatic predictions of Hox-encoded miRNAs, not only in Drosophila but in 

vertebrates, included hints that they might directly regulate canonical Hox genes (Yekta et 

al., 2008). For example, analysis of genes bearing conserved miR-iab-4 seed matches 

identified Ubx as a candidate target (Grun et al., 2005; Stark et al., 2003). While other 

studies had shown the capacity for vertebrate Hox miRNAs to repress Hox homeobox genes 

in reporter and molecular assays (Yekta et al., 2004), experiments by the Levine and Lai 

groups provided the first evidence that manipulation of a Hox miRNA could induce a 

morphological homeotic phenotype in the animal. An endogenous function of Ubx is to 

suppress the thorax and wing developmental program within the developing haltere. Thus, 

Ubx mutants described by Lewis exhibit transformation of the haltere into a second thorax 

and extra pair of wings. Similarly, spatially-controlled misexpression of miR-iab-4 in 

imaginal disc haltere primordia resulted in larger, flatter halteres bearing characteristic rows 

of sensory organs on the anterior dorsoventral margin, evidence for a haltere-to-wing 

transformation (Ronshaugen et al., 2005).

The addition of mir-iab-8 to the BX-C landscape implied an interesting consideration, since 

its sequence is related to mir-iab-4. In particular, the dominant “5p” products of their 

respective hairpins have overlapping seed regions, albeit offset by two nucleotides (Ruby et 

al., 2007). Thus, while certain target sites might accommodate both miRNAs, their overall 

target networks are expected to be largely distinct. Interestingly, these attributes play out 

with respect to Hox targets. While the Ubx 3′ UTR contains multiple conserved pairings to 

miRNAs of both strands, only one of these is an optimal seed match site for miR-iab-4-5p 

whereas five of them are strong sites for miR-iab-8-5p. Even more to the extreme, the abd-A 
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3′ UTR contains six conserved, strong seed matches for miR-iab-8-5p whereas all of these 

sites represent weak pairings to miR-iab-4-5p (Stark et al., 2008; Tyler et al., 2008).

The relative strengths of these predicted miRNA-target pairings were borne out using in 

vivo assays. Clonal misexpression experiments showed that ectopic mir-iab-8 largely 

eliminates endogenous Ubx and/or abd-A proteins (normally found in the haltere and genital 

discs, respectively) whereas ectopic mir-iab-4 weakly suppresses Ubx and has no effect on 

abd-A accumulation (Tyler et al., 2008). These findings were confirmed using in vitro and in 

vivo sensor experiments, and most tellingly by the finding that ectopic mir-iab-8 generates 

much stronger haltere-to-wing transformations (i.e. Ubx phenocopies) than does mir-iab-4 

(Stark et al., 2008; Tyler et al., 2008).

Thus, while the initial study of miR-iab-4 provided evidence that it suppresses one 

anteriorly-expressed Hox gene, miR-iab-8 actually is wired for massive targeting of multiple 

anteriorly-expressed Hox genes; neither miRNA contains binding sites within Abd-B, the 

most posteriorly-expressed Hox gene (Figure 2). Notably, miR-iab-8-5p even bears 

conserved seed matches within the Antp 3′ UTR. All of these relationships are analogous to 

the established transcriptional repression hierarchy by homeodomain-encoding Hox genes, 

whereby chromosomally distal Hox genes (which are normally expressed in posterior 

segments) can inactivate genes located more proximally (and are thus expressed more 

anteriorly) (Hafen et al., 1984; Harding et al., 1985; Struhl and White, 1985). Thus, the BX-

C miRNAs conform to key principles established for Hox homeobox genes, that is, their 

spatial expression obeys the colinearity rule while their function appears to integrate into a 

posterior dominance hierarchy (Singh and Mishra, 2008; Yekta et al., 2008) (Figure 2).

Nevertheless, while the phenotypes generated by ectopically expressed BX-C miRNAs were 

striking, they left open the question of the regulatory effects of the endogenous miRNAs. 

Bender addressed this by creating a precise deletion of the hairpin (referred to as Δmir), 

constituting a null allele for both mir-iab-4 and mir-iab-8 (Bender, 2008). A study of the 

spatial distribution of BX-C Hox proteins in Δmir embryos, revealed a mild derepression of 

Ubx and abd-A in A8–A9 in the VNC, which corresponds to the domain where the long 

iab-8 ncRNA which produced miR-iab-8 is expressed, where Ubx and Abd-A proteins do 

not normally accumulate. Notably, no misexpression was found in the embryonic epidermis 

(Bender, 2008; Gummalla et al., 2012). Alonso proposed an explanation to this differential 

regulation of Ubx expression based on binding site accessibility for miR-iab-4 and miR-

iab-8: only long 3′ UTR isoforms of Ubx, which are restricted to the embryonic central 

nervous system (CNS), would carry enough binding sites to allow a substantial regulation of 

Ubx mRNA, compared to the smaller isoforms expressed also in the epidermis which would 

consequently escape to this mechanism (Thomsen et al., 2010). Notably, the principle of 

substantially extended neural 3′ UTRs has proven to be a broad feature of the Drosophila 

(Hilgers et al., 2011; Smibert et al., 2012) and mammalian (Miura et al., 2013) 

transcriptomes.

We subsequently examined BX-C miRNA expression and activity in later stages of 

development, and showed that these are maintained for miR-iab-4 and miR-iab-8 in the 

larval posterior VNC, in the same spatial register as observed in late embryos (Garaulet et 
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al., 2014). The larval VNC appears to be the relevant location of BX-C miRNA function, 

since in contrast to the subtle effects observed in the embryos, Ubx and Abd-A proteins are 

substantially derepressed in Δmir mutant VNCs (Garaulet et al., 2014) (Figure 3A). 

Moreover, this misexpression of Hox proteins is maintained through pupal stages to adult 

neurons (DLG and ECL, unpublished observations).

The degree of target derepression observed in Δmir VNC places it within a relatively rare 

realm of instances for miRNA targeting studied in the animal. Transcriptome and proteome 

studies provide the general view that the direct impact of miRNAs on the bulk of many 

thousands of documented targets is generally subtle (Flynt and Lai, 2008). On the other 

hand, mutants of BX-C miRNAs cause misexpression of Ubx and abd-A in some CNS cells 

to levels comparable to wildtype-expressing cells (Figure 3A). While the strength of 

targeting of these BX-C genes is exceptional, the “salt-and-pepper” derepression of the 

endogenous protein products does not mirror the relatively uniform repression of tub-GFP 

sensor transgenes linked to miR-iab-4 or miR-iab-8 sites detected within the cognate 

miRNA expression domains (Garaulet et al., 2014). This may suggest that the strong impact 

of miRNA targeting is amplified by mechanisms that control the transcriptional regulation 

of these Hox targets.

Another important conclusion from these studies is the detection of coexpressed Ubx and/or 

Abd-A proteins in posterior VNC cells that also accumulate Abd-B protein (Garaulet et al., 

2014). This indicates a flagrant breakdown of posterior dominance, since according to this 

principle, Abd-B should not allow the expression of these anterior BX-C genes (Figure 2A, 

C). This suggests a more complex contest where miR-iab-8 downregulates Ubx and abd-A, 

not only as a “fail-safe” strategy, but indeed as a substantial mechanism. This notion builds 

on concepts from Karch’s group, who found that unlike in the embryonic epidermis, the loss 

of Abd-B protein in the VNC of embryos mutant for this posterior Hox gene, did not 

upregulate the immediately anterior Hox protein Abd-A in posterior segments (Gummalla et 

al., 2012). In contrast, the absence of the repression exerted by either miR-iab-8 or iab-8-

ncRNA derepresses abd-A. This genuine, non-redundant role of miR-iab-8 to the established 

transcriptional hierarchy in the embryonic CNS, was later expanded by comparative analysis 

of the distribution of Ubx and Abd-A proteins in larval VNCs of wildtype, Δmir and Abd-B 

mutants. In contrast to the strong phenotype of Δmir mutants (Figure 3A), the absence of 

Abd-B only slightly de-represses Ubx and has no effect on Abd-A in larval VNCs (Garaulet 

et al., 2014). Thus, the posterior dominance dogma should now be reinterpreted according to 

the tissue: only in epidermal cells the control exerted by Hox protein-coding genes is enough 

to maintain their pattern of expression, while in the neural tissue, especially in post-

embryonic contexts, post-transcriptional regulation is a major factor driving BX-C 

patterning in terminal segments (Figure 2).

Curiously, the control of homeotic activity by BX-C miRNAs extends beyond regulation of 

Hox genes. The homeodomain Hox cofactors of the TALE class encoded by homothorax 

(hth) and extradenticle (exd) (Peifer and Wieschaus, 1990; Pai et al., 1998; Rieckhof et al., 

1997) are also targeted by miR-iab-4 and/or miR-iab-8 (Garaulet et al., 2014). hth 3′ UTRs 

contain four well-conserved binding sites for the different BX-C miRNAs. However, an 

unannotated isoform of the hth-RA 3′ UTR bears a 2.2 kb 3′ UTR extension that is 
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specifically expressed in the CNS (Garaulet et al., 2014). This extension harbors many 

additional matches for various miR-iab-4/8 seeds, which collectively make hth more heavily 

targeted than most Drosophila genes studied in previous genomewide miRNA target scans 

(Ruby et al., 2007; Stark et al., 2005). Conversely, target predictions for exd were lost from 

earlier systematic assessments, due to a break within its 3′ UTR in genome alignments. 

When aligned manually, conserved seed matches for BX-C miRNAs were observed within 

exd 3′UTR. Once again, only some of them are shared by miR-iab-4 and miR-iab-8, and the 

majority of them are unique to one or the other, implying complex independent regulation of 

individual exd and hth isoforms by Hox miRNAs (Garaulet et al., 2014). Altogether, the fact 

that previous genomewide scans did not reveal the full extent of TALE cofactor targeting by 

BX-C miRNAs (due to insufficient 3′ UTR annotations or to problems in the genomewide 

alignments) are an important reminder that such prediction efforts are only a guide for the 

breadth of the miRNA target network, and are likely incomplete at present.

Hth and Exd (as are their vertebrate counterparts) are cofactors that increase binding affinity 

and specificity of Hox proteins (Mann et al., 2009; Moens and Selleri, 2006). Their spatial 

distribution in the larval CNS is restricted to the brain and thoracic segments, but their 

transcripts are almost absent from the abdominal neurons due to a negative control exerted 

by the BX-C proteins (Kurant et al., 1998). However, Δmir mutants exhibit massive 

misexpression of these proteins in the abdominal segments, expanding their pattern of 

expression to the most posterior end of larval VNC (Garaulet et al., 2014) (Figure 3A).

In sum, Ubx/abd-A/hth/exd not only generate functionally related protein complexes that 

direct segmental identity, they are all also functionally targeted by miR-iab-4 and miR-iab-8. 

This miRNA-mediated regulation is particularly manifest in the posterior abdominal region 

of the VNC, and adds to multiple transcriptional mechanisms (both protein and ncRNA-

mediated) that restrict Hox gene expression in the posterior VNC (Figure 2). What then, are 

biological contexts that underlie the selection for such parallel, and apparently convergent, 

regulatory strategies?

Hox transcripts, homeotic proteins, and sexual behavior

The majority of individual miRNAs in various species appear largely dispensable under 

normal laboratory conditions. Recent analysis of a genome-scale collection of Drosophila 

melanogaster miRNA knockouts showed that many exhibit quantitative defects in one or 

more settings, but on the other hand, nearly all were viable, fertile and lack obvious 

morphological malformations (Chen et al., 2014). Systematic analysis of C. elegans miRNA 

knockouts yielded a similar perspective of few and/or modest defects (Miska et al., 2007). 

Although Δmir mutants have no overt sign of homeotic transformations or other aberrant 

morphology, adult flies lacking BX-C miRNAs manifest a dramatic phenotype: both males 

and females are completely sterile (Bender, 2008). In his work, Bender conducted 

complementation tests in which he assayed fertility in trans-heterozygous animals carrying 

the Δmir allele over different breakpoints in the infra-abdominal region that likely truncate 

either the iab-4 or iab-8 ncRNAs (Bender, 2008). By these genetic tricks, he was able to 

generate flies that were null for only one or the other of the BX-C miRNAs. With this 

approach, he observed that flies lacking miR-iab-4 were fertile, while flies lacking miR-
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iab-8 recapitulate Δmir sterility. Since he assayed a variety of genomic breakpoints across 

the infra-abdominal region, his experiments provide genetic evidence that miR-iab-8 is 

indeed processed from an extremely long transcript, corroborating the previous notion of the 

iab-8 promoter downstream of the Abd-B transcription unit (Zhou et al., 1999).

Initial interrogation revealed that gamete production was apparently unaffected in both 

sexes. Nevertheless, females are unable to lay eggs, while males cannot bend their abdomen 

far enough to copulate (Bender, 2008). This suggested that the basis of such defects might 

involve different organs in the two sexes: the reproductive tract in females, and the 

abdominal muscles in males. However, the function of both is governed in part by a 

common tissue, namely the CNS. Indeed, it was only in the posterior VNC where an 

aberrant pattern of Hox proteins distribution was observed in the entire embryo, both in 

Bender’s paper for Ubx, and some years after by Karch’s group for Abd-A (Gummalla et al., 

2012). Even though the misexpression of the two Hox proteins in embryos seemed too 

subtle to provoke such a profound disorder in adult flies, our studies supply missing links 

that support this notion (Garaulet et al., 2014). First, as discussed above, derepression of 

both Ubx and Abd-A proteins is broader in larval VNCs than reported in embryos, and an 

even more dramatic effect was observed in the misexpression of their cofactors, Hth and 

Exd (Figure 3A). Combining the Δmir background with heterozygous combinations of miR-

iab-8 target genes revealed that female sterility was partially suppressed when reducing the 

dose of hth or Ubx, and more weakly, of abd-A (Garaulet et al., 2014). These results 

highlight two relevant conclusions. First, they establish a causal connection between the 

misexpression of target genes (observed only in the VNC) with the adult sterility observed 

in Δmir flies, which assigns a crucial role for the patterning of homeotic genes in an adult 

behavior. Second, they represent a notable situation of phenotypically critical, individual, 

miRNA target loci. As conserved miRNAs often have hundreds of conserved targets, 

miRNAs are often inferred to exert their function via cumulative, subtle effect across their 

target network (Lai, 2015; Smibert and Lai, 2010). In the case of BX-C miRNAs, the mere 

heterozygosity of hth was sufficient to restore fertility in nearly 60% of the adult females, 

illustrating an exceptionally high rescue of a miRNA mutant phenotype induced by mild 

reduction in a single target gene.

The lack of a substantial fertility rescue in abd-A or exd heterozygous flies does not rule out 

their contribution to Δmir sterility; nevertheless, it indicates that this defect is more sensitive 

to the dose of Ubx and hth. Notably, experiments from the Karch group show that flies 

lacking transcriptional interference of the iab-8 ncRNA over the abd-A promoter, but that 

retain the miRNA locus, are also sterile, and show acute derepression of abd-A in the 

posterior portion of the VNC during embryonic development (Gummalla et al., 2012). These 

observations indicate that apart from miR-iab-8 regulatory functions, the transcriptional 

interference on the abd-A promoter by the iab-8-ncRNA is crucial for the patterning of this 

Hox gene in the CNS (Figure 2). Together, the consequences of lacking either of these 

ncRNA-mediated functions emphasize the notion that misinterpretation of positional 

information conferred by the Hox activity in the posterior domain of the VNC can lead to 

abnormal adult sexual behavior.
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A recent study by the Vosshall lab further supports this hypothesis by showing that the Abd-

B protein is required during development for a normal female receptivity in adult virgin flies 

(Bussell et al., 2014). The reason for these sex-specific behavioral defects may originate in 

the fact that many of the implicated neurons, most of which are defined by the expression of 

the sex-determining genes doublesex and or fruitless, reside in the posterior VNC (Bussell et 

al., 2014; Feng et al., 2014), where Abd-B and miR-iab-8 are coexpressed. Therefore, it 

seems plausible that the misexpression of anterior Hox proteins and their cofactors observed 

within this region of the VNC of Δmir flies, could affect diverse aspects of female and male 

sexual behaviors beyond sterility.

At present, no specific functional or morphological defects of neurons are known to underlie 

the sexual receptivity phenotype of flies lacking Abd-B in the CNS (Bussell et al., 2014). 

However, discrete populations of neurons that reside in this domain project to the oviduct 

and are known to be critical for egg passage through the oviduct, including glutamatergic 

neurons that express insulin-like peptide 7 (Ilp7) (Yang et al., 2008) (Figure 3B,C) and 

octopaminergic neurons that express tyrosine decarboxylase 2 (Cole et al., 2005). In our 

study (Garaulet et al., 2014), we found that oviduct innervation and synaptic connectivity by 

Ilp7-expressing neurons was substantially compromised in Δmir flies (Figure 3D). Notably, 

this defect can be rescued by double heterozygosity of Ubx and abd-A, indicating a causal 

effect of the misexpression of these Hox genes in the neural development of motor neurons 

required for oviposition. This fact, although not the first, constitutes a notable failure of 

“phenotypic suppression” that is normally attributed to BX-C proteins. By this precept, 

when two Hox proteins are forcibly coexpressed in the same cell, the developmental 

program dictated by the posterior Hox factor predominates over the “anterior” Hox factor 

(Duboule and Morata, 1994; Gonzalez-Reyes and Morata, 1990). According to this notion, 

in the Abd-B region of the VNC of Δmir flies, derepression of Ubx or abd-A should not 

influence the development of the neurons. However, our evidence clearly illustrates this is 

not the case, since reduction of Ubx or abd-A can partially rescue Δmir phenotypes (Garaulet 

et al., 2014).

It is not yet known how Hox gene deregulation induces aberrant morphology of Ilp7 axons. 

However, work from Mann’s group describes how Hox gene functions in the fly thorax are 

required for specification of leg motoneuron morphologies (Baek et al., 2013). Whereas Hox 

activity is not required for the selection of the region of the leg to be targeted by Lin A 

motoneurons, it is determinant for the branching pattern of their axons within that region, as 

well as their dendritic arborizations within the VNC. Based on this, it is conceivable that 

aberrant Hox specification conferred to Ilp7 neurons in Δmir flies might result in defective 

axonal innervation observed in the oviduct of Δmir flies. Also, Ilp7 neurons differentiate 

from embryonic pioneer dMP2 neurons, which undergo apoptosis in anterior segments of 

the VNC but survive in the posterior region. This involves an anti-apoptotic function of 

Abd-B, which directly represses the activity of the cell death-promoting genes reaper and 

grim (Miguel-Aliaga and Thor, 2004; Miguel-Aliaga et al., 2008). It seems possible that the 

reduced innervation could be caused by a partial absence of Ilp7 neurons, because of an 

altered cell death/survival program induced by expression or coexpression of several 

homeotic proteins instead of Abd-B alone in the posterior region of the abdominal VNC. 
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Nevertheless, no significant difference in the number of ventral Ilp7 neurons was found in 

the VNC of Δmir larvae suggesting that cell survival or cell death is not affected in this 

specific lineage of this mutant background (Garaulet et al., 2014).

Are Ilp7 neurons the solely responsible of Δmir infertility? Our results suggest that this is 

not the case. First, we were not able to rescue fecundity in mutant flies by knocking down 

any of the individual targets or overexpressing the mir-iab-8 in Ilp7 neurons. Second, unlike 

the results with BX-C proteins, heterozygosity of hth strongly rescues female sterility in 

Δmir mutants, but does not restore either the innervation nor the synapse defects of Ilp7 

axons (Garaulet et al., 2014). These results imply that other neuronal lineages beyond Ilp7 

neurons, that are relevant for fertility, may be affected by the loss of miR-iab-4 and miR-

iab-8, at least by the derepression of hth. Further efforts are needed to identify these 

additional neurons that require miR-iab-4/8 activity for an accurate control of the 

reproductive organs in Drosophila females.

The morphological and behavioral consequences of miR-iab-4 and miR-iab-8 on the 

regulation of Hox proteins and cofactors highlight the importance of homeotic proteins in 

neural function and development. Apart from the Hox requirements described for leg 

motoneurons (Baek et al., 2013), many other roles for homeotic proteins in the nervous 

system have been documented (Philippidou and Dasen, 2013; Rogulja-Ortmann and 

Technau, 2008). For example, BX-C genes have been shown to be necessary to confer the 

segmental specificity of several neuroblast progenitors (Prokop et al., 1998; Rogulja-

Ortmann et al., 2008), and the cell fate of some embryonic VNC abdominal neuroblasts 

(Berger et al., 2005; Birkholz et al., 2013). They can also regulate the number of neurons in 

a certain segment by regulating cell proliferation (Prokop et al., 1998; Tsuji et al., 2008), or 

programmed cell death (Bello et al., 2003; Rogulja-Ortmann et al., 2008; Suska et al., 2011). 

Taken together, the ample evidence of crucial roles for the BX-C Hox proteins in diverse 

aspects of neural development suggests that the misexpression of homeotic targets observed 

in Δmir flies, could very likely preclude in the correct development and functions of many 

populations of neurons beyond Ilp7 cells, within the posterior region of the VNC.

Conclusions and Perspectives

A century of work to decipher the Bithorax complex has led to hundreds of studies, which 

arguably rank the BX-C amongst the highest in the Drosophila genome in terms of ratio of 

publications per base pair. As a consequence, we have extensive knowledge of their 

components, the mechanisms underlying their regulation, and the functions of the proteins 

that they encode shaping the body of the fruit fly. Nevertheless, few studies have focused on 

the relevance of BX-C functions in larval or adult Drosophila behavior. As required for the 

specification, survival, number, and branching patterns of several lineages of neurons during 

development, the activity of Hox genes must be relevant for any potential behavior 

controlled by neuronal circuits affected by these processes: larval and adult locomotion, 

sexual courtship and intestinal physiology are some plausible examples. In addition to these, 

given the wide complexity of neuronal connections throughout several segments of the VNC 

and their intercommunication with the brain, the impact of Hox activity could affect diverse 

behaviors in unforeseen manners. With the implementation of physiological and quantitative 
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methods to accurately monitor and probe Drosophila behaviors, we anticipate that new 

insights regarding adult Hox functions to emerge in the coming years.

Beyond the study of insects, given that myriad principles of Drosophila Hox gene 

organization, regulation and function have proven to be broadly conserved across animals, it 

will be interesting to see how the knowledge BX-C ncRNAs may further inform vertebrate 

studies. The existence of extensive non-coding transcription across the BX-C has been 

recapitulated in vertebrate Hox clusters (Gupta et al., 2010; Rinn et al., 2007), and includes 

multiple miRNAs (Yekta et al., 2008). Notably, vertebrate mir-196 loci are located in the 

posterior Hox complex regions, analogous to mir-iab-4/8, and substantially repress several 

more anteriorly-located Hox genes (Mansfield et al., 2004; Yekta et al., 2004). Although it 

was proposed that these have limited “fine-tuning” effects that are secondary to 

transcriptional regulation of murine Hox genes (Hornstein et al., 2005), injection of miR-196 

morpholinos in zebrafish and chick caused axial defects and altered expression of Hox genes 

(He et al., 2011; McGlinn et al., 2009). It will be interesting to learn if chromosomal 

deletion of mir-196 genes, perhaps involving compound mutants of the multiple mir-196 

loci, recapitulates any homeotic defects. Based on our studies in flies, we speculate that it 

may be important to go beyond gross axial patterning, and search for potential tissue-

restricted and/or behavioral phenotypes. For example, there is evidence that regulation of 

Hox genes by miR-196 in the mammalian neural tube is involved in specifying appropriate 

motoneuron subtypes (Asli and Kessel, 2010).

In all systems, a more detailed understanding of how non-Hox targets mediate Hox miRNA 

function is warranted. While our work implies, but does not yet prove, a scenario whereby 

derepressed BX-C and TALE cofactors might drive mutant phenotypes as protein complexes 

(Garaulet et al., 2014), TALE factors certainly have Hox-independent functions (Cerda-

Esteban and Spagnoli, 2014). It remains to be seen if de-repressed Hth, Exd, Ubx and Abd-

A work together, or independently, or both, to mediate the observed physiological defects. 

In the zebrafish system, miR-196 was proposed to mediate developmental patterning at least 

in part by targeting the retinoic acid receptor rarab, whose activity itself can impact Hox 

gene expression (He et al., 2011). In mammalian systems, a variety of non-Hox targets of 

miR-196 have been proposed in disease and cancer (Brest et al., 2011; Yang et al., 2014). 

We advocate that precision engineering of Hox miRNA target sites in individual target 

genes, as recently demonstrated (Bassett et al., 2014; Ecsedi et al., 2015), will be critical for 

future elucidation of the impact of Hox miRNAs in developmental, physiology, and disease.
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Highlights

• We provide a synthesis of the history of non-coding transcription and 

fundamental regulatory mechanisms in the Drosophila Bithorax-Complex (BX-

C).

• BX-C miRNAs post-transcriptionally regulate BX-C protein-coding genes and 

their cofactors hth and exd in the posterior abdominal segments of the VNC in 

Drosophila.

• miRNA regulation of Hox patterning in the VNC is required for female fertility 

in Drosophila.

• Perspectives on future directions for studying BX-C miRNA neural biology.
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Figure 1. 
The Drosophila Bithorax complex (BX-C). (A) Physical and genetic organization of the 

BX-C. The regulatory regions that control the expression of the three Hox protein-coding 

genes (Ubx, abd-A and Abd-B) are shown in shades of blue and labeled on the schematic of 

the chromosome. For the infra-abdominal (iab) region, note that iab-4 through iab-6 are 

abbreviated as 4, 5, and 6. Transcription from the top strand of the BX-C (proximal to distal) 

is shown above the chromosome in A; transcription of the bottom strand is shown below. 

All of the transcripts of homeodomain-encoding genes derive from the bottom strand. Non-

coding transcripts with cDNA evidence are shown in colored arrows except msa, which is 

similar to iab-8-ncRNA but differs in the transcription start site (marked with an asterisk). 

Note that other non-coding transcripts defined by in situ hybridization evidence are not 

shown in this diagram (see text for details). (B) Schematized domains of expression of the 

BX-C members along the anterior/posterior axis of an embryonic VNC. The ncRNAs are 

shown above the diagram, and the protein distributions are shown below. The figure 

represents a simplified view of the complex pattern of expression within each segment, thus 

no variations in the compartments are shown. The anterior limit of expression of the bxd 

transcript shown in the figure corresponds to bxd exon 5 described in Pease et al. (2013), not 

to the major bxd transcript referred in the same study. (C) Regions of the adult fly specified 

by each Hox protein-coding gene, inferred by mutations in either the coding region or the 

regulatory sequences of each transcription unit. No phenotype in the adult morphology has 

been identified for BX-C ncRNA mutants; however, as discussed in subsequent figures, the 
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miRNAs affect VNC patterning and neural differentiation. T2-A7 stand for thoracic (T) or 

abdominal (A) segments.
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Figure 2. 
Interplay of regulatory strategies in the BX-C. Transcriptional (A, C) and post-

transcriptional (B, D) regulation of the Hox protein-coding genes in the embryonic (A, B), 

and larval (C, D) VNC. The control of the Hox cofactors Hth and Exd by miRNAs is also 

shown in D. Note that for simplicity, the regulatory relationships of transcription factors 

with their genomic targets and of miRNAs with their RNA targets is indicated directly on 

the respective tissues. However, the regulation by TFs and miRNAs implicitly occurs within 

their cognate expression domains (i.e., Abd-B transcriptionally represses Ubx only within 

the terminal segments, and miR-iab-8 post-transcriptionally represses abd-A, Ubx and Hox 

cofactors only within the terminal segments). Note also that the patterns of distribution of 

the Hox proteins and cofactors are simplified, obviating overlapping domain of Ubx and 

abd-A. Exd is ubiquitously expressed, but is only functional/nuclear in the presence of Hth, 

which is segmentally patterned as shown. Solid lines indicate inhibition by miR-iab-4 or 

miR-iab-8 of a given target; dashed lines indicate subtle inhibition. The combined 

transcriptional and post-transcriptional inhibition in their corresponding domain of 

expression establishes the final distribution of homeotic factors in the VNC: preventing Hth 

and Exd protein from all abdominal segments, and Ubx and abd-A out from the most 

terminal segments (A8 onwards).
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Figure 3. 
Larval expression of BX-C genes in the VNC and neural phenotypes in the mir-iab-4/8 

mutant. (A) Distribution of Ubx, Abd-A, and Hth proteins in the larval VNC (region labeled 

as VNC in the CNS diagram in B). The domain of expression of miR-iab-4 and miR-iab-8 is 

shown in magenta and purple, respectively. The mir-iab-4/8−/− VNC exhibits elevation of 

Ubx protein within the miR-iab-4 domain, and misexpression of Ubx, Abd-A and Hth 

proteins within the miR-iab-8 domain. (B) The cell bodies of abdominal Ilp-7 neurons (red 

box) lie within the miRNA-expression domains in the larval VNC. (C) The adult derivatives 

of Ilp-7 neurons innervate the reproductive tract in females, especially the oviduct (red box). 

(D) Staining of Ilp-7 neuronal projections shows that their innervation of the oviduct is 

reduced in mir-iab-4/8−/− mutant relative to wildtype.
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