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Hox genes determine antero-posterior (A-P) axis in all the Bilaterians. Functitoxafenes in a collinear and non-
overlapping order sets theP body axis.Hox genes achieve the non-overlapping functions by posterior prevalence
phenomenon. In the posterior prevalence a postédrgene dominates over the antetimxgenes to impose its function

in regions of overlapping expression. Nawfew studies have shown exceptions to this fithiés review discusses the
mechanisms and exceptions to the rule of posterior prevalence. Our current understanding suggests that anterior and
posteriorHox genes have adopted mechanisms to work together during development.
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Introduction

Determination oAntero-posterior (A-P) body axis is
a key process during development of aninalset

of genes calletHox genes determing-P body axis

in all the Bilaterians (Duncan, 1987; Fienberg et al
1987; Lewis, 1978; McGinnis and Krumlauf, 1992).
Hox proteins are homeo-domain containing
transcription factors. This sixty amino acid long
homeodomain can directly bind to DNA and regulate

the expression of several hundred genes (Ekker e

al., 1991). The combined outcome of gene expressio
set by diferent Hox proteins alorfy-P axis ultimately
sets the final transcription profile and identity of the
cells. Considering the importance of Hox proteins,
their binding in the genome should be highly specific.
One known way of providing specificity to Hox protein
binding in the genome is through cooperative binding
with cofactors (Chan et al., 1994; Mann and Chan,
1996; Mann et a) 2009; van Dijk and Murre, 1994).
The best characterized cofactors of Hox proteins in
Drosophila are Homothorax (HTH) and
Extradenticle (EXD) (Rooet al, 1999; van Dijk and
Murre, 1994).

Prevalence/Dominancegbd-A, Abd-B, Drosophila

Hox genes are mostly clustered in the genome
(Akam, 1989; Duboule, 2007; Duboule and Dolle,
1989). The presence of Hox genes in the cluster is
collinear with their spatial expression along the embryo
(Beachyet al, 1985; Duboule and Morata, 1994;
Harding et al, 1985; Holland and Hogan, 1988;
Pearson et gl2005). The Hox gene gt end of the
complex is expressed towards anterior part of the
embryo while genes towardsénd express towards
posterior part of the embryo. The collinear expression
of Hox genes is most crucial in determining &€

rbody axis. Similar to the expression, the function of

Hox genes is also collinear and different Hppenes
function sequentially across theP axis of the embryo

to determine the formation of different body organs
(Duboule, 1998; Krumlauf, 1994; Lewis, 1978;
McGinnis and Krumlauf, 1992; Morata and Kerridge,
1981; Scott et a)J 1983).Apart from collinear
expression, there are several instances where
expression of anterior Hoyenes overlaps with the
expression of the posteridfox genes. Functional
studies in overlapping expression regions showed that
in such regions posterior H@gene dominates over
anteriorHox gene and determines the identity in the
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overlapping region. (Gibson and Gehring, 1988; Hogness, 1990; Millegt al, 2001; Noreet al, 2011;
Gonzalez-Reyest al, 1990; Gouldet al, 1997; Singh and Mishra, 2008; Singh and Mishra, 2014;
Lamkaet al, 1992; Maeda and Karch, 2006; Miller Yekta,et al, 2008). In this review would mainly
etal, 2001; Schneuwlgt al, 1987; Singh and Mishra, discuss exceptions and mechanisms of posterior
2014; Struhl, 1983). This phenomenon operating prevalence rule.Throughout this review the term
among oHoxgenes is called as posterior dominance/ anterior and posterioHox gene has been used
prevalence or phenotypic suppression of antetir repeatedlyAn anteriorHoxgene represents ahipx
genes (Capovilla and Botas, 1998; Macias and Moratagene placed towards the 3’ end of H@X-complex
1996; Struhl, 1983). Posterior prevalenc equestionswith respect to the othddox genes. Similarlya
the advantage of overlapping expressidd@{genes.  posteriorHox gene means thidox gene is placed

If posterior prevalence rule operates without any towards the 5’ end of tHeOX complex with respect
exception, then the expression of anteHox gene  to the otheHox genes.

in the domain of a posteriéfox gene is futile. The _ _ _
expression analysis ®foxgenes across the animal Mechanisms of Posterior Prevalence in
phylum suggests that the overlapping expression ofProsophila

Hox genes is a common phenomenon and selecteghggterior Hox protein can impose posterior prevalence
during the evolution. This strong evolutionary selection phenomenon on an anterior Hox gene at various stages
|nd|(|:ate_s an unknown functional relevance to .t gene regulation like transcription, post-transcription,
overiapping expression. translation and post translation. In this section, we

Hoxgenes were discovered and studied in greatWi” discuss the known mechanisms of posterior
detail in Drosophila.The advantage of fly genetics Prevalence irbrosophila
and resources provides a great lead to study th
function ofHox genes ibrosophila TheHox genes
in Drosophilaare clustered in two complexes; A simple and straightforward mechanism of posterior
Antennapedia (ANTC) and Bithorax (BX-C)  prevalence imposed by posterior Hox proteins on an
(Sanchez-Herreret al, 1985; Scotet al, 1983).  anteriorHox gene could by direct transcriptional
Of the total eightHHox genesANT-C has fivejabial repressingHox genes function in collinear order
(lab), proboscipedigpb), Deformed (Dfd), across the\-P axis of the embryo to d#rentiate
Sexcombrduced(Scr), AntennapedigAntp) while different parasegments of the embryo into different
BX-C has threeHoxgenes;Ultrabithorax (Ubx), body parts. So in the posterior embryonic
abdominal-A (abd-Aand Abdominal-B (Abd-B  parasegments where expressionHifx genes
(Akam, 1989; Duncan, 1987; McGinnis and Krumlauf, overlaps, posterioHox genes can directly impose
1992).Hox genes show regulatory hierarchyAsP  transcriptional suppression on the anterior Hox genes.
body axis determination (Bachillest al, 1994;  This hypothesis is not completely true because we do
Duboule and Morata, 1994; Gonzalez-Regesl, see overlapping expression labx genes (Harding
1990; Goulcet al, 1997; Lamkat al, 1992; Macias et al, 1985; Kuroiwa, 1987; McGinnis and Krumlauf,
and Morata, 1996; Milleet al, 2001; Sprecheet 1992; Pearsost al, 2005).Actually, a closer look
al., 2004). TheHox genes of BX-C suppress the suggests that they even express in same nuclei (Singh
function ofANT-Cgenes while thabd-AandAbd-B and Mishra, 2014). This suggests that posterior Hox
could suppress function bfbx (Beachyet al, 1988;  proteins do not completely suppress the transcription
Hafenet al, 1984; Lamkeet al, 1992; Struhl and  of anteriorHox genes. Howeveinitial studies have
White, 1985). Ectopic expression of postetitox clearly shown that posteriorly expressd#dx genes
gene suppresses phenotypes of antétmrgenes  have the ability to repress more anteriorly expressed
suggesting a posterior prevalence (Gonzalez-Reyes{oxgenes (Gonzalez-Reyes and Morata, 1990; Mann
and Morata, 1990; Gonzalez-Reyessal, 1990;  and Hogness, 1990; Millet al, 2001). For example,
Lamkaet al, 1992; Milleret al, 2001). There have BX-C Hox genes repressANT Hox genes
been many exceptions and adjustments to the posteriofGonzalez-Reyes and Morata, 1990; Miltsral,
prevalence theory (Foroned al, 2006; Gonzalez- 2001), abd-A and Abd-B repressubx (Struhl and
Reyeset al, 1990; Lamkeet al, 1992; Mann and  White, 1985) andbd-Brepresseabd-A(Singh and

eI'ranscriptional Suppression
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Mishra, 2014). Probably expression of postearox and notabd-AmRNA. So, miR-iab-4-5p would help
gene in the expression domain of anteHox gene abd-Ato down-regulatdJbx and Antp in its
partially but not completely suppresses their expression domain. SimilarlyniR-iab-8-5p has
expression. This is further supported by the fact thatpotential to target mMRNAs d&ntp Ubx andabd-A

in overlapping expression domains expression of but notAbd-B So,mir-iab-8 miRNA might indirectly
anteriorly expressedox genes is generally lower in  help Abd-B function in Antp, Ubx and abd-A free
comparison to posteriorly expressddx genes. In  background in PS 13 and 14. Knock-out of miRNA-
anin vitro experiment, authors showed that Ubx iab-4 and miRNA-iab-8 miRNAs leads to higher
protein can bind near the promoter of anteHoix expression of anteriddox genes in the domain of
geneAntp (Beachyet al, 1988). This suggests that, posteriorHox genes (Bende2008).This suggests
Ubx can directly represéntp gene expression by that these two miRNAs help posterldox genes to
binding on its promoteFurther in genome-widén function in a lower or no background of antefmx
vivobinding analysis of Ubx protein in tRxosophila genes (Singh and Mishra, 2008).

imaginal discs using chromatin immuno-precipitation
showed Ubx binding on the promoters of all anterior _ o ,
Hox genes and not posteridox genes (Slattergt small region of 92kh)n|r-|ab_-8. Further anaIyS|s_ pf
al., 2011). This observation provides an evidence for this large ncRNAs was required to know the additional

direct Ubx-mediated transcriptional regulation of rqle of this transcrl_pt._ Gummallat _aI. further
anteriorHox genes. dissected the transcriptional unit of this large ncRNA

and observed that this long transcript uses an additional

Suppression through Non-coding RNAs mechanism to inhibit transcription abd-Ain the PS

_ _ 13 and 14 wherébd-Bis exclusively expressed
Sense and anti-sense long non-coding RNAS argGymmallaet al, 2012) Authors observed that the
detected from overlapping region of the BX-C 3 gng of themir-iab-8 transcript lies just upstream
(Bender 2008; Sarket al, 2008;Tyleretal, 2008).  of theabd-Agene and transcription of miRNA-iab-8
The sense transcript is namedw@siab-4 and anti-  jnterferes with thebd-Agene promoterTheir
sense transcript is named ®asr-iab-8. Further  gpservation further suggests that the transcriptional
analysis of these two long transcripts showed that,jterference imposed bynir-iab-8 on abd-A
they are further processed to give rise 10 & Sensqranscription is stronger and wide spread than miR-
miR-iab-4-5p and an anti-sense miR-iab-8-5p MIRNA jap-8-5p mediated suppressionaifd-A transcript.
respectivelyThese two ~22 bases long miRNAs are This clearly suggests that down-regulatadyd-An
complementary to each othéithough, these two pg 13 and 14 bynir-iab-8 and miRNA-iab-8

miRNAs are generated from the same part of thejygirectly helpsibd-Bto impose posterior prevalence.
genome, they have very different expression and

function. Themir-iab-4 miRNA is expressed from
parasegment (PS) 7 to 12 of embryo, whilR-iab-
8 is expressed in PS 13 and 14. This shows aTranscriptional suppression by posteriorly expressed
completely non-overlapping expression. Further Hox genes and post-transcriptional regulation by
functional studies suggested that miRNA-iab-4 hasncRNAs does not completely explain the posterior
potential to knock-dowAntpandUbxmRNAs while  prevalence phenomenon. This is mainly because we
miRNA-iab-8 can knockdowAntp, Ubx andabd-A still observe co-expression ¢fox genes in the
MRNAs (Sark et al, 2008;Tyler et al, 2008).This Drosophilaembryos.This indicates that posterior
intriguing observation suggests a very unique prevalence may operate at post-translational level as
phenomenon where these miRNAs might be indirectly well. This is further supported by the observation that,
helping posterioHox genes for imposing posterior  ectopic expression of anteridoxgenes in the domain
prevalence on anteriorly expresseox genes.  of posteriorHox gene using transgenic system fails
Further analyses of these miRNAs wilox genes  to counter act posterior prevalence. For example,
show that expression ahir-iab-4 overlaps with  expression ofntpandUbxin the abdominal segments
overlapping expression domains Aftp, Ubx and fails to transform abdominal segments (Gonzalez-
abd-A but it can target onhAntp andUbx mRNAs Reyeset al 1990; Mann and Hogness, 1990). This

The ~22bp miR-iab-8-5p is produced from a very

Co-factor Competition



1232 Narendra Pratap Singh

means posteriorly expresdddxgenes can still block  and ventral mandibular mesoderm (Mikial, 2001;
the activity of anteriorly expressétbxgene evenin  Pultzet al, 1988). Over-expression 8crandDfd
the case of forced expression of anteHox gene  showed that onh&cr repressepb expression in
using different promoter and only translated regions mandibular mesoderm whilBefd has no effect on
of the gene (Gonzalez-Reyes and Morata, 1990). Thighe mandibular mesoderm expressioplfAuthors
convincingly suggests that posterior Hox proteins alsofurther analysed the expressiorptifin ScrandDfd
use post-translational mechanisms to suppress activitynutants.Scr mutant embryos show reducet
of an anteriorly expressed Hox protein. expression in posterior labial segment whilé mutant
. . _ embryo show reducepb expression in anterior
_ In n vitro COII’ld'ItIOI’]S Hox protemg are known maxillary (Miller et al, 2001). In additionScrand
to bind with very similar sequence and in the PreSencenhyq double knock-out embryos show severe reduction

Ef co:‘jactqus, Slgcg as th?f_ h_omeq-domaindp:\(/l)teinsof wild type expression gbb. This clearly implies
xtradenticle (Exd), specificity is increased (Mann that Scr and Dfd activatepb expression in the

et al, 2009). These observations suggest thatepidermal cells of the labial, anterior maxillary

Comﬁ)eF't'oT for rﬁ:o-_factofrs may cause Ithe pc_)rsht.- respectivelywhile, ScrandDfd both are required to
translational mechanism of posterior prevalence. ISexpre3$)bin mandibular mesoderm. Down-regulation

was test_eﬁlé)y Noret aI_.usll_r|1g|n vwo_rep;‘rjt)edr 2ene of anteriorHox gene by posterior Hox gene follows
assay with Scan anterior Hox protein a A a the posterior prevalence rule, while, activation of

%ostgfr_lodr Hox plr Otem (Noret al, iO]l)._ﬁug:tg;s anteriorHox gene expression by postertdox gene
identified an evolutionary conserved motif in Atsd- argues against this rule.

A protein, which is required to dominate over Scr

protein. This short motif provides selective advantage In a similar observation, Forondaal. showed

to Abd-A over Scr for co-factor dependent DNA that the expression abd-Ais also regulated b&bd-
binding (Noroet al, 2011). So in the case of shared B in female genital disc dbrosophila(Forondaet
binding sites in the genome posterior Hox protein al., 2006).Theabd-Agene expresses A8 segment
would have a higher affinity than the anterior of female genital disc. Loss abd-Ashows defect
expressed Hox protein. This clearly shows molecularin development of internal female genitalia, suggesting
advantage to posterior Hox protein over the anteriorthat,A8 of genital disc develops into internabans
Hox protein to function in the overlapping expression of female genitaliaAnalysis ofAbd-Bexpression in

domains. female genital disc shows an overlapping expression
_ . of abd-AandAbd-Bin A8 segment. Loss dkbd-B
Exceptions to the Posterior Prevalence Rule  |eads to loss afibd-Aexpression and complete loss

of external and internal genitalia in females. This
convincingly suggests thabd-B protein maintains
the expression odbd-Agene and both genes are
Till now, we have discussed that expression of manyinvolved in development of female genitalia. This
Hoxgenes is found to be overlapping in various para-observation breaks the posterior prevalence rule
segments of the embryo. Does overlapping expressiorpperating among thelox genes and suggests that
have a functional consequence on development ofthey work together for developing female genitalia.
embryo? This question has been analyzed by over-

expression and knock-down @fox genes in  Independent Function of Two Hox Genesin Same
overlapping expression domains. Mikdal.analyzed  Cell

the expression of anterittox gene in the case of o ,
ectopic expression of a posterior Hox gene in The threeHox genes of BX-C determine identity of

Drosophilaembryos (Milleret al, 2001).Authors  the lastthoracic and all the abdominal segmefiis.
observed that ectopic expression of posterior Hox 8XPression det'ermmes identity of the_ '[hqu thoracm
genesScrandDfd in antennal segment of embryonic  nd firstabdominal segmeahd-Adetermines identity
epidermis leads to ectopic expression of antefior ~ Of @bdominal segment 2 to 4 aAdd-Bexpression
genepb. In wild type embryospb is known to determines identity &5 to the last segment of adult.

expressed in epidermal cells of the labial, maxillary ThiS non-overlapping function of Hox genes does not

Posterior Hox Gene Activates the Expression of
Anterior Hox gene
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match with their embryonic expression. During show any visible phenotype, indicating that expression
embryonic development, Ubx expresses in of Abd-Binthese cells is either dispensable or knock-
parasegment (PS) 5-1&yd-Aexpresses in PS 7-12 down is not good enough to produce a phenotype.

dAbd-B in PS 10-14. Thi ts that
an expresses in 'S sugges’s that, The knock-down ofabd-Ain HNCs showed

the expression dfbxandabd-Aoverlap in PS 7-12, | f epithelia ith d
while, Ubx, abd-AandAbd-Boverlap from PS 10- 0SS of epithelia il2 toAG segment, althougiibd-A
is known to determine the identity 82 to A4

12. In our recent stugdwe analyzed the role of anterior i .

Hox gene in the domain of the posteriéox genes segment; onlyThis suggested thatbd-Alis also'

during development of the adult abdominal epithelia requllred in EA’\kI)(;S OR5 ar_ldﬁ\ﬁ segm(_ents, wherel It

(Singh and Mishra, 2014dult abdominal epithelium overlaps wit -Blna simiiar expenment, We also
observed the transformationAs andA6 into anterior

develops from histoblast nest cells (HNCs) that are knocking down/tid-Bi Cs (Sinah
embedded in between larval epithelial cells (LECs) segments on knocking dow -Bin HNCs (Sing

of larvae At the start of pupal development, HNCs and M|shra, 2014). ECtOp".: expregsmnAdn‘d-Bm
proliferate and induce apoptosis in LECs to replace jpanterior segments whe_re identity is _det_ermlned _by
with pupal epithelia that ultimately develops into adult abd-Agene leads to their transfo_rmatlon n poster_lor
abdominal epithelia (Madhavan and Madhavan, 1990;segment§ (Karcht _al., 1994). Tk_us suggests that in
Madhavan and Madhavan, 1980; Nired\al, 2007). overlappm_g dqmalr_lé\bd-B dominates oveabd-A

We observed the expressionldix only in thoracic for providing identity On the other hancbd-A

segment 3 and abdominal segment 1 of pupal epitheliae)(prfaSSIon n th_e ovgrlappmg_exp_ressmn domain is
and not in posterior segments. This is in contrast torequwed for proliferation of epithelial cells. Loss of

the observed embryonic expression pattern. On thetheabd-AIeads to the loss of abdominal epithelia. In

other hand, corresponding embryonic expression ofWIId typ'e male fI|es,Ab.d-B down-regulat'es_ the
abd-Ais seen iA2 toA7 segments of pupal epithelia. expression ohibd-Agene InA7 segment to eliminate
The expression ofbd-Bin pupal epithelia clearly this seg_ment from _male abdomen (Foroedzl,
matches with embryonic expression pattern (Singh2012; Slngh gnd Mishra, 201anget al, 20]1).'
and Mishra, 2014). Similar to embryonic expression, Most surprising tp us, we obseryed that higher
the expression okbd-Bis lowest inA5 and highest expression oibd-AinA7 segment u'smgbd-BGalé'l

in A7. We also observed overlapping expression of leads to emggence ofA7 segment in the male flies

abd-AandAbd-Bin cells ofA5 toA7. The overlapping (Si_ngh_and Mis_hra, 2014). This s_,uggests f[hat, for
expression is not only in same segment but also ineplthella formatiorabd-A can function even in the
same nuclei of LECs and HNCs. presence ofbd-B So, to concludeggbd-AandAbd-

B have adapted independent functions in same cell

Using HNC and LEC specific Gal4 lines we for abdominal epithelia formation. This observation
knocked downabd-A and Abd-Bin these cells to  challenges the posterior prevalence rule operating
understand the cell type specific roleadfd-A and amongHox genes and indicates a cooperative role
Abd-B during abdominal epithelia development. during development.
Knock-down ofabd-Ain HNCs result into loss of
abdominal epithelia, while knock-down in LECs concluding Remarks
showed dorsal closure defect of abdominal epithelia
phenotype. Further analysis suggested that inThus, a close analysis for requirement of posterior
overlapping expression domain (segment 5 tatit); prevalence and exceptions to this rule altogether
Ais required in HNCs for their proliferation, while in  suggests that, the phenomenon of posterior prevalence
LECs it is required for their removal during Operates among théox genes, although, there can
development (Singh and Mishra, 2014). On the otherbe exceptions with respect to time and space of
hand, knock-down oAbd-Bin HNCs show typical ~ developmentHoxgenes are generally considered as
loss of Abd-Bphenotype, where posterior segments Selector or master genes, because their mutation may
gets transformed into anterior segment (Singh andlead to complete/partial transformation of the body
Mishra, 2014)We observed an extra segment in male Parts (Garcia-Bellido, 1975; Lewis, 1978; Pradel and
suggesting transformationA¥ into anterior segment. ~ White, 1998). This suggests, that they work at the top
Interestingly knock-down ofAbd-Bin LECs did not ~ ©of the gene hierarchy and determine identity of the
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cell. Thisis not true in all the cases and tissue-specificwhile abd-A expression is required for their
loss ofHox gene function suggests that they function proliferation. This observation clearly shows that
at various levels to work as selector as well as afunction of abd-Ain epithelia cell proliferation is
realizator gene (Akam, 1998; Pradel and White, 1998).possible even in the presenceAifd-B Although
The instances where posteridox gene activates there are two important points to mention here, one
the expression of an anteridtox gene, we thatthe higher expressionAbd-Bcan still suppress
hypothesize that, anteribloxgene might be allowed the epithelia formation function afod-A second in

to do micromanagements as realizator the presencaon-overlapping domain (A2 t4) with Abd-B abd-

of a posterioHox gene (Akam, 1998). In all these A provides identity to the segment and work as a
cases, the function of an anteridox gene is still  selector gene. From these observations, we conclude
under the control of a posteridoxgene suggesting that anterioHox geneabd-Ahas adopted realizator
their function is downstream to the posterior Hox gene.function in overlapping domains (A5 #7) with
Accordingto the posterior prevalence rule, posterior posteriorHox genes, while in non-overlapping
Hox genes repress the expression of antefiax expression domains (A2 #4) with posteriorHox
genes, but in these instances, a postétir gene gene it still works as a selector gene. It would be
activates the expression of an anteHox gene. So,  really interesting to find an exception of posterior
in the overlapping expression domains, a postelioar prevalence where an anteridox gene can determine
gene would still work as a master gene and anterioridentity of a cell in the presence of a posteHimx
Hox genes might have adopted a downstreamprotein.

realizator function to carry out diverse cellular
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