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ABSTRACT This year marks the 40th anniversary of the discovery by Ed Lewis of the property of
collinearity in the bithorax gene complex in Drosophila.This landmark work illustrated the need to
understand regulatory mechanisms that coordinate expression of homeotic gene clusters.Through
the efforts of many groups, investigation of the Hox gene family has generated many fundamental
findings on the roles and regulation of this conserved gene family in development, disease and
evolution. This has led to a number of important conceptual advances in gene regulation and evo-
lutionary biology. This article presents some of the history and advances made through studies on

Hox gene clusters.
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Perspective

The description of homeotic mutations by Bateson in 1894 has
captivated biologists and embryologists for well over a century
(Bateson, 1894, Lewis, 1994). How do alterations in these loci
lead to the transformation of body parts and tissues? Pursuing
an understanding of the molecular basis of these mutations held
promise for developing mechanistic insights into the control of
morphogenesis in evolution and development. Ninety years later,
the convergence of emerging molecular biology techniques and
genetics led to the exciting discovery of homeobox motifs in loci
of the Drosophila Antennapedia (ANT-C) and bithorax (BX-C)
homeotic complexes (McGinnis et al., 1984, Scott and Weiner,
1984). The identification and characterization of the conserved
Hox homeodomain transcription factor family stimulated a large
number of new molecular studies of development in diverse ani-
mal systems. This provided new tools and approaches that paved
the way for an explosion in our understanding of gene regulatory
networks that govern animal development and establishment of
the basic body plan.

This year marks the 40" anniversary of the landmark study by
Ed Lewis, which described the intriguing property of collinearity,
associated with the roles of the bithorax gene complex in control-
ling segmentation in Drosophila (Lewis, 1978). Through elegant
genetic analyses, this paper provided an impressive description
and first glimpse into the components, rules and intricate cis and
transinteractions that underlie the coordinate deployment of BX-C
in patterning segment diversity. An interesting aspect of Lewis’s
study is that very early on, before the genes themselves were

cloned, it focused attention on the critical importance of under-
standing gene regulatory mechanisms that control expression of
the homeotic complex. In the decades since these initial discover-
ies of Hox genes, Hox complexes and collinearity it is remarkable
that this gene family has not only yielded important insights on its
roles in development, disease and evolution, but it has had a much
broader impact and value in revealing and promoting a number of
conceptual advances in variety of subject areas.

The cloning of vertebrate Hox genes from humans, mice and
amphibians revealed a surprising degree of conservation in
genes, cluster organization and collinearity between vertebrate
and invertebrate systems (Boncinelli et al., 1989, Boncinelli et al.,
1988, Dekker et al., 1992, DeRobertis et al., 1985, Duboule and
Dollé, 1989, Gaunt et al., 1988, Graham et al., 1989, Regulski et
al., 1987). This formed the basis for postulating that vertebrate and
invertebrate Hoxclusters arose by duplication and divergence from
a common ancestor and they were associated with an ancient role
coupled to axial patterning. However, in Drosophila, ANT-C and
BX-C are separated from each other. Genetic analyses and clon-
ing of homeaotic loci in the red flour beetle (tribolium) revealed a
single HOM-C cluster (Stuart et al., 1991), as opposed to the split
between ANT-Cand BX-Cin Drosophila. This suggested that a tight
clustering of Hox genes may be more reflective of the ancestral
state. The cloning of single Hoxclusters, with many features shared
by vertebrate clusters, in cephalochordates (amphioxus) (Garcia-
Fernandez and Holland, 1994) and hemichordates (Freeman et al.,
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2012) added further support for the concept of a common origin of
Hox complexes during the evolution of chordates.

In light of the ancient origin of Hox clusters, there has been an
explosion of evolutionary studies into hypotheses regarding critical
evolutionary events or pathways, such as the fin to limb transition
or positioning the limb in vertebrates (Nakamura et al., 2016,
Shubin et al., 2009)(Shubin et al., 1997). Furthermore, the number
and organization of Hox clusters have been used as a basis for
comparative evaluations of animal phylogeny and whole genome
duplications. It is generally accepted that evidence from genome
sequencing appears to support two rounds of whole genome du-
plication in evolution of vertebrates (2R) and in ray-finned fishes
an additional fish-specific genome duplication event (3R) occurred
(Meyer and Malaga-Trillo, 1999, Meyer and Van de Peer, 2005).
This lead as many as eight copies of the ancestral deuterostome
genome, creating a rich source of genes that could sub-divide
functional roles or adopt new activities. However, there is also
evidence in the sea lamprey, based on whole genome sequencing,
meiotic mapping and analysis of Hox clusters that supports the
idea of one round of whole genome duplication followed by inde-
pendent segmental duplications in vertebrate evolution (Smith and
Keinath, 2015, Smith et al., 2018). If similar segmental duplications
occurred frequently in chordate evolution, it will be challenging to
precisely define parology relationships between Hox clusters and
many other gene families (Siegel et al., 2007, Smith et al., 2018).
Advances in genome sequencing, assembly and lower costs will
hopefully bring more examples to bear to better understand the
relative degrees to which genome-wide duplications followed by
gene loss versus extensive and/or phased segmental duplications
played key roles in the emergence of vertebrate traits.

Forty years on, collinearity remains as intriguing today as it did
when Ed Lewis first described this unique feature of coordinate
regulation. Spatial collinearity refersto the tight correlation between
gene order in Hoxchromosomal clusters and their nested domains
of expression along the anteroposterior (AP) axis of animal embryos
(Duboule and Dollé, 1989, Graham et al., 1989, Lewis, 1978). This
regulatory feature established a combinatorial code for specifying
regional diversity of segments and axial structures. Analyses in
vertebrate embryos and cell lines rapidly expanded the need to
incorporate other features into collinearity, such as timing and re-
sponse to signaling pathways. Members of the Hox clusters were
foundtodisplay atemporal collinearity, whereby their order along the
chromosome also correlated with the relative timing of expression
in development (Izpisua-Belmonte et al., 1991). Retinoic acid (RA)
is a potent morphogen that impacts patterning of diverse tissues,
many of which overlap with sites of Hox expression. Treatment of
human and mouse cell lines with RA was shown to sequentially
activate Hox genes in a temporal and dose dependent manner
that aligned with their clustered organization (Papalopulu et al.,
1991, Simeone et al.,, 1990, Simeone et al., 1991). Comparing
these different types of collinearity, it emerged that genes at one
end of a Hox cluster were generally expressed in a more anterior
regions, activated earlier and were more responsive to RA and the
expression of each successive gene in the cluster was progres-
sively more posterior, later and less responsive to RA. Conversely,
posteriorly expressed genes were more responsive to FGF signaling
compared with anteriorly expressed genes (Bel-Vialar et al., 2000,
Isaacs et al., 1998, Pownall et al., 1998).

It was not clear whether these different aspects of collinearity

represented distinct properties associated with separate regulatory
mechanisms or they were a consequence of a shared process that
coupled them to axial patterning. More recent analyses on mecha-
nisms controlling the growth and patterning in vertebrates suggests
that these different properties of collinearity are intimately linked to
how nested domains of Hox expression become established and
integrated during axial elongation (Deschamps and Duboule, 2017).
Opposing signaling gradients in anterior (RA) and posterior (FGF
and Wnt) regions are important for setting up cues that regulate the
balance between growth, differentiation and patterning (Bel-Vialar
etal., 2002, Deschamps and van Nes, 2005, Diez del Corral et al.,
2003, Diez del Corral and Storey, 2004, van de Ven et al., 2011,
Young et al., 2009). These axially separated and antagonistic and
morphogenetic signals are directly interpreted by cis-regulatory
regions embedded within and around the Hox clusters (Ahn et al.,
2014, Neijts et al., 2016, Neijts and Deschamps, 2017, Parker et
al., 2016, Parker and Krumlauf, 2017) and indirectly regulated by
extensive feedback circuits between components of Wnt, FGF and
RA signaling cascades and Cdx and Hox genes (Deschamps and
Duboule, 2017). Members of the Hox13 parology group appear
to represent a break that disrupts this system and leads to termi-
nation of axial growth (Denans et al., 2015, Young et al., 2009).
Elegant analysis of the timing of Hox activation during gastrulation
revealed that there was temporal collinearity for members of the
Hoxb cluster as mesoderm cells progressively ingress along the
AP axis (limuraand Pourquie, 2006). Hence, what at first appeared
to be disparate features of Hox collinearity have been united by a
deeper understanding of the molecular and cellular mechanisms
associated with precise coordination of timing, signaling cascades
and spatial patterning in vertebrate embryogenesis.

This system may reflect an ancient aspect of the gene regulatory
network for how nested domains of Hoxexpression became coupled
to axial patterning in deuterostomes. Studies in the hemichordate,
Saccoglossus kowalevskii, revealed thatthere is a striking similarity
in the deployment of components of signaling pathways and tran-
scription factors, including Hox genes, that mirrors their alignment
along the AP axis of the prototypical chordate body plan (Lowe et
al., 2015, Lowe et al., 2003, Pani et al., 2012). This implies that
these signaling centers and transcription factor networks may be
established and maintained through a conserved regulatory logic
andfeedback circuits, thatinclude the ability to generate collinearity
and nested domains of Hox expression, and they are not dedicated
to specifying distinct morphological structures. Hox-dependent pat-
terning may therefore become independently coupled to tissues
and structures in different animal systems through co-option of
this ancient framework (Parker et al., 2014, Parker et al., 2016,
Parker and Krumlauf, 2017). This is consistent with the view that
functional links between vertebrate and invertebrate Hox genes
and segmentation evolved independently (Tautz, 2004).

Recent analysis of Hox organization and function in a Cnidar-
ian, brings a new perspective to this idea. Nematostella vectensis
contain a cluster of three Hox genes, which display spatial and
temporal collinearity in the radial axis of the larval endoderm (He
et al., 2018). Gene editing ablation experiments demonstrate that
these Hoxgenes have roles in segmentation and segmentidentity of
the endoderm and display a form of posterior prevalence. This work
argues that there may be a very ancient link between segmental
processes and Hox organization, function and collinearity and led
to speculation that it is possible the epithelial compartmentation



in endodermal pouches of Cnidaria may be related to processes
associated with axial elongation and mesodermal somites in ver-
tebrates (Arendt, 2018).

With respect to function, duplication and divergence, collinear-
ity and nested domains of Hox expression presented a series of
challenging paradigms to investigate. The idea that combinations
of Hox proteins provide a code for specifying regional identities
has been validated by genetic gain and loss of function experi-
ments in a wide range of organisms. Yet this raises the question of
whether each protein in the combinatorial code has a unique role/
contribution or are they interchangeable? The ability to generate
targeted mutations and knock in gene variants into the mouse
germline provided a powerful opportunity to explore these kinds
of questions. This led to a flood of sophisticated genetic analyses
of genes in the Hox clusters and provided numerous examples of
redundancy in a variety of tissue contexts among Hox genes within
a paralog group and between different paralog groups (Condie
and Capecchi, 1994, Greer et al., 2000, Kmita et al., 2005, Mallo
et al., 2010, Manley and Capecchi, 1998, Manley and Capecchi,
1997, Sheth et al., 2016, Tvrdik and Capecchi, 2006, Wellik and
Capecchi, 2003, Wellik et al., 2002, Wu et al., 2008). Swaps and
replacements between homeodomains also raised questions about
the degree of specificity of Hox proteins and in some cases showed
remarkable plasticity in the ability for Hox proteins to functionally
compensate for each other (Greer et al., 2000, Tvrdik and Capec-
chi, 2006, Zakany et al., 1996, Zhao and Potter, 2001, Zhao and
Potter, 2002). This implies that in many contexts it may not be the
gene/protein itself that it is important but how it is regulated and
the total dose of Hox proteins. The principles uncovered from these
findings have been generally applicable to many genes and have
helped to uncover cases for redundancy, sub-functionalization and
acquisition of novel activities of duplicated genes.

An interesting consequence of collinearity is thatin many cases

functional roles for Hox genes have focused not
on individual genes but the global function of the
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et al., 2014, Tschopp and Duboule, 2011). Again the principles
that emerged from this analysis and that of the p-globin gene
cluster have been incredibly informative and set the stage for cur-
rent mainstream efforts in trying to understand how enhancers,
promoters, and chromosome topology govern work in a dynamic
manner to regulate cell and developmental processes (Furlong
and Levine, 2018).

The links and contributions made to understanding other as-
pects of gene regulation that have emerged from investigations
of Hox gene regulation are too numerous to mention and review
here. However, it is clear that if there is a means of regulating or
fine-tuning gene and protein expression (microRNAs, IncRNAs,
translational control, specialized ribosomes, promoter competition,
bidirectional promoters, mRNA stability, etc.) the Hox clusters are
likely toincorporate this feature in some contextto modulate. During
embryogenesis the precisely orchestrated control of developmental
processes depends upon getting the appropriate combinations of
Hox genes expressed at the right levels, times and spatial distribu-
tions. Perhaps this is a part of what makes Hox genes special and
gives them epistemic value?

Inclosing, lwould like to end on a personal note. Ed Lewis would
be excited to see the progress made over the forty years since the
publication of his landmark paper. Itis worth noting that he also had
a hand in directly shaping the studies of many others in this area.
In 1988, ten years after his study on BX-C, Denis Duboule and |
spoke publicly about our discovery of collinearity in the vertebrate
Hox complexes. Ed heard about this and shared his excitement
about the findings. A few months later at a homeobox workshop
organized by Walter Gehring and sponsored by EMBO, Ed shared
a wealth of ideas from his perspective and many provided many
ideas to consider. Fig. 1 is a picture of Ed and | in deep discussion
about collinearity and Hox expression at this homeobox workshop
thirty years ago. It meant a great deal to me to have such a leading

clusters. For example, in heart, limb, hematopoi-
etic and allantois development entire clusters or
combinations of clusters need to be deleted or

have their expression altered to reveal functional
requirements in patterning (Kmita et al., 2005,
Lebert-Ghali etal., 2010, Lebert-Ghali et al., 2016,
Qian et al., 2018, Scotti and Kmita, 2012, Sosh-
nikova etal.,2013, Vieux-Rochas et al.,2013). This
implies that a critical factor in Hox functionality is
not the individual genes themselves but how they
are globally regulated in a coordinate manner.
The interestin global Hoxgene regulation takes
us back to the early focus Ed Lewis placed on the
importance of understanding coordinate regulation
of BX-Cand the extensive efforts made over many
decadesto dissectthe molecular mechanismsthat
underlie collinearity (Deschamps and Duboule,
2017, Kmita and Duboule, 2003, Tschopp and
Duboule, 2011, Tschopp et al., 2009). The elegant
chromosome engineering experiments by Denis
Duboule and his colleagues illustrated the im-
portance of enhancer-sharing, global enhancers,
regulatory landscapes and topological domains in
controlling the expression of Hox clusters (Lonfat

Fig. 1. Ed Lewis and Robb Krumlauf discussing Hox collinearity over a poster at a 1988
homeobox workshop.
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scholar express interest in my work at an early stage in my career.
This stimulated a long series of fruitful interactions that continued
until he passed. | wish he were here today to help us unravel some
of the amazing complexity associated with collinearity.

Acknowledgements
| want to thank Denis Duboule for discussions about this piece and for
being such a friend and colleague over many years.

References

AHN, Y, MULLAN, HE and KRUMLAUF, R. (2014). Long-range regulation by shared
retinoic acid response elements modulates dynamic expression of posterior Hoxb
genes in CNS development. Dev. Biol. 388: 134-144.

ARENDT, D. (2018). Hox genes and body segmentation. Science 361: 1310-1311.

BATESON, W. (1894). Materials for the study of variation. MacMillan & Co.

BEL-VIALAR, S, CORE, N, TERRANOVA, R, GOUDOT, V, BONED, A and DJABALI,
M. (2000). Altered retinoic acid sensitivity and temporal expression of Hox genes
in polycomb-M33-deficient mice. Dev. Biol. 224: 238-249.

BEL-VIALAR, S, ITASAKI, N and KRUMLAUF, R. (2002). Initiating Hox gene expres-
sion: in the early chick neural tube differential sensitivity to FGF and RA signaling
subdivides the HoxB genes in two distinct groups. Development129:5103-5115.

BONCINELLI, E, ACAMPORA, D, PANNESE, M, D’ESPOSITO, M, SOMMA, R,
GAUDINO, G, STORNAIUOLO, A, CAFIERO, M, FAIELLA, A and SIMEONE, A.
(1989). Organization of human class | homeobox genes. Genome 31: 745-756.

BONCINELLI, E, SOMMA, R, ACAMPORA, D, PANNESE, M, D’ESPOSITO, M,
FAIELLA, A and SIMEONE, A. (1988). Organization of human homeobox genes.
Human Reprod. 3: 880-886.

CONDIE, BG and CAPECCHI, MR. (1994). Mice with targeted disruptions in the
paralogous genes Hoxa-3 and Hoxd-3 reveal synergistic interactions. Nature
370: 304-307.

DEKKER, EJ, PANNESE, M, HOUTZAGER, E, BONCINELLI, E and DURSTON, A.
(1992). Colinearity in the Xenopus laevis Hox-2 complex. Mech. Dev. 40(1): 3-12.

DENANS, N, IIMURA, T and POURQUIE, O. (2015). Hox genes control vertebrate
body elongation by collinear Wnt repression. Elife 4.

DEROBERTIS, EM, FRITZ, A, GOETZ, J, MARTIN, G, MATTAJ, IW, SALO, E,
SMITH, GD, WRIGHT, C and ZELLER, R. (1985). The Xenopus homeo boxes.
CSH Symp.Quan. Biol. 50: 271-275.

DESCHAMPS, J and DUBOULE, D. (2017). Embryonic timing, axial stem cells,
chromatin dynamics, and the Hox clock. Genes Dev. 31: 1406-1416.

DESCHAMPS, J and VAN NES, J. (2005). Developmental regulation of the Hox
genes during axial morphogenesis in the mouse. Development 132: 2931-2942.

DIEZ DEL CORRAL, R, OLIVERA-MARTINEZ, |, GORIELY, A, GALE, E, MADEN,
M and STOREY, K. (2003). Opposing FGF and retinoid pathways control ventral
neural pattern, neuronal differentiation, and segmentation during body axis exten-
sion. Neuron 40: 65-79.

DIEZ DEL CORRAL, R and STOREY, KG. (2004). Opposing FGF and retinoid path-
ways: a signalling switch that controls differentiation and patterning onset in the
extending vertebrate body axis. BioEssays 26: 857-869.

DUBOULE, D and DOLLE, P. (1989). The structural and functional organization
of the murine HOX gene family resembles that of Drosophila homeotic genes.
EMBO J. 8:1497-1505.

FREEMAN, R, IKUTA, T, WU, M, KOYANAGI, R, KAWASHIMA, T, TAGAWA, K,
HUMPHREYS, T, FANG, GC, FUJIYAMA, A, SAIGA, H et al., (2012). Identical
genomic organization of two hemichordate hox clusters. Curr. Biol. 22: 2053-2058.

FURLONG, EEM and LEVINE, M. (2018). Developmental enhancers and chromo-
some topology. Science 361: 1341-1345.

GARCIA-FERNANDEZ, J and HOLLAND, PWH. (1994). Archetypal organisation of
the amphioxus Hox gene cluster. Nature 370: 563-566.

GAUNT, SJ, SHARPE, PT and DUBOULE, D. (1988). Spatially restricted domains of
homeo-gene transcripts in mouse embryos: relation to a segmented body plan.
Development 104 (Suppl.): 169-181.

GRAHAM, A, PAPALOPULU, N and KRUMLAUF, R. (1989). The murine and Dro-
sophila homeobox gene complexes have common features of organization and

expression. Cell 57: 367-378.

GREER, JM, PUETZ, J, THOMAS, KR and CAPECCHI, MR. (2000). Maintenance of
functional equivalence during paralogous Hox gene evolution. Nature 403:661-665.

HE, S, DELVISO, F,CHEN, CY, IKMI, A, KROESEN, AE and GIBSON, MC. (2018). An
axial Hox code controls tissue segmentation and body patterning in Nematostella
vectensis. Science 361: 1377-1380.

IIMURA, T and POURQUIE, O. (2006). Collinear activation of Hoxb genes during
gastrulation is linked to mesoderm cell ingression. Nature 442: 568-571.

ISAACS, H, POWNALL, M and SLACK, J. (1998). Regulation of Hox gene expres-
sion and posterior development by the Xenopus caudal homolog Xcad3. EMBO
J. 17: 3413-3427.

IZPISUA-BELMONTE, JC, FALKENSTEIN, H, DOLLE, P, RENUCCI,Aand DUBOULE,
D. (1991). Murine genes related to the Drosophila AbdB homeotic genes are
sequentially expressed during development of the posterior part of the body.
EMBO J. 10: 2279-2289.

KMITA, M and DUBOULE, D. (2003). Organizing axes in time and space; 25 years
of colinear tinkering. Science 301: 331-333.

KMITA, M, TARCHINI, B, ZAKANY, J, LOGAN, M, TABIN, CJ and DUBOULE, D.
(2005). Early developmental arrest of mammalian limbs lacking HoxA/HoxD gene
function. Nature 435: 1113-1116.

LEBERT-GHALI, CE, FOURNIER, M, DICKSON, GJ, THOMPSON, A, SAUVAGEAU,
GandBIJL, JJ. (2010). HoxAcluster is haploinsufficient for activity of hematopoietic
stem and progenitor cells. Exp. Hematol. 38: 1074-1086 e1071-1075.

LEBERT-GHALI, CE, FOURNIER, M, KETTYLE, L, THOMPSON, A, SAUVAGEAU,
G and BIJL, JJ. (2016). Hoxa cluster genes determine the proliferative activity of
adult mouse hematopoietic stem and progenitor cells. Blood 127: 87-90.

LEWIS, EB. (1978). A gene complex controlling segmentation in Drosophila. Nature
276: 565-570.

LEWIS, EB. (1994). Homeosis: the first 100 years. Trends Genetics 10: 341-343.

LONFAT, N, MONTAVON, T, DARBELLAY, F, GITTO, S and DUBOULE, D. (2014).
Convergent evolution of complex regulatory landscapes and pleiotropy at Hox
loci. Science 346: 1004-1006.

LOWE, CJ, CLARKE, DN, MEDEIROS, DM, ROKHSAR, DS and GERHART, J. (2015).
The deuterostome context of chordate origins. Nature 520: 456-465.

LOWE, CJ, WU, M, SALIC,A, EVANS, L, LANDER, E, STANGE-THOMANN, N, GRU-
BER, CE, GERHART, J and KIRSCHNER, M. (2003). Anteroposterior patterningin
hemichordates and the origins of the chordate nervous system. Cell113: 853-865.

MALLO, M, WELLIK, DM and DESCHAMPS, J. (2010). Hox genes and regional
patterning of the vertebrate body plan. Dev. Biol. 344: 7-15.

MANLEY, Nand CAPECCHI, M. (1998). Hox group 3 paralogs regulate the development
and migration of the thymus, thyroid and parathyroid glands. Dev. Biol. 195: 1-15.

MANLEY, NR and CAPECCHI, MR. (1997). Hox group 3 paralogous genes act
synergistically in the formation of somitic and neural crest-derived structures.
Dev. Biol. 192: 274-288.

MCGINNIS, W, GARBER, RL, WIRZ, J, KUROIWA, A and GEHRING, W. (1984).
A homologous protein-coding sequence in Drosophila homeotic genes and its
conservation in other metazoans. Cell 37: 403-408.

MEYER, A and MALAGA-TRILLO, E. (1999). Vertebrate genomics: More fishy tales
about Hox genes. Curr. Biol. 9: R210-213.

MEYER, Aand VAN DE PEER, Y. (2005). From 2R to 3R: evidence for a fish-specific
genome duplication (FSGD). BioEssays 27: 937-945.

NAKAMURA, T, GEHRKE, AR, LEMBERG, J, SZYMASZEK, Jand SHUBIN, NH. (2016).
Digits and fin rays share common developmental histories. Nature 537: 225-228.

NEITS, R,AMIN, S, VAN ROOIJEN, C, TAN, S, CREYGHTON, MP, DE LAAT, W and
DESCHAMPS, J. (2016). Polarized regulatory landscape and Wnt responsiveness
underlie Hox activation in embryos. Genes Dev. 30: 1937-1942.

NEIWJTS, R and DESCHAMPS, J. (2017). At the base of colinear Hox gene expres-
sion: cis-features and trans-factors orchestrating the initial phase of Hox cluster
activation. Dev. Biol. 428: 293-299.

PANI, AM, MULLARKEY, EE, ARONOWICZ, J,ASSIMACOPOULOS, S, GROVE, EA
and LOWE, CJ. (2012). Ancient deuterostome origins of vertebrate brain signalling
centres. Nature 483: 289-294.

PAPALOPULU, N, LOVELL-BADGE, R and KRUMLAUF, R. (1991). The expression
of murine Hox-2 genes is dependent on the differentiation pathway and displays



a collinear sensitivity to retinoic acid in F9 cells and Xenopus embryos. Nucleic
Acids Res. 19: 5497-5506.

PARKER, HJ, BRONNER, ME and KRUMLAUF, R. (2014). A Hox regulatory network
of hindbrain segmentation is conserved to the base of vertebrates. Nature 514:
490-493.

PARKER, HJ, BRONNER, ME and KRUMLAUF, R. (2016). The vertebrate Hox gene
regulatory network for hindbrain segmentation: Evolution and diversification: Cou-
pling of a Hox gene regulatory network to hindbrain segmentation is an ancient
trait originating at the base of vertebrates. BioEssays 38: 526-538.

PARKER, HJ and KRUMLAUF, R. (2017). Segmental arithmetic: summing up the
Hox gene regulatory network for hindbrain development in chordates. WIREs
Dev Biol 6: €286.

POWNALL, ME, ISAACS, HV and SLACK, JM. (1998). Two phases of Hox gene
regulation during early Xenopus development. Curr. Biol. 8: 673-676.

QIAN, P, DE KUMAR, B, HE, XC, NOLTE, C, GOGOL, M, AHN, Y, CHEN, S, LI, Z,
XU, H, PERRY, JM et al., (2018). Retinoid-Sensitive Epigenetic Regulation of the
Hoxb Cluster Maintains Normal Hematopoiesis and Inhibits Leukemogenesis.
Cell Stem Cell 22: 740-754 e747.

REGULSKI, M, MCGINNIS, N, CHADWICK, R and MCGINNIS, W. (1987). De-
velopmental and molecular analysis of Deformed: A homeotic gene controlling
Drosophila head development. EMBO J. 6: 767-777.

SCOTT, MP and WEINER, AJ. (1984). Structural relationships among genes that
control development: sequence homology between the Antennapedia, Ultrabithorax
and fushi tarazu loci of Drosophila. Proc. Natl. Acad. Sci. USA 81: 4115-4119.

SCOTTI, M and KMITA, M. (2012). Recruitment of 5° Hoxa genes in the allantois is
essential for proper extra-embryonic function in placental mammals. Develop-
ment 139: 731-739.

SHETH, R, BAROZZI, |, LANGLAIS, D, OSTERWALDER, M, NEMEC, S, CARLSON,
HL, STADLER, HS, VISEL, A, DROUIN, J and KMITA, M. (2016). Distal Limb
Patterning Requires Modulation of cis-Regulatory Activities by HOX13. Cell Rep
17:2913-2926.

SHUBIN, N, TABIN, C and CARROLL, S. (1997). Fossils, genes and the evolution
of animal limbs. Nature 388: 639-648.

SHUBIN, N, TABIN, C and CARROLL, S. (2009). Deep homology and the origins of
evolutionary novelty. Nature 457: 818-823.

SIEGEL, N, HOEGG, S, SALZBURGER, W, BRAASCH, | and MEYER, A. (2007).
Comparative genomics of ParaHox clusters of teleost fishes: gene cluster
breakup and the retention of gene sets following whole genome duplications.
BMC Genomics 8: 312.

SIMEONE, A, ACAMPORA, D, ARCIONI, L, ANDREWS, PW, BONCINELLI, E and
MAVILIO, F. (1990). Sequential activation of HOX2 homeobox genes by retinoic
acid in human embryonal carcinoma cells. Nature 346: 763-766.

SIMEONE, A, ACAMPORA, D, NIGRO, V, FAIELLA, A, D’ESPOSITO, M, STOR-
NAIUOLO, A, MAVILIO, F and BONCINELLI, E. (1991). Differential regulation by
retinoic acid of the homeobox genes of the four HOX loci in human embryonal
carcinoma cells. Mech. Dev. 33: 215-227.

Hox genes, clusters and collinearity 663

SMITH, JJ and KEINATH, MC. (2015). The sea lamprey meiotic map improves resolu-
tion of ancient vertebrate genome duplications. Genome Res. 25: 1081-1090.

SMITH, JJ, TIMOSHEVSKAYA, N, YE, C, HOLT, C, KEINATH, MC, PARKER, HJ,
COOK, ME, HESS, JE, NARUM, SR, LAMANNA, F etal., (2018). The sealamprey
germline genome provides insights into programmed genome rearrangement and
vertebrate evolution. Nature Genet. 50: 270-277.

SOSHNIKOVA, N, DEWAELE, R, JANVIER, P, KRUMLAUF, R and DUBOULE, D.
(2013). Duplications of hox gene clusters and the emergence of vertebrates.
Dev. Biol. 378: 194-199.

STUART, JJ, BROWN, SJ, BEEMAN, RW and DENELL, RE. (1991). A deficiency of
the homeotic complex of the beetle Tribolium. Nature 350: 72-74.

TAUTZ, D. (2004). Segmentation. Dev. Cell 7: 301-312.

TSCHOPP, P and DUBOULE, D. (2011). A genetic approach to the transcriptional
regulation of Hox gene clusters. Ann. Rev. Genet. 45: 145-166.

TSCHOPP, P, TARCHINI, B, SPITZ, F, ZAKANY, J and DUBOULE, D. (2009). Un-
coupling time and space in the collinear regulation of Hox genes. PLoS Genetics
5:e1000398.

TVRDIK, P and CAPECCHI, MR. (2006). Reversal of hox1 gene subfunctionalization
in the mouse. Dev. Cell 11: 239-250.

VAN DE VEN, C, BIALECKA, M, NEIJTS, R, YOUNG, T, ROWLAND, JE, STRINGER,
EJ, VAN ROOIJEN, C, MEIJLINK, F, NOVOA, A, FREUND, JN et al., (2011).
Concerted involvement of Cdx/Hox genes and Wnt signaling in morphogenesis
of the caudal neural tube and cloacal derivatives from the posterior growth zone.
Development 138: 3451-3462.

VIEUX-ROCHAS, M, MASCREZ, B, KRUMLAUF, R and DUBOULE, D. (2013).
Combined function of HoxA and HoxB clusters in neural crest cells. Dev. Biol.
382: 293-301.

WELLIK, DM and CAPECCHI, MR. (2003). Hox10 and Hox11 genes are required to
globally pattern the mammalian skeleton. Science 301: 363-367.

WELLIK, DM, HAWKES, PJ and CAPECCHI, MR. (2002). Hox11 paralogous genes
are essential for metanephric kidney induction. Genes Dev. 16: 1423-1432.
WU, Y, WANG, G, SCOTT, SA and CAPECCHI, MR. (2008). Hoxc10 and Hoxd10
regulate mouse columnar, divisional and motor pool identity of lumbar motoneu-

rons. Development 135: 171-182.

YOUNG, T, ROWLAND, JE, VAN DE VEN, C, BIALECKA, M, NOVOA, A, CARA-
PUCO, M, VAN NES, J, DE GRAAFF, W, DULUC, |, FREUND, JN et al., (2009).
Cdx and Hox genes differentially regulate posterior axial growth in mammalian
embryos. Dev. Cell 17: 516-526.

ZAKANY, J, GERARD, M, FAVIER, B, POTTER, SS and DUBOULE, D. (1996). Func-
tional equivalence and rescue among group 11 Hox gene products in vertebral
patterning. Dev. Biol. 176: 325-328.

ZHAO, Y and POTTER, SS. (2001). Functional specificity of the Hoxa13 homeobox.
Development 128: 3197-3207.

ZHAO, Y and POTTER, SS. (2002). Functional comparison of the Hoxa 4, Hoxa 10,
and Hoxa 11 homeoboxes. Dev. Biol. 244: 21-36.



Further Related Reading, published previously in the Int. J. Dev. Biol.

The significance of Hox gene collinearity
Stephen J. Gaunt

Int. J. Dev. Biol. (2015) 59: 159-170
https://doi.org/10.1387/ijdb.150223sg

Snakes: hatching of a model system for Evo-Devo?
Isabel Guerreiro and Denis Duboule

Int. J. Dev. Biol. (2014) 58: 727-732
https://doi.org/10.1387/ijdb.150026dd

Hox collinearity - a new perspective

Antony J. Durston, Hans J. Jansen, Paul In der Rieden and Michiel H.W. Hooiveld
Int. J. Dev. Biol. (2011) 55: 899-908

https://doi.org/10.1387/ijdb.113358ad

Michael Akam and the rise of evolutionary developmental biology
David L. Stern and Rachel E. Dawes-Hoang

Int. J. Dev. Biol. (2010) 54: 561-565
https://doi.org/10.1387/ijdb.092908ds

The Hox Complex - an interview with Denis Duboule
Michael K. Richardson

Int. J. Dev. Biol. (2009) 53: 717-723
https://doi.org/10.1387/ijdb.072558mr

Volume 42 N Special issue

The road to the vertebral formula

Moisés Mallo, Tania Vinagre and Marta Carapuco
Int. J. Dev. Biol. (2009) 53: 1469-1481
https://doi.org/10.1387/ijdb.072276mm

Function and specificity of Hox genes

David Foronda, Luis F. de Navas, Daniel L. Garaulet and Ernesto Sanchez-Herrero
Int. J. Dev. Biol. (2009) 53: 1409-1419

https://doi.org/10.1387/ijdb.072462df

Peter Holland, homeobox genes and the developmental basis of animal diversity
Sebastian M. Shimeld

Int. J. Dev. Biol. (2008) 52: 3-7

https://doi.org/10.1387/ijdb.072394ss

5 yr ISl Impact Factor (2016) = 2.421

THE INTERNATIONAL JOURNAL OF

BIOLOGY

Volume 58 'I;Io& 10/11/12 Special Issue

Voltini€ 48 N& £/3 ),

1



http://www.intjdevbiol.com/web/issues/contents/vol/58/issue/2-3-4
http://www.intjdevbiol.com/web/issues/contents/vol/59/issue/1-2-3
http://www.intjdevbiol.com/web/issues/contents/vol/59/issue/7-8-9
http://www.intjdevbiol.com/web/issues/contents/vol/60/issue/10-11-12

