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Prospects & Overviews

Control of DNA replication:
A new facet of Hox proteins?

Benoit Miotto1)� and Yacine Graba2)**

Hox proteins are well-known as developmental transcrip-

tion factors controlling cell and tissue identity, but recent

findings suggest that they are also part of the cell repli-

cation machinery. Hox-mediated control of transcription

and replication may ensure coordinated control of cell

growth and differentiation, two processes that need to

be tightly and precisely coordinated to allow proper

organ formation and patterning. In this review we sum-

marize the available data linking Hox proteins to the rep-

lication machinery and discuss the developmental and

pathological implications of this new facet of Hox protein

function.

Keywords:.DNA replication; Geminin; homeodomain; Hox;

transcription

Introduction

Hox genes encode a family of proteins that determine the
identity of cells and tissues during development along the
antero-posterior axis [1–4]. These molecules also have
major impacts in evolutionary processes [5–7], and are
associated to a large number of pathological situations
[8, 9]. Hox proteins are sequence specific DNA binding
proteins sharing a homeodomain (HD), a 60 amino-acid
helix-turn-helix motif contacting DNA [10–12]. Their func-
tion as transcription factors is solidly established and exten-
sively documented [13–15]. Thus, developmental,
evolutionary, and pathological functions of Hox proteins
are largely believed to rely on their impact on transcrip-
tional regulation.

Although less well documented, HD-containing proteins
(homeoproteins) have also been assigned additional molecu-
lar functions. Firstly, homeoproteins are known to act as
translational regulators. In the Drosophila embryo, anteriorly
localized Bicoid (Bcd) binds through its HD to caudal mRNA,
then recruits an elF4E-related cap binding protein and inhib-
its translation of caudal. This transforms a uniform distri-
bution of caudal mRNA into a posterior gradient of Caudal
protein essential for early embryonic patterning [16, 17].
Secondly, homeoproteins have been observed to have the
capacity to cross the plasma membrane [18]. This unantici-
pated function was first established for the Drosophila Hox
protein Antennapedia (Antp) and vertebrate HoxA5 HDs.
Both have been shown to be taken up from the medium
by cultured neurons, fibroblasts, and myoblasts [19, 20].
The cellular uptake of the HD relies on the third HD helix,
and occurs through an unconventional, energy-free, vesicle,
and receptor independent internalization process [21]. The
physiological importance of this mechanism was recently
established for two homeoproteins, Otx2 (in the control of
postnatal neuronal plasticity in the visual cortex) [22] and
Engrailed (involved in the guidance of retinal axons) [23, 24].
Thirdly, a Hox protein has been found to interact with mem-
bers of the DNA-dependent protein kinase holoenzyme
responsible for DNA double-strand repair. HoxB7 was shown
in cell culture experiments to enhance non-homologous end
joining and DNA repair [25].

DOI 10.1002/bies.201000048

1) UMR7216 ‘‘Epigénétique et Destin Cellulaire’’, CNRS, Université Paris 7,
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2) Institut de Biologie du Développement Marseille Luminy, IBDML, CNRS,
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Involvement of Hox proteins in the process of DNA replication
has also emerged. Here we provide a synthesis and critical
overview of data accumulated mainly over the last 5 years that
support a function of Hox proteins as part of the replication
machinery, and discuss developmental and pathological
implications.

Interplay between transcriptional and
replication control

DNA replication and gene transcription networks are inter-
related. It is commonly accepted that replication of the
genome is asynchronous. Open chromatin domains, often
actively expressed portions of the genome, replicate earlier
than heterochromatic and silent regions [26]. At the molecular
level, both networks share common genomic targets, origins
of replication often being present in promoter regions or tran-
scriptional regulatory elements such as enhancers [27, 28].
Three factors essential for replication origin activity and the
initiation of DNA synthesis are also involved in transcription
regulation. The six-subunit origin recognition complex (ORC)
has been shown to function as a negative regulator of tran-
scription in yeast and mammals [29, 30]. The minichromosome
maintenance (MCM) complex, which is also the presumed
helicase of the replication fork, co-purifies with the RNA
polymerase II complex in nuclear and biochemical fractiona-
tions [31]. The DNA replication inhibitor Geminin has tran-
scription dependent functions during cell differentiation
[32, 33]. On the other hand, several transcription factors,
and transcription itself, interfere with replication machinery
assembly and origin activity. Transcription factors at origins
have been shown to stimulate or inhibit replication initiation
by either interacting with replication proteins or recruiting
chromatin remodeling complexes to alter DNA accessibility
[34, 35].

The interplay between transcription and replication also
applies to Hox proteins, which is best illustrated by the
multiple levels of Geminin/Hox interaction. On one hand,
Geminin controls Hox gene expression. Geminin was
shown to associate with chromatin remodeling Polycomb
factors [32, 36], and binds regulatory elements in the
HoxD11 genes that are associated with Polycomb complexes
and essential for Polycomb-mediated epigenetic silencing [32].
Confirming that Geminin behaves as a Polycomb factor, its
overexpression by electroporation in the neural tube of chick
embryo represses Hox gene expression and shifts its anterior
expression boundary posteriorly [32, 37]. Geminin-mediated
inhibition of Hox function can also be more direct, acting at
the level of Hox protein activity. Binding of Geminin onto the
HD of a Hox protein inhibits its DNA binding activity and
transcriptional activity [32, 38]. Since the replication initiation
factor Cdt1 cannot displace the Geminin-Hox interaction, this
is a mutual inhibition: Geminin prevents Hox activity, while
the strong affinity of the HD for Geminin prevents the Geminin
inhibitory function, subsequently allowing DNA synthesis and
cell proliferation [32]. This mutual inhibition has been dem-
onstrated in medaka fish by a genetic approach with Six3, a
non-Hox yet HD-containing protein [33].

Hox proteins can also impact cell cycle progression and pro-
liferation control through transcriptional regulation. HoxA10
has been reported to directly activate the expression of cyclin-
dependent kinases inhibitor p21/CDKN1A in differentiating
myelomonocytic cells [39]. HoxB4 controls cJun/cFos hetero-
dimer activity and increases levels of CyclinD1, a known inte-
grator of proliferation signals and G1 phase progression [40].

In sum, there are multiple interactions between transcrip-
tion and cell replication, based on common DNA target
sequences, common proteins and transcriptional control of
genes encoding proteins involved in replication control. Yet
the biological meaning of these interconnections remains to be
elucidated. One trivial view is that these interconnections only
reflect the fact that both processes involve DNA metabolism,
occur at the level of DNA and require selection of genomic loci.
It also may, however, be that connections between transcrip-
tion and replication reflect a necessity to couple transcription
and replication processes. Regulation of cell division length
could, for example, impact on the ability to fully transcribe
genes that have unusually long transcriptional units, as
reported for the Ultrabithorax (Ubx) gene in the context of
the rapid mitotic division during early Drosophila embryo-
genesis [41].

Support for aHoxprotein role in the control
of DNA replication

Hox protein accumulation is cell cycle regulated

Expression and accumulation of several Hox proteins is cell
cycle regulated, influenced by cell proliferation conditions and
known to be altered in cancer cells [8, 42, 43]. The majority of
Hox genes are expressed in hematopoietic cells, and are, for
the most part, preferentially expressed in hematopoietic cell
progenitors while being down-regulated during differentiation
and maturation [8]. HoxC10, for example, accumulates in cells
during the G1 phase of the cell cycle (Table 1). Its expression is
down-regulated when DNA replication is prevented, either by
serum deprivation or during cell differentiation [44]. HoxC10 is
also targeted by the ubiquitin- and proteasome-dependent
degradation pathway during mitosis, in a similar way to factors
involved in regulation of replication origins activity [45]. Thus,
Hox proteins accumulate in the nucleus under proliferative
conditions during the G1 phase of the cycle. The cell cycle
dependent cellular accumulation of at least some Hox proteins,
while suggestive of a role in cell cycle progression, and
possibly DNA replication initiation, does not address the ques-
tion of whether Hox proteins are part of the replication machin-
ery. For this to be the case, Hox proteins should associate with
replication origins, interact with replication machinery
proteins, and functionally impact on the replication process.

Hox protein associates with replication origins

Consistent with a regulatory role in DNA replication initiation,
Hox proteins associate with origins of replication in human
cells. The first experimental evidence was obtained in the late
1990s. A one-hybrid screen with a short DNA segment encom-
passing the human laminB2 origin identified HoxA13, HoxC10,
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and HoxC13 as origin-bound factors [45, 46] (Table 1). These
associations were further confirmed by band shift and in vitro
footprint assays [45]. Immunofluorescence and chromatin
immunoprecipitation studies later confirmed that HoxC13 is
present at origins and localizes at active DNA replication sites,
in particular during early S phase [46]. The cohort of Hox
proteins found to bind to replication origins is still expanding
with the recent observation that, through chromatin immu-
noprecipitation, HoxD13 and HoxD11 bind at several identical
human replication origins in proliferating cells in culture [38]
(Table 1). Thus, recognition of similar replication origins by
different Hox proteins suggests that they can compete for
similar binding sites and perform unique or similar functions.
Two experimental lines of evidence suggest that Hox recruit-
ment at origins relates to replication rather than transcription
function [38]: binding mostly occurs in G1 phase and in pro-
liferating cells, and no effect on expression of genes surround-
ing the origin was detected in Hox-depleted cells [38]. Thus,
Hox proteins, at least in transformed cells in culture, can bind
to replication origins. Proliferation-dependent binding further
supports a Hox proteins role in controlling cell proliferation
through binding to origins of replication.

Nevertheless, only a few origins (five at present) have been
tested for Hox proteins binding. All origins tested overlap with
a CpG island, itself acting as a gene promoter. Genome-wide
analysis of replication origin position in human and mice cells
indicate that such origins represent �30–50% of origins
[27, 28]. Moreover, analysis of origin efficiency in mouse cells
shows that, in general, origins that lie in CpG island-promoters
are more efficient than non-CpG origins [28]. Thus, whether
Hox proteins are part of a mechanism triggering high repli-
cation efficiency, or alternatively, part of a common process in
origin activity regulation, remains elusive. A large scale
analysis of Hox protein distribution on the genome will
undoubtedly answer this important question.

Hox proteins associate with proteins of the
pre-replication complex

Hox proteins interact with nuclear factors involved in the
control of replication origin activity and DNA replication
initiation. Assembly of the pre-replication complex (pre-RC)
is the essential event at replication origins during the G1 phase
of the cycle. Pre-RC includes ORC, Cdc6, and Cdt1, which
associate with the origin of replication on the chromosome
before the MCM complex can be loaded during G1 [47]. At the
onset of S phase, origins are activated and replication forks are
initiated only at those licensed (i.e. replication-competent)
origins [48]. Concomitantly, Geminin, a Cdt1-repressor, pre-
vents the re-assembly of the pre-RC and re-initiation of rep-
lication until the next cycle [49, 50].

Protein binding assays indicate that Hox proteins interact
with both enhancers and repressors of pre-RC assembly and
replication origin activity: in vivo and in vitro evidence con-
cludes that human HoxD13 protein binds the licensing factor
Cdc6 [38], and a yeast two-hybrid screen using murine
Geminin as bait was used to identify HoxD10 and HoxA11
[32] (Table 1). Geminin-Hox protein interaction was further
confirmed by GST-pull down assays, which also showed that

several Hox proteins (HoxA7, B7, C8, C9, and A10) bind
recombinant Geminin [32]. The interaction between Hox
proteins and Geminin has also been observed in invertebrates:
Caenorhabditis elegans Hox protein NOB-1 interacts with
Geminin [36] (Table 1), highlighting the critical role the inter-
action between Hox factors and pre-RC components may play
in certain cell lineages during development. In summary,
while multiple interactions between Hox proteins and proteins
of the replication machinery have been identified, the assays
used do not exclude the possibility that these interactions may
occur predominantly at other places than replication origins.
The use of tagged origins and bifluorescence complementation
[51], which allow the protein association status at the site of
interaction to be monitored, should help clarify this point. In
addition, sequential ChIP analysis will confirm coincident Hox
and replication protein binding at origins [52].

Role(s) of Hox proteins in the control of
DNA replication

Hox proteins control cell cycle progression

Hox protein presence in proliferating cells (but not serum
starved cells), as well as association with replication origins
and interaction with nuclear proteins involved in origin
activity, suggests that Hox proteins play a key role in cell
proliferation, cell cycle control, and origin of replication
activity. Indeed, deletion or acute expression of several Hox
proteins alters cell cycle progression. Knock down of HoxA10
during human decidualization down-regulates BrdU incorp-
oration during S phase and inhibits cell proliferation [53]
(Table 1). A microarray analysis indicates that several genes
involved in cell cycle progression, including CDC2 and CCNB2,
are de-regulated in the absence of HoxA10 [53]. Consistent
with Hox protein enhancement of cell proliferation, over-
expression of HoxD13 accelerates DNA replication by prevent-
ing the function of Geminin [38]. Similarly, over-expression of
HoxB4 shortens the G1 phase of the cycle [54]. Intriguingly,
one target of HoxB4 during cell proliferation and transform-
ation is the AP-1 transcription factor [40] present at numerous
human replication origins [27] and known to interact with
HBO1, a co-activator of replication factor Cdt1 [55–57].
Finally, loss of HoxC10 function delays G1 entry, suggesting
a role for this protein in mitotic progression [45] (Table 1).

The present functional data, although limited, already
indicates that Hox proteins have the potential to impact cell
cycle progression and replication, both positively and nega-
tively. HoxD13 and HoxA11, which share a positive impact,
both associate with Geminin. Whether Geminin interaction is a
signature for Hox-mediated promotion of replication could be
studied by identifying the replication proteins associating with
HoxB4, which is also known to increase cell proliferation.
Study of the link between specificity of Hox/replication
protein association and the distinctive effects of Hox proteins
on replication should also attempt to identify the replication
proteins associated with Hox protein when DNA replication is
suppressed, such as in the case of HoxC10, which delays
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mitosis. The role of origin identity should also certainly be
taken into account.

Replication control by Hox proteins may involve multiple
pathways

Binding of HoxD13 at replication origins does not interfere with
the transcription level of genes surrounding the origin [38].
This result suggests that HoxD13 may control replication origin
activity in a transcription-independent manner. Depletion of
HoxD13 impairs the binding of ORC, Cdc6, and MCM onto
origins during G1. Conversely, acute expression of HoxD13
accelerates the assembly of ORC, Cdc6, and MCM during the
G1 phase [38]. Thus, HoxD13 is an origin-bound protein that
contributes to the assembly of the pre-RC during G1.

Based on biochemistry and preliminary HoxD13 biological
data, many models can be drawn to explain Hox function at
replication origins. A fraction of Cdc6 shuttles into and out of
the nucleus during the cycle, and maximal accumulation of
Cdc6 onto the chromatin occurs in G1 [58]. Thus, interaction
between Hox and Cdc6 [38] may stabilize Cdc6 in the nucleus,
by either favoring its nuclear retention/import or favoring its
interaction with origin DNA. Alternatively, the interaction
between Hox and Cdc6 may create a loading platform or a

chromatin environment fit for replication origin activity and
pre-RC assembly (Fig. 1B). For instance, the cMyc oncoprotein
promotes pre-RC assembly by anchoring the MCM complex
onto DNA-bound ORC-Cdc6-Cdt1 assembly [59]. Hox proteins
may thus be engaged in protein-protein interaction with
additional subunits of the pre-RC to stabilize the pre-RC onto
the DNA (Fig. 1C). Finally, Hox-Cdc6 interaction may precede
the formation of the pre-RC by locating ORC on specific DNA
binding element that will act as replication origins (Fig. 1D).
Hox proteins also interact with Geminin and release a G1-block
induced by Geminin [32, 38]. These latter results suggest that
Hox may facilitate pre-RC assembly by sequestrating and
antagonizing Geminin inhibitory function (Fig. 1D).
Therefore, Hox proteins may act through multiple non-exclu-
sive mechanisms, and deregulation of Hox proteins may ham-
per the Geminin/Cdt1 balance, Cdc6 activity, and eventually
affect the DNA replication initiation process. In these
scenarios, alteration of Hox levels will affect the rate of pre-
RC assembly and the length of the G1 phase.

These mechanisms are mostly based on the investigation of
HoxD13 function, where deletion of HoxD13 impairs ORC, MCM,
and Cdc6 binding at origins and conversely acute expression
accelerates pre-RC assembly [38]. However, the status of the cell
cycle in HoxD13 depleted cells is not described, and whether the

Table 1. Evidence supporting a function for Hox proteins in DNA replication and cell cycle progression

Binding at origin(s) Interaction with replication factors Regulation of Cell cycle References

HoxA7 Geminin (GST-pull down) [31]
HoxA10 Geminin (GST pull-down) Depletion impairs

BrdU incorporation

[31, 38, 49]

Controls CDC2, p21

and CCNB2 expression
HoxA11 Geminin (Yeast two-hybrid) [31]
HoxA13 LaminB2 origin

(Yeast one-hybrid,

band shift, footprint, ChIP)

[37, 42]

cMyc, MCM4, TOP1,

FMR1 origins (ChIP)
HoxB4 Acute expression

shortens G1 phase

[50]

HoxB7 Geminin (GST pull-down) [31]
HoxC8 Geminin (GST pull-down) [31]
HoxC9 Geminin (GST pull-down) [31]
HoxC10 LaminB2 origin

(Yeast one-hybrid,

band shift, footprint)

Ectopic expression affects

mitosis progression

[42]

Accumulates from G1 to G2
Degraded during mitosis

HoxC13 LaminB2 origin
(Yeast one-hybrid,

band shift, footprint, ChIP)

[42, 44]

MCM4, TOP1 origins (ChIP)
HoxD10 Geminin (Yeast two-hybrid) [31]
HoxD11 LaminB2, cMyc, MCM4,

TOP1, FMR1 origins (ChIP)

[37]

HoxD13 LaminB2, cMyc, MCM4,

TOP1, FMR1 origins (ChIP)

Cdc6 (Co-IP; GST pull-down)

Geminin (Co-IP)

Acute expression

releases a Geminin block

[37]

Depletion slows down G1

progression and DNA

replication
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cells enter G1 following the nocodazole release is unclear.
Furthermore, while the impact of HoxD13 at episomal origins
is convincing, evidence for its involvement in pre-RC assembly
at genomic origins is weak. Also, while HoxD13 depletion or
acute expression does not affect MCM, ORC, and Cdc6 expres-
sion, no data for Cdt1 and Geminin, two essential determinants
of origin activity [38], are available. Thus, HoxD13 may act at
Cdt1 and Geminin expression levels to control the Cdt1/Geminin
ratio in the cell and eventually interfere with pre-RC assembly.
An investigation in a cell-free system (which supports cell-cycle-
regulated DNA replication in the absence of transcription) would
strengthen the direct role of Hox proteins in pre-RC assembly
and replication origin activity.

A role in origin positioning and timing?

A consequence of the high degree of conservation of the HD is
that Hox proteins recognize loosely defined and very similar
DNA target sequences. This contrasts with the specific devel-
opmental function promoted by distinct Hox proteins, assumed
to result from the activation of specific and distinct sets of
downstream target genes [60, 61]. This highlights a paradox
between Hox DNA binding properties and their biological func-
tion as transcription factors. Part of this paradox may reside in
the fact that this loose DNA binding property is beneficial for
Hox protein function in the context of DNA replication.

The mechanisms underlying origin positioning and selec-
tion in higher eukaryotes are poorly understood, with proteins
of the replication machinery displaying no recognized in vitro
DNA binding preferences [62]. The ORC, Cdc6, and MCM
recruiting activity of Hox proteins suggests that they may
contribute to origin positioning. In this regard, flexible DNA
binding specificity may allow the recognition of a large num-
ber of replication origins. Such a role may, however, be refined
through interactions with replication proteins, which often

associate with Hox proteins by contacting the highly con-
served and shared HD (see below).

Intriguingly, consensus Hox binding sites (ATTA) overlap
with the consensus binding sites for the family of Oct tran-
scription factors. These factors share the HD with Hox proteins,
and in addition display a POU domain. Together, these domains
combine to provide high DNA binding affinity [63, 64]. Oct
proteins are known to play a key role at viral and cellular
origins where different modes of action have been described,
for example DNA bending, protein-protein interaction and
chromatin remodeling [65–68]. This indicates that Hox proteins
may also control DNA bending at replication origins. It suggests
that not only Hox proteins, but HD-containing proteins more
broadly, may be involved in replication origin specification and
control (see below the discussion on Six3).

Hox proteins could also potentially distinguish early and
late replicating origin, although the small number of origins
tested so far is insufficient to conclude whether Hox prefer-
entially binds origins activated early or late in S phase.
Accumulating evidence indicates that gene loci frequently
contain several origins that are used at relatively low level.
A gene can be replicated by different origins in different cells,
which may explain the asynchronous division of the genome
[69, 70]. Whether Hox proteins are part of this mechanism is an
important issue. Indeed, so far, evaluation of replication origin
activity level in Hox depleted cells has not been performed.
Thus, while origins can be activated and silenced as part of the
normal cell differentiation program, Hox protein involvement
in this process remains to be investigated.

Intrinsic protein domains requirements for Hox
replication functions: Deciphering Hox protein specificity
in replication control

Accumulating evidence emphasizes the importance of the HD
in the function of Hox proteins at replication origins. The HD is
essential for the interaction between murine HoxA7 and
HoxA11 with Geminin in vitro and in vivo [32]. In the case of
HoxA11, it is the N-terminal arm and the third helix of the HD
that are responsible for the interaction [32]. Both domains play
major roles in transcription regulation by Hox proteins, the
first being involved in distinguishing Hox protein specificity,
and the second providing major contacts within the DNA
major groove [10, 14]. Immunofluorescence studies and chro-
matin immunoprecipitation assays indicate that the HD is also
essential for the recruitment of Hox proteins at origins [44, 46].
Dissection of the interaction between Cdc6 and HoxD13 shows
that the HD is involved in Cdc6 binding and mediates protein/
protein interactions [38].

Thus, there is ample evidence that the HD constitutes a
widely used interface with replication proteins. In the context
of transcriptional regulation, the HD provides specificity to
Hox protein function. This was nicely demonstrated by HD
swap experiments, where replacing the HD drastically
changed the functional specificity of the protein [71].
Specificity of Hox proteins in the context of DNA replication
could result in opposite effects on replication, but could also
result in subtle changes in the choice/selection of replication
origin, timing of replication, and in the regulatory step that is

Figure 1. Possible roles of Hox proteins at replication origin.
A: Illustration of pre-RC formation at replication origins. DNA-bound
ORC, Cdc6, and Cdt1 recruit the MCM complex, while Geminin pre-
vents MCM loading. B: Hox proteins act prior to pre-RC assemble
to determine ORC loading sites or to establish a chromatin environ-
ment that favors pre-RC formation. C: Hox proteins interact with
pre-RC subunits to strengthen protein-protein interaction. D: Hox
proteins prevent Geminin inhibitory function.
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targeted. Once more data becomes available, localization of
Hox protein control of replication within the HD could be
addressed through HD swap experiments, as has been the
case in the process of transcriptional regulation.

Whether other domains of Hox proteins are able to stimu-
late or inhibit replication origin activity should also be inves-
tigated. Indeed, domains not directly involved in origin
binding are likely to interact in specific ways with the repli-
cation machinery and play an important role in the function
performed by Hox proteins at origins.

Hox cofactors for transcription: Conserved partnership
for replication control?

In the process of transcription, Hox proteins often act with
protein partners of the PBX and MEIS families [72]. In mice
and cell line models, it has been observed that MEIS and PBX
also collaborate with Hox proteins in the regulation of prolifer-
ation and induction of transformation [54, 73]. It was further
demonstrated that physical interaction of HoxB4 with Pbx1 is
essential for Rat-1 cell line proliferation [54], although HoxB4-
dependent expansion of hematopoetic stem cells does not
require Pbx1 interaction [74]. This suggests a possible conserved
partnership of Hox and PBX/MEIS proteins in transcription and
replication. Further work to verify that the PBX and MEIS
contribution to these processes does not result from transcrip-
tional control is required to establish this conserved partnership.

Possible developmental and pathological
implications of Hox mediated control of
DNA replication

Developmental implications

Hox proteins play major roles in shaping animal body plans in
development and evolution. Intrinsic to this function is the
precise control of cell growth and differentiation, two proc-
esses that need to be tightly coordinated to allow proper organ
formation and patterning. This suggests that, in general, Hox
proteins may play an important role in controlling cell
proliferation.

Two examples nicely illustrate this point. Firstly, very
early, a link between Hox genes and proliferation was pro-
posed as an alternative to the conceptual view that Hox genes
promote differential morphogenesis by selecting differential
developmental programs [75]. This proposition was based on
the observation that phenotypes associated with posterior Hox
mutants in vertebrates could be best interpreted as resulting
from defects in proliferation control, rather than from defects
in the selection of distinct sets of realisator genes (that would
differentially shape morphology). For example, changes in
skeletal morphology could result from differential control of
cell proliferation [76], and truncation of limbs in Hox mutants
clearly establish a role of Hox proteins in sustaining cell
proliferation [77]. By contrast, phenotypes resulting from
anterior Hox gene mutations do not fit with a Hox function
in proliferation and growth control. The basis for this distinc-
tion may reside in the developmental and embryonic

differences between anterior versus posterior segments,
which, respectively, may use subdivision versus growth strat-
egies for proper formation [78–80]. Strikingly, three of the four
proteins that have been established to interact with the rep-
lication process are posterior Hox proteins. At present, how-
ever, the available data are too sparse to conclude that control
of replication is a specificity of posterior Hox proteins. The
question should be addressed by broadening the range of Hox
proteins in study, using loss of function approaches in the
context of development.

Secondly, in early vertebrate development, somites that
will provide the cellular mass for the axial body are sequen-
tially produced by a posterior terminal growth zone, with
anterior somites being produced first and posterior somites
later on. Concomitantly, Hox genes are turned on in a
sequence that translates the temporal sequence into a spatial
sequence, with anterior Hox gene being expressed first and
displaying the most anteriorised expression patterns [81, 82].
Recent data established that Hox genes display different
potential in promoting proliferation in the growth zone, with
anterior Hox genes promoting cell proliferation and posterior
Hox genes repressing it [83]. Although this does not exclude a
possible link with the replication machinery, it was shown
that this differential potential relies on transcriptional control
of Wnt signaling by posterior Hox proteins.

Most convincingly, a developmental role of replication
control was demonstrated by the function of the non-Hox,
yet HD containing protein Six3. Six3, a member of the Six/Sine
oculis family, with a key role in eye organogenesis, interacts
with Geminin during eye organogenesis to control cell pro-
liferation. This interaction seems conserved in Xenopus, med-
aka fish, and humans [32, 33, 36]. In addition, Six3 competes
with Cdt1 to bind to Geminin [33]. This generally conserved
competitive interaction with Cdt1 across the HD family
suggests HD-containing proteins play a role in the control
of DNA replication and cell proliferation.

Pathological implications

Hox proteins are also known to behave as oncogenes
in some haematological malignancies. Many mutations (or
translocations) affecting Hox proteins have indeed been
involved in spontaneous and experimentally induced leuke-
mia [8, 9, 42, 43]. Control of transcription by Hox proteins
largely contributes to these oncogenic functions, as many Hox
downstream targets are themselves oncogenes or tumor sup-
pressors. Other aspects of Hox-dependent oncogenic situ-
ations, such as genome stability, may however be more
directly linked to their function in replication control (more
extensively discussed in [84]). In cancer cells, alteration of
Hox protein concentration or function could affect the pattern
of active replication origins leading to too few origins activated
or several origins re-activated multiple times in S phase which
eventually leads to amplification or loss of particular regions
of the genome promoting a growth advantage. The full impact
of Hox function in tumorigenic cells may thus rely on tran-
scription- and replication-dependent functions, which when
combined will increase the likelihood of appearance of ‘‘cel-
lular conditions’’ fit for cancer development and tumoral
progression. The relative contribution of both activities of
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Hox proteins in acute and chronic diseases appears an import-
ant and exciting area of investigation for the future.

Conclusions

While first recognized as transcription factors, Hox proteins,
and by extension HD-containing proteins, should certainly be
seen as regulators of additional cellular processes, including
translational control, cell signaling, and DNA replication. In
the latter case, which is the focus of this review, several
challenges have to be taken up. This includes questioning
how extensive is the use of Hox proteins for replication, and if
extensive, decipher the diversity of underlying regulatory
mechanisms. In particular, the finding that Hox proteins
are associated with replication origins may allow addressing
the unresolved issue of the selection of replication origin. In
addition, it will be crucial to uncouple contribution to repli-
cation from contribution to transcription. Hox protein func-
tion in transcription, translation, cell signaling, and DNA
replication all critically requires the HD. Solving the issue will
thus require narrowing down the residues within the HD that
may be dedicated to particular molecular functions. This was
possible in distinguishing Hox function in transcription and
cell signaling, where HD residues essential for membrane
crossing and binding to DNA could be identified. In the case
of transcription and replication, both molecular functions rely
on binding of the HD to DNA, which will render the uncou-
pling of transcription and replication function more difficult.
This achievement is however essential to properly assess Hox
protein function in developmental and pathological
processes.
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