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CHAPTER |

GENERAL INTRODUCTION

The discovery of Hox genes

The fruit fly, Drosophila melanogaster, has eight homeobox genes, first
named the HomC complex. This cluster of homeodomain containing
transcription factors was first described in the 1970’s by E. B. Lewis as
determinants of body segment fate along the anterior-posterior (AP) axis.
Drosophila have fifteen body segments partitioned into the mandibular, maxillary,
and labial components in the anterior body, three thoracic segments in the
medial region, and nine abdominal segments at the posterior (Figure 1.1A). The
most anterior HomC/Hox genes, labial (lab), proboscipedia (pb), sex combs
reduced (scr), and Antennapedia (Antp), are grouped into a complex called the
Antennapedia complex (Ant-C) and pattern the anterior elements up to the
second thoracic segment [1]. The ten caudal most segments are patterned by
the posterior genes of the HomC cluster called the Bithorax complex (Bx-C),
which consists of Ultrabithorax (Ubx), abdominal A (abd-A), and abdominal B

(abd-B) homeobox genes [2].



Figure 1.1
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Figure 1.1. Homeotic genes in Drosophila melanogaster. Images adapted from
[3]. (A) Expression of the HomC genes along the anterior-posterior body axis.
Of the Antennapedia complex, the labial (lab) and deformed (dfd) genes are
expressed in the head structures while sex-combs reduced (scr) and
antennapedia (antp) are expressed in the first two thoracic segments (T1 and
T2). Of the biothorax complex, ultrabithorax (ubx) is expressed in the third
thoracic segment while abdominal A (abdA) and abdominal B (abdB) are
expressed in the posterior abdominal segments. (B) Mutants with a loss-of-
function of ultrabithorax have legs and an extra set of wings develop on the third
thoracic segment instead of legs and halteres. (C) Mutants with a gain-of-
function of antennapedia in the head grow legs instead of antennae.



HomC genes are organized in a collinear manner along the chromosome
and mutations cause homeotic changes in body segment pattern [4]. Loss-of-
function mutations in Drosophila Hox genes lead to anterior homeotic
transformations. For example, Ubx controls the fate of the third thoracic element
to create a pair of legs and structures called halteres [4]. Ubx mutants
demonstrate an anterior shift in fate of the third thoracic segment to that of the
second thoracic segment, whereby legs and wings develop on this mutant
segment in place of the legs and halteres that would normally develop (Figure
1.1B). Gain-of-function mutants demonstrate posterior homeotic transformations.
This is observed when Antp is overexpressed in the head, instead of just the first
two thoracic elements, and cause legs to grow out of the head instead of

antennae (Figure 1.1C) [1, 5-7].

Evolutionary conservation of Hox genes

Hox genes are a distinct class of clustered homeobox containing
transcription factors that can be traced back to the divergence of plants and
animals, about one billion years ago (Figure 1.2) [8]. Replication and divergence
of initial ancestral homeobox genes along the same chromosome formed the
linear arrangement of different Hox genes. The earliest chordate to have this
linear arrangement of Hox genes is the Amphioxus, which is believed to have the
ancestral Hox cluster for all metazoans [9-11]. A series of duplications of the

original chromosomal cluster, and subsequent divergence of some of the
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Hox genes along the replicated chromosomes, created the multiple chromosomal

clusters of Hox genes observed in higher vertebrates today [12, 13].

Mammalian Hox genes

Mammals have 39 Hox genes arranged into four clusters. These genes
are further subdivided into thirteen paralogous groups, which are designated
based on similarity of the homeodomain sequence and by position along the
cluster (Figure 1.3) [14]. Numerous genetic studies have demonstrated that
genes within each paralogous group are functionally redundant. In many single
Hox mutant mice, only a minimal phenotype is observed because the remaining
paralogs compensate for it. When all of the genes in a paralogous group are
lost, dramatic changes in patterning occur [15-27].

As in Drosophila and other bilateran organisms, mammalian Hox genes
demonstrate colinearity [28, 29]. The Hox genes are organized ina 5’ to 3’
direction along the chromosomal clusters [12]. Genes that are at the 3’ end have
a more anterior boundary of expression, such as in the hindbrain and cervical
vertebral elements, than the ones towards the 5’ end of the clusters, which are
expressed more caudally [30, 31]. This creates a spatial organization of Hox
gene expression along the AP body axis. Unlike in Drosophila, the collinear
arrangement of the mammalian Hox genes also results in their temporal control
of expression in early embryonic development. The anterior 3’ genes in a cluster
are expressed earlier during development than the posterior 5’ genes. This

temporal control establishes the expression domains of Hox genes, which is
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Figure 1.3. Organization of mammalian Hox genes. Figure adapted from [32].
Mice and humans have a total of 39 Hox genes found among four chromosomal
clusters and organized into 13 paralogous groups (genes within a paralogous
group are color-coded). The organization of the paralogous groups is similar to
that observed in Drosophila providing spatial colinearity, with the 3’ genes
expressed more anterior than the 5’ genes. This 3’ to 5’ organization also
provides a temporal colinearity of the mammalian Hox genes, with the anterior
genes expressed earlier in development than those more posterior.



observed during limb development and axial skeleton organogenesis along the
AP axis [33, 34].

Hox genes are essential for the formation of numerous organ systems.
One of the most well-defined roles for the Hox genes is the patterning of the axial
skeleton [32]. Each vertebral element derives from somites, which have budded
off the paraxial mesoderm. Initially, somites are morphologicaly identical;
however they differentiate to form the distinct skeletal elements along the
anterior-posterior body axis. Some of the earliest phenotypes described in Hox
loss-of-function mutants were homeotic shifts in the axial skeleton [16, 20, 24,
35-47]. As in Drosophila, loss-of-function Hox mutants result in anterior homeotic
transformations of the vertebral elements. One of the most striking examples is
the anterior homeotic transformation observed in Hox10 mutants. These mutants
display an anterior homeotic transformation of lumbo-sacral vertebrae to a
thoracic phenotype, with ectopic ribs forming through the posterior axial elements
(Figure 1.4) [24]. In addition to the axial skeleton, Hox genes are also critical for
patterning the limbs, hindbrain, craniofacial skeleton, and a multitude of
mesodermal organs such as the parathyroid, thyroid, thymus, lungs, and kidney

[48-53].

Hox protein function
Despite numerous genetic studies demonstrating that Hox genes are
critical for many developmental processes, little is understood regarding the

mechanisms by which Hox proteins function [54]. All Hox proteins contain a



Figure 1.4
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Figure 1.4. Anterior homeotic transformation of the axial skeleton in Hox10
mutants. Figure adapted from [24]. Mice have 7 cervical, 13 thoracic, 6 lumbar,
4 sacral, and 20 or more cervical vertebrae. The green T13 indicates the rib on
the final thoracic segment, yellow marks indicate the lumbar elements, and red
indicates the sacral vertebrae. Hox10 loss-of-function mutants (10aaccdd) show
ectopic ribs forming on more posterior vertebrae, demonstrating a transformation
of the lumbar and sacral elements to a thoracic phenotype.



highly conserved 60 amino acid DNA binding domain, the homeodomain. All 39
mammalian Hox proteins recognize an identical, degenerate ATTA target
sequence with equal affinity [55, 56]. Due to the lack of sequence recognition
specificity, it has been difficult to determine what genes are downstream and how
the Hox proteins regulate target gene expression [10].

Domains N- and C-terminal to the homeodomain are less well
characterized, but comprise significant portions of the transcription factor coding
sequence and are likely to play an important role in the regulation of downstream
genes. Regions outside the homeodomain are conserved among paralogous
proteins (i.e. Hoxa11, Hoxc11, and Hoxd11), but are highly variable between
non-paralogous members (i.e. Hoxa2, Hoxa7, Hoxa11). Because of the lack of
DNA-binding specificity of the homeodomain, interaction with cofactors is likely to

promote specific target gene recognition and differential regulatory functions.

Hox cofactors

Extradenticle (Exd), a Drosophila TALE (three amino acid loop extension)
protein, was the first described Hox/HomC regulatory cofactor [57]. Homeotic
transformations are observed in exd Drosophila mutants, similar to those in
Antennapedia (antp) and Bithroax (bx-c) complex mutants, but the expression of
Hox genes is unaffected. In vitro, Exd interacts with the Hox proteins to confer
DNA binding specificity, and this complex is further stabilized by another TALE

protein, homothorax (Hth), [58, 59]. Downstream targets regulated by Hox-Exd-



Hth complexes have been identified in Drosophila, including decapentaplegic
(dpp), forkhead (fkh), and labial (lab) [60-63].

The mammalian exd and hth homologs are Pbx and Meis/Prep,
respectively. Pbx and Prep interact with Hoxb1 to control the segment-specific
regulation of several anterior Hox genes during rhombomere formation in
mammals, including auto-regulation of Hoxb1l expression [64-68]. Other than this
example in hindbrain development, few other mammalian organ systems are
known to rely on Hox-Pbx-Meis/Prep regulatory networks. For example,
although Pbx and Hox mutants both display limb skeletal phenotypes, Pbx
controls the spatial distribution of Hox gene expression and does not appear to
act as a Hox cofactor [563, 69]. Additionally, genetic loss of Pbx or Meis function
results in embryonic lethality with severe hematopoietic and eye defects,
phenotypes that have not been reported in any combination of Hox mutants
generated to date [70-73]. In several cases, Pbx interacts with non-Hox
transcription factors, such as TIx1 in the spleen and Pdx1 in the pancreas [74,
75]. Therefore, Pbx and Meis/Prep proteins appear to have broader roles in
mammalian development than acting solely as Hox cofactors, and additional
regulatory factors are likely to interact with Hox proteins in other developmental

contexts.

Kidney as a model organ

The kidney serves as a model organ system for understanding many basic

developmental patterning mechanisms. The intermediate mesoderm gives rise

10



to the kidney and much of the reproductive tract. Signals from the paraxial and
lateral plate mesoderm induce a region of the intermediate mesoderm to begin
expressing kidney specific markers, Lim1l and Pax2 [76, 77]. The kidney is
formed through three stages, of which the first two are transitory and the third
stage gives rise to the adult kidney. The first stage of kidney formation, the
pronephros, begins at embryonic day 8 (E8) in mice when the primary
nephric/Wolffian duct is formed, starting at the level of the twelfth somite [76, 78].
As the nephric duct extends caudally towards the cloaca, the anterior region
induces the adjacent mesenchyme, the nephrogenic cord, to form pronephric
tubules that degrade as soon as the mesonephros starts to form, which is the
second transitory stage. The Wolffian duct induces the adjacent mesenchyme to
form mesonephric tubules, which differentiate into nascent filtration structures
[76, 79]. The mesonephros is a transient structure which begins to degenerate
when the final stage of kidney organogenesis is beginning (Figure 1.5).
Metanephric kidney development begins at E10.5 in mice. The ureteric
bud evaginates from the caudal end of the Wolffian duct and invades the
metanephrogenic mesenchyme, an adjacent group of cells condensed at the
posterior end of the nephrogenic cord. Signals from the metanephric
mesenchyme promote ureter invasion and continued budding and branching of
the ureter. Signals from the ureter promote condensations of the mesenchyme
into nephrogenic cap mesenchyme, which contains nephrogenic progenitors.
The nephrogenic mesenchyme undergoes epithelialization and differentiates into

nephrons. The nephron is the functional unit of the kidney and consists of a
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Figure 1.5
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Figure 1.5. Stages of kidney development. Figure adapted from [3]. The
pronephros and mesonephros are the first two stages of kidney development and
are transient structures. The metanephros gives rise to the mature kidney.
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glomerulus, proximal, and distal tubules (Figure 1.6) [80]. The glomerulus
passes filtrate into the proximal and distal tubules, where it is further
concentrated. The processed filtrate (urine) is then passed through the collecting
ducts, which originate from the ureteric epithelium, and down the ureter into the
bladder.

It is unclear if the metanephrogenic blastema is made up of one or
multiple cell types prior to ureteric bud induction. Just after ureter invasion and
condensation of the mesenchyme into nephrogenic precursors, a third cell type is
observed called stromal cells. During the early branch phases of the kidney, the
stromal cells make up a primary renal interstitium that surrounds the ureter
branches and differentiating nephrogenic mesenchyme. Later during
organogenesis, the stromal cells are localized into two compartments, the cortical
stroma, which surrounds the cap mesenchyme at the kidney periphery, and the

medullary stroma [81, 82].

Kidney signaling pathways

A number of signaling pathways are necessary for the initial stages of
metanephric development (Figure 1.7) [76, 83]. Prior to ureteric bud induction,
the condensed mesenchyme expresses a signaling factor, Gdnf, recognized by
receptors on the ureter epithelium [84-88]. Gdnf is recognized by co-receptors,
Ret and Gfra1, on the budding ureter [89-94]. The transcription factors Hox11,
Pax2, Eya1, Wt1, and Sall1 are important for promoting and maintaining Gdnf

expression in the mesenchyme [25, 95-99]. Foxcl, Foxc2, Robo and Slit genes

13



Figure 1.6
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Figure 1.6. Differentiation of the metanephros. Figure from [76]. Metanephric
development starts at E10.5 when the ureteric bud invades the condensed
metanephric mesenchyme, a stage called induction. Signals from the ureter
promote the mesenchyme to undergo a mesenchymal to epithelial transition
(MET) in order to differentiate to form the collecting structures of the kidney
called nephrons. Signals from the mesenchyme promote the ureter to undergo
further branching. Stromal cells are also present, which help to regulate nephron
differentiation and ureter branching.
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Figure 1.7
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Figure 1.7. Transcription factors and signals necessary for ureteric bud
induction. Hox11, Pax2, Eya1, Wt1, and Sall1 promote Gdnf expression in the
condensed metanephric mesenchyme prior to ureteric bud induction. Foxc1,
Foxc2, Robo, and Slit limit the expression boundary of Gdnf in the mesenchyme.
Gdnf is recognized by cRet and Gfra1 receptors on the ureteric bud, which forms
from the Wolffian duct.
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limit Gdnf expression to the appropriate region of the nephrogenic mesenchyme
along the anterior-posterior axis of the intermediate mesoderm [100, 101]. After
ureteric bud induction, the mesenchyme continues to express Gdnf to promote
further ureter budding and branching [102, 103]. In turn, the ureter secretes Fgf2
and Bmp7 to promote the survival and growth of the mesenchyme [104-106].
Whts, such as Wnt9b, are also secreted from the ureter and initiates
mesenchyme condensations around the ureter bud tips [107, 108]. Wnt4 is
expressed in the mesenchymal condensates and promotes epithelialization and
differentiation of the aggregates to form nephrons [109, 110].

More recently, another cell type in the developing kidney, the stroma, has
been recognized as important for maintaining appropriate branching as well as
the epithelialization of the mesenchyme. These stroma cells are first detected as
a distinct sub-population in the early kidney shortly after ureteric bud invasion
into the condensed mesenchyme at E11 [81, 82, 111]. The first identifiable
marker of the stroma is Foxd1, which labels cells surrounding the condensed
mesenchyme [112, 113]. Foxdl expressing cells become restricted to the
cortical stroma at the kidney periphery at later stages. The cortical stroma uses
retinoic acid signaling to regulate ureter branching and to maintain Ret
expression in the ureter tip epithelium [114].

In addition to the cortical stroma, there are also stromal cells in the center
of the kidney (medullary stroma) as well as surrounding the ureter structures.
Pod1l is expressed in both the condensed mesenchyme and the medullary

stroma, and is necessary in the medullary stroma to produce signals to help
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regulate nephrogenesis [115, 116]. Additional stromal cells surround the sides of
the ureter and Wolffian duct. These cells express Bmp4 to prevent ectopic

ureteric bud formation [117].

Ascent of the kidney during development

The position of the kidney, relative to the rest of the body, changes during
development in mammals. The condensed mesenchyme is located adjacent to
the dorsal body wall in the pelvic region when the ureter initially invades ventrally
at E11 in mice. By E12.5 the nephrogenic mesenchyme normally detaches from
the body wall and rotates laterally such that the ureter enters the kidney from the
medial aspect. At this point, the kidney also begins to ascend into the lumbar
region as the pelvic region continues to elongate posteriorly. By E14.5 the
kidney capsule, which is composed of fibrous tissue, surrounds the kidney and
separation from the body wall is complete. At birth, the kidney has completely
ascended within the abdomen and abuts the adrenal gland immediately below
the liver [113]. In humans, ascension of the kidney occurs between the fifth and

ninth weeks of development [118].

Hox genes in the kidney

An extensive analysis of Hox gene expression during metanephric kidney
development has recently been published [119]. Multiple Hox genes are
expressed in the kidney, including in the ureteric bud epithelium, undifferentiated

mesenchyme, and differentiated epithelial structures that are derived from the
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condensed mesenchyme. However, only one set of Hox paralogs has been
shown to be functionally important for kidney organogenesis. The Hox11 paralog
group genes are critical in the metaneprhic mesenchyme prior to ureteric bud
induction. Loss of Hox11 paralogous gene function leads to loss of Six2 and
Gdnf expression the metanephric mesenchyme [25]. Six2 is required to maintain
the nephrogenic progenitor population, and Gdnf is the growth factor required to
promoter ureteric bud induction [84, 86, 88, 120, 121]. As a result of this loss of
expression, induction of the kidney fails and no kidney develops in these mutant

embryos.

Rationale

The results from numerous genetic studies highlight the importance of Hox
gene function in the development of many different organ systems. However,
little is known regarding Hox function at the molecular level. Using the kidney as
a model organ system, the goal of my thesis is to identify novel regulatory
mechanisms for Hox protein function.

Hox proteins have poor binding specificity. The homeodomains of all 39
mammalian Hox proteins recognize the same degenerate ATTA target sequence
[55, 56]. Cofactors are likely to be required to promote Hox target gene
recognition and regulatory function. The first part of my thesis describes the
identification of Pax2 and Eya1 as novel Hox cofactors that form a complex with
Hox11 proteins to regulate target gene expression in the metanephric

mesenchyme.

18



DNA binding by the homeodomain is a well described feature shared by
all Hox proteins, but the functional contributions of the regions N- and C-terminal
to the homeodomain are not well characterized. The second part of my thesis
explains how the N- and C-terminal regions of the Hox proteins confers
differential regulation of a target gene, Six2, using the same enhancer site.

Finally, different Hox paralog groups have overlapping expression in
numerous organ systems [32]. It is unknown, however, if the paralog groups are
expressed in the same cells or if their roles are redundant. The final part of my
thesis describes how Hox10 and Hox11 genes are both expressed in the kidney
mesenchyme, but the Hox10 genes have unique expression and function in the

kidney stromal cell population.
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CHAPTER II

A HOX-EYA-PAX COMPLEX REGULATES EARLY KIDNEY

DEVELOPMENTAL GENE EXPRESSION

Abstract

During embryonic development, the anterior-posterior body axis is
specified by the combinatorial activities of the homeotic or Hox genes. Given the
poor DNA binding specificity of Hox proteins, it is likely they interact with other
factors to regulate target genes. However, few regulatory partners or
downstream target genes have been identified. Herein, we demonstrate that
Hox11 paralogous proteins form a complex with Pax2 and Eya1 to directly
activate expression of Six2 and Gdnf in the metanephric mesenchyme. We have
identified the binding site within the Six2 enhancer necessary for Hox11-Eya1-
Pax2 mediated activation and demonstrate this site is essential for Six2
expression in vivo. Furthermore, genetic interactions between Hox11 and Eyal
are consistent with their participation in the same pathway. Thus, anterior-
posterior patterning Hox proteins interact with Pax2 and Eya1, factors important
for nephrogenic mesoderm specification, to directly regulate the activation of

downstream target genes during early kidney development.
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Introduction

The Hox genes are conserved among all metazoans and specify
positional information along the body axes. In mammals, 39 Hox genes are
arranged into four chromosomal clusters, which are organized into 13 paralogous
groups along the chromosome in a 3’ to 5" manner. This arrangement of genes
leads to spatiotemporal colinearity of Hox gene expression, with 3’ genes
expressed more anterior and earlier in development than 5’ genes [29, 34]. The
unique, combinatorial expression of Hox proteins is important for the regulation of
anterior-posterior patterning, skeletal morphogenesis, mesodermal organ
development, neural patterning and multiple other cellular and developmental
processes (reviewed in [54]). Despite genetic analyses in a variety of organisms,
the molecular details regarding what cofactors interact with Hox proteins to
regulate transcription are poorly understood, and very few downstream Hox
targets have been identified.

The mammalian kidney serves as an ideal model organ to study Hox
protein function. The embryonic kidney is derived from the intermediate
mesoderm and exhibits anterior-posterior patterning as it develops (reviewed in
[76]). The most anterior region of intermediate mesoderm, the pronephros, is a
rudimentary structure in mammals. Caudal to the pronephros are the
mesonephric tubules, a linear array of nephron like structures that are transient
filtering units. The most posterior intermediate mesoderm generates the
metanephric, or adult, kidney, which forms adjacent to the hindlimb buds. Adult

kidney development begins when the metanephric mesenchyme induces an
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outgrowth, the ureteric bud, from the adjacent nephric duct epithelia. The
ureteric bud invades into the metanephric mesenchyme, provides inductive Wnt
signals, and subsequently undergoes branching morphogenesis to generate the
radial pattern of the kidney (reviewed in [122]). In the mouse, Hox11 paralogous
genes are essential for early patterning of the metanephric mesenchyme, as loss
of Hoxall and Hoxd11 results in misrouted ureters and hypoplastic kidneys,
while loss of all three Hox11 paralogs results in a complete failure of the
metanephric mesenchyme to induce ureteric bud induction [18, 25, 123].

Hox proteins recognize a degenerate ATTA or TTAT sequence, which
confers very little locus specificity ([124], reviewed in [54]). Thus, it is likely that
co-factors interact with Hox proteins in order to promote high-affinity binding and
locus specific regulatory activities. The TALE (three amino acid loop extension)
proteins Pbx and Meis/Prep are known Hox co-factors that regulate target gene
expression (reviewed in [66]). Pbx1, Pbx3, and Meisl are expressed in the
kidney; however loss of Pbx1 and Meis function result in less severe and later
stage kidney phenotypes compared to the Hox11 paralogous mutants [72, 125-
127]. Thus, itis likely that Hox11 proteins are interacting with other co-factors to
specify the early intermediate mesoderm along the anterior-posterior axis.

Prior to ureteric bud induction, the condensing metanephric mesenchyme
expresses a unique combination of markers including the Hox11 paralogs
(Hoxall, Hoxcll and Hoxd11), Osrl, Pax2, Eyal, Wtl, Six1, Six2 and Gdnf
[76]. In Hox11 triple mutants, the expression of many early kidney patterning

markers in the uninduced metanephric mesenchyme are unperturbed, however,
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both Six2 and Gdnf expression are absent [25]. Six2 regulates metanephric
progenitor cell renewal [121]. Gdnf ligand activates co-receptors, c-ret and
Gdnfra, in the Wolffian duct to promote ureteric bud outgrowth and invasion, and
is a key regulator of continued branching morphogenesis [84-89, 94, 128, 129].
Mice mutant for Pax2 have reduced levels of Six2 expression and do not express
Gdnf in the mesenchyme [98]. Even though Pax2 can directly regulate Gdnf
expression in cell culture, it is not sufficient in vivo as Gdnf expression is absent
in Hox11 and Eyal mutants while Pax2 expression is normal [25, 95, 99]. Eyal
mutants, like Hox11 mutants, exhibit no ureteric bud induction and also lack Six2
and Gdnf expression [99].

The Pax, Eya, and Six gene families encompass members of a common
regulatory network that is conserved from Drosophila to mammals (reviewed in
[130]). Eya proteins have no intrinsic DNA binding domain but can localize to the
nucleus and function as co-activators of transcription [131, 132]. The Eya1
protein also has a protein phosphatase activity which is essential for regulation of
some target genes (reviewed in [133]).

Given the similarities in molecular phenotypes observed in the Hox11,
Pax2, and Eyal mouse mutants in the developing kidney, we propose that
Hox11 proteins interact with Pax2 and Eya1 to regulate essential patterning
genes within the posterior intermediate mesoderm. All three proteins physically
interact and synergistically up-regulate Gdnf and Six2 promoter activities. We
identify a binding site critical for this activation within the Six2 promoter region

and demonstrate that this site is essential for driving expression within the renal
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mesenchyme. Furthermore, renal development is sensitized to partial loss of
Hox11 paralogous function in an Eyal heterozygous genetic background,
suggesting that these proteins work in the same regulatory network. These data
point to a novel Hox11-Eya1-Pax2 network that translates anterior-posterior
positional information within the developing mammalian kidney. Further, our data
demonstrate that Six2 and Gdnf are direct downstream targets of the Hox11

paralogous group genes.

Materials and methods
Six2 and Gdnf luciferase constructs

The 3.03 kb Six2 promoter region, -266 to -3296 base pairs upstream of
the ATG start site, was PCR amplified from a Six2 BAC clone and inserted into a
promoterless pGL3-Basic vector (Promega). A previously reported Gdnf
promoter [95] was subcloned into pGL3-Basic. Quikchange Il XL Site-Directed
Mutagenesis kit (Stratagene) was used to mutate the Pax2 binding site or delete
the Hox binding site in the 3.03 kilobase Six2 promoter luciferase vector.
Mutations and deletions were confirmed by sequence analysis (see

Supplementary Materials & Methods).

Protein expression vectors
The Hoxa11 protein coding sequence (IMAGE8734051) was cloned into a
p3XFlag-CMV10 expression vector (SIGMA), which places three FLAG tags at

the N-terminus of Hoxa11. The Eya1 protein coding sequence (IMAGE
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6448408) was cloned into a pCS2+MT expression vector, which places six Myc
tags at the N-terminus of Eya1 [134, 135]. The Pax2 protein expression vector

was previously decribed [136].

Luciferase assays

MDCK cells were plated at 50,000 cells per well in a 24 well plate, cultured
in MEM with 10% FBS and 10U/mL penicillin/streptomycin at 37°C, and
transfected the second day with FUGENEG (Roche). For each well, 0.64 ml of
FUGENE was used per 0.32 mg of DNA, which contained 75 ng of reporter
plasmid and 20 ng pRL-CMV renilla luciferase for standardization. Twenty-four
hours post-transfection, cells were lysed in Passive lysis buffer (Promega).
Luciferase activity was measured using a Vector3 PerkinElmer luminometer.
Counts were standardized using pGL3 empty vector or co-transfected renilla
luciferase (Dual Luciferase Assay System, Promega). Each transfection was

performed in triplicate.

Northern blot analysis

RNA from MDCK cells was prepared using TRIZOL (Invitrogen) and
resuspended in RNA Storage Solution (Ambion). 20 pg of RNA per sample was
electrophoresed for 2 hours in 1% agarose denature gel (Ambion), blotted onto
Hybond-N+ membrane (Amersham Biosciences), and pre-hybridized with 8 ml
ULTRAhyb Ultrasensitive Hybridization Buffer (Ambion). The membrane was

then hybridized at 68°C overnight with 8X10° cpm of a Six2 RNA probe (Hindlll-
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Sfol fragment from IMAGE6394139 (ATG to 346 bp of exon 1)) labeled with *?P-
dUTP via in vitro RNA probe reverse transcription. The blot was washed twice in
2XSSC + 0.1%SDS and 0.1XSSC + 0.1%SDS at 68°C and exposed to film or
analyzed on a Typhoon 9400 variable mode imager (Amersham). The RNA
probes for the Hox11 paralogs, Eyal, and Pax2 have been previously published

[34, 137-140]

Co-immunoprecipitation assays

HEK-293 cells were transfected with Hoxa11-FLAG, Pax2-HA, and Eya1-
Myc expression vectors and cell lysates were prepared (Complete Mini, Roche).
Mouse aHA monoclonal antibody (Sigma#H9658), mouse aFLAG monoclonal
antibody (M2, Sigma#F3165), or mouse aMyc monoclonal antibody (Santa
Cruz#SC-40) was added to 0.5 pg lysate and incubated 4°C overnight. Mouse or
Rabbit IgG (Jackson ImmunoResearch) was used as negative controls. Protein
was precipitated using Protein G Agarose beads (Invitrogen), washed, and
resuspended. Western Blots were probed with 1:5000 aFLAG for Hoxa11,

1:3000 aPax2 (Covance#PRB-276P) for Pax2, or 1:500 aMyc for Eya1.

Pax2-paired domain pull down and electromobility shift assays
The 3.03 kb Six2 upstream region was digested by Hpall and used in the
Pax2-paired domain pull down assay following methods as previously described

[141].
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Gel electromobility shift assays were performed as previously described
with modifications [95]. Nuclear extracts from untransfected HEK-293 cells and
cells transfected with the Hoxa11-FLAG, Pax2-HA, and Eya1-Myc protein
expression vectors were isolated as previously described [142]. PAGE purified
oligonucleotides (Invitrogen) for the wild-type and mutant probes (see
Supplemental Material & Methods) were annealed and end labeled with P-32 (T4
Polynucleotide Kinase, Promega). Supershifts were performed using acHoxa11

antibody [143] and aHA antibody (above).

Six2-LacZ transgenic mice

The 3.03 kb wild type and mutant upstream Six2 sequences from
the luciferase vectors were sub-cloned upstream the B-galactosidase gene in the
promoterless pNASSp expression vectors (BDB Clontech) and were digested
with Nhel and Kpnl to create 980 bp Six2-lacZ wild type and mutant pNASSp
reporter vectors. DNA for injection was isolated using Nhel and Asel. Purified
DNA was microinjected into fertilized eggs obtained by mating (C57BL/6 X SJL)
F1 or C57BL/6 female mice with (C57BL/6 X SJL)F1 male mice. Pronuclear
microinjection was performed as described [144]. Embryos were collected at
E11.5, genotyped for the B-galactosidase gene [145], and stained for -

galactosidase activity following standard protocols [144].
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In situ hybridization and histology
In situ hybridization and histology were performed as previously described

[25].

Results

As Six2 expression is affected in Hox11, Eyal, and Pax2 mutant
metanephric mesenchyme, we tested whether these proteins can activate Six2
expression directly. A 3 kb sequence upstream of the Six2 ATG start site was
used to determine whether Six2 expression is regulated in cell culture by Hox11,
Pax2, or Eya1 (Figure 2.1A). In transfected cells, Hoxa11, Eya1, or Pax2 alone
were unable to substantially increase expression from the Six2 reporter
construct. However, when the proteins were co-expressed in combination,
activation of the reporter was observed. Co-expression of all three proteins
resulted in 50-fold activation of the Six2-luciferase reporter (Figure 2.1B).
Expression of Hoxc11 or Hoxd11 vectors in place of Hoxa11 in these
experiments showed similar results, consistent with their redundant genetic
function at this early stage of kidney development ([25], Supplemental Data). In
MDCK cells transiently transfected with Hoxa11, Pax2, and Eya1, a 5-fold up-
regulation of endogenous Six2 expression is also demonstrated (Figure 2.1C).
(Untransfected MDCK cells have measurable levels of endogenous Pax2 mRNA
expression, but low to undetectable levels of Hoxall, Hoxcl1l, Hoxd11, and

Eyal (Supplemental Data)).
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Figure 2.1
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Figure 2.1. Regulation of Six2 expression by a Hox11-Eya1-Pax2 complex. (A)
Schematic of the Six2-luciferase vector. A fragment from 3296 base pairs to 266
base pairs upstream of the Six2 ATG start site was subcloned into a luciferase
expression vector. (B) Activity of the Six2-luciferase reporter plasmid in
transfected MDCK cells with different combinations of Hoxa11, Pax2, and Eya1
protein expression vectors. (C) Northern blot analysis of endogenous Six2
MRNA in MDCK cells after transfection with Hoxa11, Eya1 and Pax2, normalized
to [J-actin. (D) Whole cell extracts of HEK-293 cells transfected with Hoxa11-
Flag, Pax2-HA, and Eya1-Myc protein expression constructs were subjected to
reciprocal co-immunoprecipitations. Immunoblotting (IB) for Hoxa11 (aFlag)
demonstrates co-immunoprecipitation with Pax2 (a«HA) and Eya1 (aMyc) (lanes 2
and 3). Immunoblotting with Pax2 aPax2) demonstrates co-immunoprecipitation
of Hoxa11 (aFlag) and Eya1 (aMyc) (lanes 5 and 6). Immunoblotting with Eya1
(aMyc) demonstrates co-immunoprecipitation with Hoxa11 (aFlag) and Pax2
(aHA) (lanes 8 and 9). Immunopreciptations (IP) using mouse or rabbit IgG
(lanes 1, 4, and 7) were negative controls.

29



The cooperative activation of Six2 could be mediated by the formation of a
Hox11-Eya1-Pax2 complex binding directly to an upstream cis-regulatory
sequence. To test for physical interactions, we performed co-
immunoprecipitation experiments using Hoxa11, Pax2, and Eya1. In cell lysates
expressing Hoxa11, Eya1, and Pax2, immunoprecipitation using antibodies
specific for one of the three proteins resulted in the co-precipitation of the other
two proteins (Figure 2.1D). Thus, Hoxa11, Pax2, and Eya1 can form a complex
and physically associate either directly or through interactions with as yet
unidentified adaptor proteins within the complex.

To examine the possibility that the Hox11-Eya1-Pax2 complex could bind
directly to sequences upstream of the Six2 coding sequence, we first tested for
Pax2 binding, since Pax2 is expected to have the most specificity in terms of a
DNA recognition sequence and the Pax2-paired domain (Pax2-PD) has been
previously shown to bind Pax2 target sequences with high affinity [95, 136].
After digestion of the 3.0 kb Six2 reporter sequence with Hpall, two fragments
showed strong binding by the Pax2-PD in vitro: one at the 5’ end of the reporter
construct and another sequence 450 base pairs upstream of the Six2 coding
sequence (Figure 2.2A). Subsequent deletion analyses showed the 5’ putative
binding site was not required for Hox11-Eya1-Pax2 mediated activity in cell
culture (data not shown). Sequence analysis of the -450 bp binding site revealed
a conserved Pax2 binding sequence [95, 142, 146-148] and an adjacent putative

Hox binding site (Figure 2.2B).
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Figure 2.2
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Figure 2.2. Pax2 binds regions upstream of the Six2 protein coding sequence.
(A) Pax2 paired domain (Pax2-PD) binds two regions of the Six2 promoter in
vitro. The black hatch marks indicate the Hpall sites in the 3.0 kb Six2 upstream
sequence. A %’, 222 bp region (1) and 3’, 65 bp region (*) are pulled down only
when the Pax2-PD is present. (B) Sequence analysis of the 65 bp region at -450
bp identifies a putative Pax2 binding site and a putative Hox binding site based
on sequence conservation to consensus sites.
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We next tested the necessity of these binding sites for reporter gene
activation in our reporter assay. In addition to the wild-type 3 kb Six2-luciferase
constructs tested previously, we generated and tested three analogous 3 kb
constructs which contained a mutation of the putative Pax2 binding site at -450
bp (Six2/Pax2mut), a deletion of a nearby putative Hox binding site (Six2/HoxA),
or both mutations together (Six2/Pax2mut-HoxA). Mutation of the Pax2 or the
Hox binding site alone caused a decrease in Hox11-Eya1-Pax2 mediated
luciferase activity compared to the wild-type Six2 construct. However, Hox11-
Eya1-Pax2 mediated expression from the Six2 reporter is nearly abolished when
both the putative Pax2 and Hox sites are mutated (Figure 2.3A).

Binding at the —450 site by the Hox11-Eya1-Pax2 complex was further
examined using nuclear extracts from HEK 293 cells transfected with Hoxa11,
Eya1, and Pax2 in electrophoretic mobility shift assays (Figure 2.3B). An 89
base pair fragment containing the putative binding site exhibited a slower
migrating complex upon incubation with nuclear lysate expressing Hoxa11, Eya1,
and Pax2 (Figure 2.3B, lane 3). This slower migrating species was supershifted
upon incubation with antibodies against Hoxa11 or Pax2, indicating that these
proteins are part of the DNA/protein complex (Figure 2.3B, lanes 5 and 6). The
specificity of binding was demonstrated by competition with a molar excess of
unlabeled wild-type competitor probe, and by loss of retention using a labeled
probe containing both the putative Pax2 and Hox binding sites mutated (Figure

2.3B, lanes 4 and 7).
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Figure 2.3

A 40
35 @ six2
M six2/Pax2mut
&30 || six2/Hoxa
T 25 Six2/Pax2mut-Hoxa

820 T
§15

10

5
Hoxa11 - - - + o+ + o+
Eya1 - - - - + o+ o+ 4+
Pax2 - - - - + o+ o+ o+
B

Antibody - - ocall aHA -
Competitor . - 50X - - -

Protein Unt HEP HEP HEP HEP HEP

Probe wt wt wt  owt wt  wt mut
i 2 3 4 5 6 7

-

Figure 2.3. The Hox11-Eya1-Pax2 complex binds at the -450 site and is
necessary for Six2 expression. (A) Luciferase activity from the 3.0 kb wild-type
Six2 expression construct (gray bars), and constructs with the putative Pax2
binding site mutated (black bars), with the Hox binding site mutated (white bars),
or with both the putative Pax2 and Hox sites mutated (black and white hatched
bars) were compared. All plates were co-transfected with or without Hoxa11,
Pax2, and Eya1 protein expression vectors in MDCK cells. (B) An 89 bp probe
(wt), containing the putative Pax2 and Hox binding sites of the Six2 promoter,
incubated with nuclear extracts from HEK-293 cells transfected with Hoxa11,
Eya1, and Pax2 (HEP) demonstrated retention on a non-denaturing acrylamide
gel (arrow in lane 3). Probe retention was not seen in untransfected extracts
(lane 2). This interaction is competed with excess (50X) unlabeled competitor
(lane 4) and supershifts are observed using antibodies to Hoxa11 (aHoxa11) or
to an HA tag (aHA) on the Pax2 protein (arrows in lanes 5 and 6, respectively).
The transfected extract does not show retention using a probe (mut) with the
Pax2 and Hox binding sites mutated (lane 7).
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To confirm the importance of this Hox11-Eya1-Pax2 regulatory binding
site in vivo, we generated LacZ-reporter constructs using wild-type and mutant
Six2 upstream sequence to test expression within the renal mesenchyme of
transgenic mice. A 980 bp Six2 construct was used to drive LacZ expression
and compared to expression from a construct containing mutations of the
putative Pax2 and Hox binding sites. The transgenic constructs were injected
into fertilized mouse embryos and assayed for LacZ expression at embryonic day
11.5 (E11.5). The wild-type Six2 reporter demonstrated LacZ expression in a
pattern similar to endogenous Six2 expression [149] in five of twelve independent
transgenic lines. LacZ staining was prominent in the branchial arches, the otic
region, and the developing urogenital mesenchyme (Figure 2.4A). Of 26
independent transgenic embryos generated with the mutant Six2-LacZ reporter,
19 embryos demonstrated LacZ staining in some region of the developing
embryo, but none of the 26 mutant embryos showed any staining in the
nephrogenic mesenchyme (Figure 2.4A). This confirms the Hox11-Eya1-Pax2
binding site is necessary for Six2 expression in the nephrogenic mesenchyme in
Vivo.

Both Eyal and Pax2 expression are unaffected in the condensed
metanephric blastema at pre-induction stages in Hox11 triple mutants [25].
Further, Eyal expression is unaffected in Pax2 mutant mesenchyme, and Pax2
expression is initially unaffected in Eyal mutant mesenchyme [99, 150]. We
examined the expression of Hoxd11 in Eyal and Pax2 mutant mice and no

changes in expression are seen (Figure 2.4B-E). Therefore, while the loss of
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Figure 2.4
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Figure 2.4. Hox11-Eyal-Pax2 binding site is critical for kidney expression in vivo
and the Hox-Eya-Pax network synergistically activates Gdnf expression. (A)
Six2-LacZ transient transgenic mice. The top panel shows a schematic of the
980 bp Six2-LacZ reporters (Hox site in red and Pax2 site in blue). E11.5
transgenic embryos carrying the wild-type Six2-LacZ constructs (left panel)
exhibit staining in the nephrogenic mesenchyme (black arrow) and the branchial
arches (black asterisk). Transgenic mice carrying a construct with the Pax2 and
Hox sites mutated retain staining in the branchial arches (right panel; black
asterisk, 19 of 26), but have no nephrogenic staining (black arrow, 26 of 26). (B
through E) No differences in the expression of Hoxd11 in the posterior
intermediate mesoderm are seen in Eyal heterozygous (B) or homozygous (C)
embryos at E10.5 or in the metanephric mesenchyme of Pax2 heterozygous (D)
or homozygous (E) embryos at E10.5. (F through H) Frontal H&E stained
histological sections through an E14.5 control embryo (F) and embryos with three
mutant Hox11 alleles plus one mutant allele of Eyal (G, H). The brackets in F -
H indicate relative kidney size. () Gdnf upstream sequence driving luciferase in
the presence of Hoxa11, Eya1, and/or Pax2 in MDCK cells.

35



these genes individually leads to the loss of Gdnf expression and ureteric bud
induction, they do not affect the expression of one another at early metanephric
stages, consistent with their operating in parallel as transcriptional co-regulators
in this system.

If the Hox11-Eya1-Pax2 complex cooperatively contributes to the
expression of early kidney mesenchyme specific genes, then a reduction in gene
dosage may provide genetic evidence for this interaction. Eyal heterozygotes or
three-allele Hox11 mutants have no histological renal phenotype at E14.5 ([25,
99] and data not shown). However, the addition of a single Eyal null allele to
three mutant Hox11 alleles results in hypoplastic kidneys at E14.5 (Figure 2.4F-
H). This phenotype is observed regardless of which three Hox11 alleles are
missing. Thus, reduced Eyal gene dosage uncovers a phenotype in the Hox11
three allele mutant kidneys similar to the phenotype reported in mutants that
carry four or more mutant Hox11 alleles [18, 25, 123]. This data provides
compelling genetic evidence that Hox11 group proteins interact with Eya1.

Hox11 paralogous mutants and Eyal and Pax2 mutant mice show similar
kidney phenotypes with a failure to induce ureteric bud formation and loss of
Gdnf [25, 95, 99]. Thus, we examined Gdnf expression as a second potential
candidate for regulation by the Hox11-Eya1-Pax2 complex. The Gdnf reporter
construct was activated by Pax2, alone, approximately 5-fold, in agreement with
previously published reports [95]. However, co-expression of Hoxa11 (or Hoxc11
or Hoxd11, data not shown) and Eya1 with Pax2 increased activation of the

Gdnf-Luciferase reporter more than 40-fold, whereas Hox11 or Eya1 alone had
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no effect on activation (Figure 2.41). These data demonstrate the Hox11-Eya1-
Pax2 complex can strongly activate multiple target genes in the early renal

mesenchyme.

Discussion

During the organization of the body plan, cells and tissues are specified
along three axes: anterior-posterior, dorsal-ventral, and medio-lateral. The
intermediate mesoderm, from which the kidney derives, is first specified along
the medio-lateral axis and marks a region between the paraxial and lateral plate
mesoderm shortly after gastrulation. One model proposes that Bmp signals from
the lateral plate and as yet unidentified signals from the paraxial mesoderm
provide positional cues to activate genes such as Pax2, Osrl, and Lim1, which
mark the intermediate mesoderm [151, 152]. The intermediate mesoderm also
has anterior-posterior patterning that is clearly represented by the pro-, meso-,
and metanephric kidneys. Thus, any position within the developing mesoderm
can be specified by a unique combination of anterior-posterior factors and medio-
lateral factors. How these factors function cooperatively is unclear. Our results
suggest a model whereby Hox11 paralogous proteins cooperate with Eya1 and
Pax2 to activate Six2 and Gdnf, two genes specific to the posterior intermediate
mesoderm that generates the metanephric kidney (Figure 2.5). Hox11, Eya1 and
Pax2 proteins physically associate, bind to a metanephric mesenchyme specific
enhancer region within the Six2 promoter, and synergistically activate reporter

gene expression. Thus, the direct interactions between anterior-posterior
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Figure 2.5
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Figure 2.5. Diagram of proposed mechanism of Hox11 molecular function.
Taken together, this work supports a model wherein Hox11 proteins form a
transcriptional complex with Pax2 and Eya1 and directly activate the expression
of Six2 and Gdnf during early mammalian metanephric development.
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determinants and medio-lateral determinants may be essential for specifying the
positional address of the metanephric mesenchyme.

Despite the fact that targeted deletions of Hox genes were among the first
generated [36, 153, 154] and that mutations in Hox genes affect numerous
developmental processes (reviewed in [14]), few downstream target genes have
been identified. Probably the most studied mammalian Hox target is Hoxb1,
which is auto-regulated by its own expression [67, 155]. Working as a complex
with Pbx and Meis/Prep, Hoxb1 has been shown to regulate a handful of other
anterior Hox genes [64, 65, 156, 157]. Here, we demonstrate that Six2 and Gdnf
are novel molecular targets of the Hox11 genes, and identify a novel set of Hox
regulatory partners, Eya1 and Pax2, for this activity.

The Pax-Eya-Six pathway is a conserved regulatory network in
organogenesis [130]. Initially found in Drosophila, ey (Pax) activates eya (Eya)
and so (Six) expression during eye formation [158]. Eya can also ectopically
activate so/Six, and so/Six and eya both feedback to regulate ey/Pax as well as
their own expression [132]. These genes are also expressed and play important
roles in mammalian development. In addition to the kidney, mutations in these
genes affect development of other organ systems, such as the ear, thymus and
thyroid formation as well as muscle and eye (reviewed in [130, 159, 160]). How
this regulatory cassette contributes to the differentiation of so many unique
structures is unclear, but presumably relies on interactions with region-specific

patterning factors.
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More recently, it has been shown that Hox’HomC proteins can bind
ey/Pax and affect developmental processes in Drosophila [161, 162]. Our
current work suggests this interaction is also conserved during mammalian
kidney development as well. Further, it is possible that interaction between Hox
genes and the Pax-Eya-Six pathway may be more generally conserved. For
example, Hoxa3 is necessary for thymus and thyroid formation, as are Eyal and
Six1 [163-165]. Pax1 and Pax9 are also expressed in the thymus and Pax8 is
expressed in the thyroid [166-168]. Similarly, during otic development, Hoxaz2 is
expressed in the second branchial arch and Hoxa2 mutant mice have middle ear
defects, as do Eyal, Six1, and Pax8 mutants [99, 169-172]. Six2 is expressed in
the first and second branchial arches and periotic mesenchyme, and a recent
study shows Six2 expression expands in these regions in Hoxa2 mutants [149,
173]. Because of the striking similarities in the phenotypes of these mutants, it is
plausible that a Hox-Eya-Pax complex is also necessary for the development of
other organ systems and that Six genes are general developmental targets of
Hox genes and possibly this Hox-Eya-Pax complex.

In conclusion, our results demonstrate a Hox11-Eya1-Pax2 regulatory
network is necessary for Six2 and Gdnf expression to promote mammalian
kidney development. This study identifies new downstream targets of the Hox11
paralogous genes as well as a novel regulatory complex in which these Hox
proteins operate. It will be important to determine if this pathway is conserved in

other organ systems during mammalian development.
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CHAPTER Il

NON-HOMEODOMAIN REGIONS CONFER ACTIVATION VERSUS

REPRESSION ACTIVITIES TO MAMMALIAN HOX PROTEINS

Abstract

Hox genes control many developmental events along the AP axis, but few
target genes have been identified. Whether target genes are activated or
repressed, what enhancer elements are required for regulation, and how different
domains of the Hox proteins contribute to regulatory specificity is poorly
understood. Six2 is genetically downstream of both the Hox11 paralogous genes
in the developing mammalian kidney and Hoxa2 in branchial arch and facial
mesenchyme, although loss-of-function of Hox11 leads to loss of Six2 expression
and loss-of-function of Hoxa2 leads to expanded Six2 expression. Herein we
demonstrate that a single enhancer site upstream of the Six2 coding sequence is
responsible for both activation by Hox11 proteins in the kidney and repression by
Hoxa2 in the branchial arch and facial mesenchyme in vivo. DNA binding activity
is required for both Hox activation and Hox repression, but differential activity is
not controlled by differences in the DNA-binding homeodomains. Rather, protein

domains N- and C-terminal to the homeodomain confer activation versus
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repression activity. These data support a model whereby DNA binding by Hox
proteins in vivo may be similar, consistent with accumulated in vitro Hox DNA
binding data, and that unique functions result mainly from differential interactions

with non-homeodomain regions of Hox proteins.

Introduction

Hox proteins play a critical role in patterning the anteroposterior (AP) body
axis of most metazoans, but what target genes are regulated and the
mechanisms by which Hox proteins direct morphological diversification are poorly
understood. In most bilaterian organisms, Hox genes are found in closely linked
clusters and their order on the chromosome reflects their expression and function
along the AP axis. The most 3’ genes (la and pb in arthropods; Hox1 and Hox2
group genes in vertebrates) are expressed most anteriorly while more 5’ genes
are expressed with increasingly posterior boundaries. Hox expression domains
generally demonstrate significant overlap, with expression extending more
posterior than their functional domains. All Hox proteins contain a DNA-binding
domain, the homeodomain. This domain is highly conserved among all Hox
proteins and this motif, along with the clustered, colinear organization of these
genes on chromosomes, are defining hallmarks of this group of developmental
regulators.

There is a high degree of conservation among homeodomains, and all
Hox proteins bind a highly similar -ATTA- core sequence in vitro, providing little

specificity for unique downstream target regulation [174-176]. Despite this
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similarity in vitro, functional studies using ectopic expression of chimeric Hox
proteins in Drosophila have provided evidence that differences in homeodomain
sequence and structure may confer some degree of functional specificity to
individual Hox proteins in vivo. In some cases, the nature of the homeotic
changes induced by ectopic over-expression of Hox proteins, is altered by
swapping the homeodomains between Hox proteins [177-183]. In the majority of
these studies, ectopic expression of wild-type Hox protein is compared to ectopic
expression of a chimeric construct in which the homeodomain is swapped with
another Hox protein. However, reciprocal swaps, wherein the homeodomain
remains constant and the N- and C-terminal domain are swapped, have not been
systematically examined in comparison, making it difficult to assess the relative
importance of the homeodomain versus the N- and C-terminal domains in these
experiments. In one study by Zeng, et al. [183], wild-type Antp ectopic
expression was compared to that of ectopic expression of Scr, and to ectopic
expression of chimeric proteins in which either the homeodomain, the region C-
terminal to the homeodomain or the homeodomain and C-terminal region of Scr,
was swapped into the Antp protein. This study revealed that while swap of the
homeodomain of Scr into the Antp protein construct results in some homeotic
changes that were interpreted to mimic Scr overexpression more than Antp
overexpression, the homeotic changes more closely resembled ectopic Scr when
the C-terminal domain was swapped in addition to the homeodomain.
Expression of chimeric protein in which only the domain C-terminal to the

homeodomain of Scr was swapped into Antp still resulted in some changes that
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resemble Scr-mediated homeosis [183]. While incomplete, this study supports
the notion that Hox specificity may lie outside of the homeodomain.

Few domains outside of the homeodomain have been described for the
Hox proteins. An important exception is the YPWM motif that is found just N-
terminal to the homeodomain in Hox1 — Hox10 group proteins. The YPWM motif
is critical for binding Hox cofactors, Pbx/Exd. Pbx/Exd confers DNA binding
specificity and stability to Hox proteins in some contexts [57, 58]. Downstream
targets regulated by Hox-Exd complexes have been identified in Drosophila, and
include decapentaplegic (dpp), forkhead (fkh), and labial (lab) [60-62].
Mammalian Pbx and Prep interact with Hoxb1 to control the segment-specific
regulation of several anterior Hox genes during rhombomere formation in
mammals, including the auto-regulation of Hoxb1 expression [65-68, 157].
However, a more limited number of mammalian organ systems appear to rely on
Hox-Pbx-Meis/Prep regulatory complexes, and Pbx and Meis/Prep proteins
appear to have broader roles in mammalian development than solely as Hox
cofactors [71, 74, 75]. Therefore, it is likely that additional Hox regulatory co-
factors and Hox binding interactions contribute to the wide array of Hox activities
during mammalian development.

With the exception of the Pbx/Exd-binding domain, the functional
specificity conferred by the non-homeodomain portions of Hox proteins has been
largely unexplored. The lack of attention to the importance of the non-
homeodomain portion of Hox proteins is surprising given that the amino acid

sequence of Hox proteins in mammals range from 217 to 443 amino acids (in
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Drosophila, the range is 270 to 782 residues), even though the homeodomain is
only 61 amino acids in length.

Part of the difficulty in assessing relevant, in vivo functional contributions
by different domains of Hox proteins, however, has been the lack of clearly
defined direct downstream target genes in vivo, particularly those that
demonstrate differential regulation by distinct Hox proteins. Recently, Six2 has
been shown to be a direct downstream target of the Hox11 proteins in
metanephric kidney development. In the early metanephric mesenchyme, Hox11
proteins interact with Pax2 and Eya1 to promote the activation of Six2 [25, 184].
Six2 has also been shown to be a target of Hoxa2 in the branchial arches and
otic mesenchyme. In this case, Hoxa2 normally represses Six2 expression in the
facial mesenchyme and the second branchial arch [173, 185]. In both cases,
substantial evidence supports direct regulation by Hox proteins in Six2
expression [173, 184, 185].

In this report, we identify a single enhancer site that promotes repression
of Six2 in anterior regions by Hoxa2 and activation of Six2 in nephrogenic
mesenchyme by Hox11 proteins in vivo. DNA binding is required for both Hox
activation and repression activities, but differential regulation depends primarily
on N- and C-terminal regions that flank the homeodomain. Specifically,
repression relies on a 60 amino acid sequence C-terminal to the homeodomain,
which is conserved in Hox2 and Hox3 paralogs. Activation by Hox11 requires
domains both N- and C-terminal to the homeodomain, and activation is shared by

a larger subset of Hox proteins.
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Materials and methods
Six2-luciferase assays

The Six2-luciferase reporter and the Hoxa11, Pax2, and Eya1 protein
expression vectors were designed as previously reported [184]. Hoxa2, Hoxb2,
Hoxa3, Hoxb3, Hoxa5, Hoxa6, and Hoxc10 cDNAs were generated using C57BI6
embryonic RNA using SuperScript [l RNase H Reverse Transcriptase
(Invitrogen), amplified by Platinum Taqg High Fidelity DNA Polymerase
(Invitrogen), and were cloned into p3XFlag-CMV10 expression vectors (Sigma).
The Pbx1a and Pbx1b expression vectors were generously donated by Dr. Licia
Selleri [69]. The Hoxa2 and Hoxa11 chimeric protein constructs were designed
as detailed in Figure 6.

The last 63 amino acids of the Hoxa2 C-terminal region were deleted
from the Hoxa2-p3XFlag-CMV10 expression vector using PCR. The forward
primer was designed in the p3XFlag-CMV10 vector downstream Hoxa2 and the
reverse primer was designed in Hoxa2 upstream the sequence to be deleted.
The resulting PCR product was ligated together and sequencing confirmed the
deletion.

The QuikChange Il XL site-directed mutagenesis kit (Stratagene) was
used to mutate Hox homeodomain amino acids. The Hoxa2 and Hoxa11
asparagine and arginine at amino acid positions 51 and 53, respectively, were

both mutated to alanines.
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Luciferase assays in MDCK cells were performed as previously described
[184] and the data was normalized to cells transfected with the Six2 reporter

construct alone, labeled as one fold change.

In situ hybridization and transgenic expression analyses
In situ hybridization was performed as previously described [25, 186].
Six2 in situ probe was previously reported [149]. Six2-LacZ constructs and

embryo analyses were previously described [184].

Results
Differential regulation of Six2 expression

Six2, a homeobox transcription factor, is expressed in multiple organ
systems of the developing embryo, and Six2 expression is altered in Hox mutant
mice. Loss-of-function of Hoxa2 exhibits an expansion of Six2 expression in the
branchial arches and periotic mesenchyme, and leads to malformations of the
middle and external ear (Figure 3.1A, 3.1B) [172, 173]. In Hox11 paralogous
mutants, in contrast, ureteric bud induction does not occur and Six2 expression is
lost from the early metanephric mesenchyme (Figure 3.1C, 3.1D) [25]. Thus, at
a genetic level, Six2 expression is differentially regulated in these two sets of Hox
mutant mice.

Molecular and genetic experiments have shown that expression of Six2 in
the metanephric mesenchyme is a result of direct activation by a complex of

proteins that include the Hox11 proteins, Pax2, and Eya1 [25, 98, 99, 184]. We
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Figure 3.1

Six2

Figure 3.1. Six2 expression is differentially regulated in Hoxa2 and Hox11
mutant embryos. (A) E11.5 control embryo demonstrating Six2 expression in the
first branchial arch (black arrowhead) and periotic mesenchyme (black arrow).
(B) At this stage, Hoxa2 null embryos exhibit expanded Six2 expression in the
periotic mesenchyme (red arrow) and into the second branchial arch (red
arrowhead). (C) At E11.0, Six2 is expressed in the metanephric mesenchyme in
control embryos (black outline). (D) Six2 expression is absent from the
metanephric mesenchyme of E11.0 Hox11 triple paralogous mutants (red
outline). 1, first branchial arch; 2, second branchial arch; o, otic vesicle; MM,
metanephric mesenchyme.
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have previously shown that activation of Six2 by Hox11 requires a 50 bp
enhancer, (gray box, Figure 3.2A, [184]). Mutation of this site in vivo results in
loss of Six2-LacZ reporter expression in the nephrogenic mesenchyme (19 of 19
independent transgenic lines) (Figure 3.2B, 3.2C, red arrow). Surprisingly,
mutation of this enhancer in vivo also results in expansion of Six2-LacZ
expression in the periotic mesenchyme and second branchial arch in 16 of the 19
mutant transgenic embryos (Figure 3.2B, 3.2C, red arrowheads). Thus, the Six2-
LacZ expression pattern in the transgenic embryos with a mutated Hox enhancer
recapitulates the expansion observed in Hoxa2 mutant embryos and the loss of
Six2 expression observed in Hox11 mutant embryos, providing strong evidence
that the same enhancer site confers both activation and repression by Hox
proteins at this locus.

Using a reporter construct containing 3 kb of the Six2 promoter sequence,
which includes the Hox response element (HRE, Figure 3.3A, gray box),
activation and repression can both be recapitulated in cell culture reporter
experiments. Individually, Hox proteins have little effect on transcriptional
activity. The addition of Pax2 and Eya1, cofactors for activation of Six2 [184],
results in a moderate increase in reporter expression. Addition of Hoxa11,
Hoxc11, or Hoxd11 significantly increases Six2 activation (Figure 3.3B, and
[184]). In contrast, expression of HoxaZ2 represses this activity (Figure 3.3B).
Thus, the in vivo behavior of these Hox proteins can be recapitulated in this cell
culture assay. Of note, there is no evidence that the regulatory functions of these

Hox proteins are dependent on Pbx as a cofactor, as Pbx1 does not affect Six2
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Figure 3.2

A LacZ

| Six2-LacZ [HRE ]

Six2-Lac”s SixZ2mut-LacZ

Figure 3.2. A single enhancer site regulates Six2 repression in the developing
periotic mesenchyme and Six2 activation in the kidney. (A) Schematic of the 980
bp Six2-LacZ reporter construct. The Hox response element (HRE, gray box) is
mutated in the Six2mut-LacZ construct [187]. (B) Control Six2-LacZ expression
is observed in the periotic mesenchyme and branchial arches (black arrowhead
and asterisk), as well as the posterior nephrogenic mesenchyme (black arrow).
(C) Mutant transgenic embryos (Six2mut-LacZ) demonstrate expanded
expression of Six2 in the periotic mesenchyme and branchial arches (red
arrowhead and asterisk) and loss of expression in the nephrogenic mesenchyme
(red arrow). o; otic vesicle.
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Figure 3.3
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Figure 3.3. Differential regulation of Six2 in reporter assays. (A) Diagram of
reporter construct with 3 kb of Six2 upstream sequence driving luciferase [187].
The gray box denotes the HRE. (B) Individually, Hoxa2 and Hoxa11
demonstrate little activity when co-expressed with the Six2 reporter, while Pax2
and Eya1 in combination result in moderate up-regulation. Co-expression of
Hoxa11 with Pax2 and Eya1 results in a further synergistic increase in reporter
activity. Co-expression of Hoxa2, in contrast, represses Six2 expression. (C)
Co-expression of Pbx1a and Pbx1b isoforms with Hoxa2 or Hoxa11 causes no
significant changes in Six2 expression levels.




reporter activity with or without Hox, Pax2 or Eya1 proteins (Figure 3.3C and
data not shown).

In order to determine whether the differential activation and repression
activities are unique to the Hox11 and Hoxa2 proteins or whether other Hox
proteins are able to demonstrate differential activity, we examined how other Hox
proteins affect Six2 reporter activity in this assay. Members of the Hox5, Hox6,
Hox9, and Hox10 paralogous groups are able to mediate activation of Six2
similar to the Hox11 paralogs. In contrast, Hoxa2, Hoxb2, as well as members of
the Hox3 paralog group act as repressors in this assay (Figure 3.4 and data not

shown).

Hox regulatory domains

Comparison of the protein coding sequences from all 39 Hox proteins
immediately reveals a striking difference between Hox2 and Hox3 paralogs and
the rest of the mammalian Hox proteins. The C-terminal regions of the Hox2 and
Hox3 repressor proteins are much longer than any of the other Hox proteins
(Figure 3.5A). Hoxa2, Hoxb2, Hoxa3, Hoxb3, and Hoxd3 have between 154 and
192 amino acids C-terminal to the homeodomain while the remaining 34 Hox
proteins only have between 6 and 49 amino acids C-terminal to the
homeodomain. Amino acid sequence alignment of the Hox2 and Hox3 paralogs
reveals significant conservation in the region C-terminal to the homeodomain,

especially in the most C-terminal 60 residues (Figure 3.5B, blue shading).
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Figure 3.4
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Figure 3.4. Different Hox proteins can act as repressors and activators of Six2
expression. Six2 is repressed by Hoxa2, Hoxb2, Hoxa3 and Hoxb3 (Repressors)
in this reporter analysis. Hoxa5, Hoxa6, Hoxc10, and Hoxa11 synergistically
activate Six2 expression (Activators) in this assay.
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Figure 3.5. Mammalian Hox protein sequence comparisons. (A) Alignment of
all 39 Hox proteins relative to the conserved 60 amino acid homeodomain (in
black background) highlights the differences in length of the regions C-terminal to
the homeodomains. The C-terminal region of the Hox2 and Hox3 paralogous
groups (highlighted in pink) are more than 100 amino acids longer than the C-
terminal regions of any of the other Hox paralogs (highlighted in gray). The Hox
proteins are ordered by paralogous group (1-13). (B) The regions C-terminal to
the homeodomains of the Hox2 and Hox3 paralogs were aligned using ClustalW.
Identical or similar amino acids are highlighted in blue. The yellow box indicates
a conserved 63 amino acid region at the C-terminus.
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Figure 3.5
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To dissect the mechanistic basis for differential activation and repression
by Hox proteins, we generated a series of stable chimeric protein expression
constructs in which the homeodomain and/or regions N- or C-terminal to the
homeodomain were exchanged between Hoxa11 (an activator Hox) and Hoxa2
(a repressor Hox, Figure 3.6 illustrates chimeric protein constructs).
Replacement of the Hoxa11 C-terminal domain with the Hoxa2 C-terminal
domain results in the conversion of the Hoxa11 activator to a repressor
(Hoxa11N-HD+Hoxa2C, Figure 3.7A, column 5). Repression activity relies only
on the identity of the C-terminal domain; whether the homeodomain region is
from Hoxa11 or Hoxa2 has no effect on activity. Thus, repression activity lies
within the domain C-terminal to the homeodomain of Hoxa2. The presence of an
N-terminal region and the homeodomain are required as partial protein
constructs without N-terminal domains or homeodomains have no activity (data
not shown), but these regions are not critical for conferring repression.

To further identify the domain responsible for repression activity of the
Hox2/3 proteins, we deleted only the most C-terminal 63 amino acids of Hoxa2
that exhibits the highest conservation between the Hox2 and Hox3 paralogs
(yellow shaded sequence in Figure 3.5B). Deletion of this conserved region
results in complete loss of repression activity of the Hoxa2 protein (Hoxa2AC63,
Figure 3.7, column 8). Thus, repression of Six2 relies on a 60 amino acid
sequence at the most C-terminal end of the Hoxa2 protein.

In converse chimeric activity experiments, replacing the Hoxa2 C-terminal

domain with the Hoxa11 C-terminal domain does not convert this Hox protein to
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Figure 3.6. Generation of chimeric Hox protein expression constructs. a11N-
HD+a2C and a2N-HD+a11C: Regions C-terminal to the homeodomain were
PCR amplified from full length Hoxa2 and Hoxa11 p3xFlag-CMV-10 expression
vectors using primers with a Kpnl restriction site 5’ of the C-terminal region and
an Xbal site 3’ to the coding sequence. Coding sequences of N-terminal+HD
regions were also PCR amplified with the same restriction site at the HD-C-
terminal junction and a Hindlll site upstream of the ATG. Digestion and religation
to generate the chimera protein products resulted in the insertion of six bases,
GGTACC, which translate to a two amino acid insertion (Gly+Thy) into the
chimeric proteins. a11N+a2HD-C and a2N+a11HD-C: Regions N-terminal to the
homeodomain were PCR amplified from full length Hoxa2 and Hoxa11 p3xFlag-
CMV-10 expression vectors using primers with a 5’ Hindlll site upstream of the
ATG and a 3’-end Kpnl restriction site. The coding sequences of HD+C-terminal
regions were also PCR amplified with the same restriction site at the N-terminal-
HD junction. Digestion and religation to generate the chimera protein products
resulted in the insertion of six bases, GGTACC, which translate to a two amino
acid insertion (Gly+Thy) into the chimeric proteins. a2N+a11HD+a2C and
a11N+a2HD+a11C: Regions N-terminal to the homeodomain were PCR
amplified from full length Hoxa2 and Hoxa11 p3xFlag-CMV-10 expression
vectors using primers with a 5’-end Hindlll and a 3’end Bglll restriction site
immediately flanking the N-terminal coding sequence. HD regions were also
PCR amplified with a 5’ Bglll and 3’ Kpnl restriction sites at each junction.
Regions C-terminal to the homeodomain were PCR amplified from full length
Hoxa2 and Hoxa11 p3xFlag-CMV-10 expression vectors using primers with a
5’end Kpnl restriction site and 3’ Xbal site. Digestion and religation to generate
the chimera protein products resulted in the insertion of six bases, AGATCT
(Gly+Thy), in the N-terminal-HD junction and of six bases, GGTACC (Arg+Ser),
in the C-terminal-HD junction. Hoxa2AC63: The yellow box with the triangle
indicates the 63 amino acid deletion of the C-terminal region in Hoxa2. Hoxa2-
HD™" and Hoxa11-HD™": The 51* and 53* indicate the mutated amino acids in
the Hoxa2 and Hoxa11 homeodomains. Hoxa2, pink; Hoxa11, blue; N, region N-
terminal to the homeodomain; HD, homeodomain; C, region C-terminal to the
homeodomain; asterisk, amino acid mutation. Amino acids at both positions (51,
Asp and 53, Arg) were mutated to alanines.

58



Figure 3.6
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Figure 3.7. Non-homeodomain regions of Hox proteins are critical for
differential regulation of Six2 expression. (A) The homeodomain (HD), as well as
regions N-terminal (N) and C-terminal (C) to the homeodomain, were exchanged
between Hoxa2 (pink) and Hoxa11 (blue). Individually, chimeric protein
constructs are unable to affect Six2-luciferase reporter activity (bar 1).
Replacement of the C-terminal region of Hoxa11 with the Hoxa2 C-terminal
domain (a11N-HD+a2C, a2N+a11HD+a2C or a11N+a2HD-C (bar 5)) represses
activation of Six2 (bar 2) in a manner similar to the full-length Hoxa2 (bar 4),
demonstrating that regions C-terminal to the Hoxa2 homeodomain confer
repression activity. Swapping the N-terminal and/or the homeodomain of Hoxa2
into the Hoxa11 construct abrogates activation, but does not convert this protein
to a repressor (a2N-HD+a11C or a2N+a11HD-C (bar 6)). Both N- and C-
terminal regions of Hoxa11 are required to activate Six2 expression
(a11N+a2HD+a11C, bar 7). Deletion of the last 63 amino acids of Hoxa2 C-
terminal domain abrogates Hoxa2-mediated repression (bar 8), demonstrating
this region is critical for conferring Hoxa2 repression. (B) Mutation of the Hoxa2-
HD (asterisk) abrogates Hoxa2-mediated repression of Six2 expression. (C)
Mutation of the Hoxa11-HD (asterisk) inhibits synergistic activation of the Six2-
luciferase reporter compared to wild-type Hoxa11. Daggers (1) indicate similar
fold activations were observed for the listed Hox protein expression constructs.
The largest standard deviation for any single experiment is shown in the above
figure where more than one construct result is represented.
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Figure 3.7
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an activator (Hoxa2N-HD+Hoxa11C, Figure 3.7A, column 6). However,
repression is lost, consistent with the repressive activity being localized in the
Hoxa2 C-terminal domain. Swapping protein domains such that both N- and C-
terminal domains from Hoxa11 protein are present with the Hoxa2
homeodomain, however, is sufficient for full activation of Six2 expression. A
chimeric protein with the N-terminal portion of Hoxa11, the Hoxa2 homeodomain
(HD), and the Hoxa11 C-terminal residues activates Six2 expression similar to
wild type Hoxa11 protein (Hoxa11N+Hoxa2HD+Hoxa11C, Figure 3.7A, column
7). Of note, while there are only 13 amino acids C-terminal to the homeodomain
in Hoxa11 (and Hoxc11 and Hoxd11), this domain is essential for activation
activity. Deletion of these 13 amino acids results in complete loss of activity

(data not shown).

DNA binding is required for activation and repression

The previous set of experiments demonstrates that a homeodomain is
required for activity, but that the identity of the homeodomain is not critical for
differential activation and repression. In order to determine whether DNA binding
is required, we generated mutations in critical homeodomain amino acids in our
protein expression constructs. Previous work has shown that amino acids 51
and 53 of the homeodomain are essential for DNA binding of homeobox proteins
[56, 188], so mutations at these homeodomain sites were generated for both
Hoxa2 and Hoxa11 (Figure 3.6). The ability of Hoxa2 to repress (Figure 3.7B)

and of Hoxa11 to activate (Figure 3.7C) Six2 expression is significantly reduced
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when the DNA binding domain of either protein is mutated, demonstrating that
DNA binding is a critical component of both Hox activation and repression.
Taken together, these experiments demonstrate that while DNA binding is
important for transcriptional activity, the identity of the homeodomain is not
critical. Rather, it is the unique domains N- and C-terminal to the homeodomain

that confer differential activity.

Discussion

Despite decades of research, little is known regarding the mechanisms by
which Hox proteins regulate patterning along the AP axis. Extensive genetic
analyses unequivocally demonstrate the importance of these genes in controlling
segment identity in Drosophila and many aspects of patterning along the AP
body axis and the proximal-distal axis of limbs in mice [4, 18, 24, 25, 32, 36, 44,
53, 189, 190]. How these global patterning events are regulated at a
transcriptional level is not well understood.

One of the main difficulties in identifying direct downstream targets of Hox
genes is the poor specificity in sequence recognition exhibited by Hox proteins.
The DNA binding motif is highly conserved between all Hox proteins, even over
large evolutionary distances, and all Hox proteins preferentially bind a conserved
-ATTA- core motif [174-176]. The low specificity and frequency with which this
short sequence occurs throughout the genome makes Hox response element

(HRE) prediction extremely difficult.
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The poor binding specificity in vitro contrasts sharply, however, with the
highly specific functions ascribed for individual Hox proteins in vivo. Initially, the
notion that modest differences in binding preference by individual homeodomains
contributed to in vivo specificity was explored and gained broad support [191,
192]. Two main lines of evidence supported this assertion. First, a number of
studies were performed in which the homeodomain from Hox protein ‘A’ was
swapped in place of the homeodomain Hox protein ‘B’, and Hox ‘A’, Hox 'B’ and
chimeric Hox ‘B-A"®” were ectopically expressed in Drosophila [177, 179-183,
193]. Ectopic homeodomain-swapped Hox constructs often resulted in
patterning changes that were interpreted to more closely resemble phenotypes
from ectopic expression of the wild-type Hox ‘A’ protein (the homeodomain
donor) than Hox ‘B’, consistent with activity regulation by the DNA-binding
homeodomain. Complete reciprocal experiments in which the regions N- and C-
terminal to the homeodomain of Hox ‘A’ were used with Hox ‘B’ homeodomain to
compare the contribution of the homeodomain to that of the non-homeodomain
regions were not performed, however. Further, it was noted that many of the
phenotypic changes induced by ectopic expression of Hox (chimeric or wild-type
proteins) are likely to have resulted from ectopic activation of additional Hox
proteins [180]; thus, how these phenotypic changes should be interpreted with
respect to in vivo Hox function is not clear. A second set of experiments report
that vertebrate proteins behave similarly to their Drosophila orthologs in vivo

[194, 195]. As sequence identity between vertebrates and arthropods can be
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found primarily in the homeodomain region, this was taken as further indication
that the homeodomain is a primary controller of specificity in vivo.

The discovery that mutation in exd, a Drosophila TALE-class
homeodomain gene, resulted in Hox-like homeotic changes without causing
changes in Hox expression led to the suggestion that exd might be a cofactor for
Hox downstream target regulation [57]. This was shown to be the case for Ubx
in 1994 [58], and has since been shown to be operative in several contexts
(reviewed in [66]). Exd, or Pbx in mammals, binds Hox primarily via a conserved
hexapeptide motif N-terminal to the homeodomain [196-200]. Collectively, this
work highlights the importance of at least one region outside of the
homeodomain for Hox function and specificity, and has led to the identification of
a subset of target genes regulated by this complex in both Drosophila and
mammals [60-62, 65-68, 157]. However, mammalian Pbx proteins do not
interact with the most posterior Hox paralog groups (including Hox11 proteins)
and mutants for Pbx genes demonstrate many phenotypes not observed in Hox
mutants (reviewed in [66]). Further, the increased specificity of the combined
Hox/Exd consensus binding site has not led to the identification of a large
number of additional target genes [201]. Altogether, it is likely that other
mechanisms of conferring target gene specificity exist for Hox proteins.

Other regions of the Hox proteins, in addition to the homeodomain and the
Exd/Pbx-binding hexapeptide region, might be important for Hox function. In the
report by Zeng, et al., swap of the C-terminal was examined in addition to the

homeodomain swap [183]. Substitution of both the homeodomain and the C-
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terminal regions, together, more fully capitulated the donor protein behavior than
swap of the homeodomain alone, supporting the idea that Hox specificity may lie,
at least in part, outside of the homeodomain. Further, Tour, et al. demonstrated
that while repression of DIl by Ubx depended on the Exd-binding YPWM motif,
activation activity depended on the N-terminal 20 amino acids, which include a
highly conserved SSYF motif [202].

Additional mechanisms for regulating Hox downstream targets have been
proposed more recently. Notably, the idea that Hox genes may regulate target
genes via a mechanism of ‘collaboration’, whereby Hox proteins, along with other
transcription factors that bind at nearby sites, co-regulate gene expression
without directly interacting with one another directly [203, 204]. This model does
not incorporate how DNA binding specificity may or may not contribute to or be
affected by ‘collaborative’ binding, but does assume that additional factors must
be recruited by both Hox and its ‘collaborating’ co-factors [204]. Presumably, this
could include differential interaction with non-homeodomain regions of the Hox
proteins.

With the advent of genome sequencing and large-scale techniques,
several attempts have been made to identify genome-wide Hox targets using
whole organ or whole embryo approaches [205-213]. A panopoly of expression
changes with both loss-of-function and gain-of-function Hox mutants have been
reported. Many of these studies note changes in expression for hundreds of
genes along with distinct changes in expression for different Hox mutants.

Together, these studies give us a sense of the broad importance of Hox gene
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function in vivo, and also further demonstrate that unique regulatory contributions
can be made by individual Hox proteins. A continued combination of in silico,
computational work and in vivo experimentation will hopefully result in
confirmation of direct downstream targets in which enhancer elements can be
predicted and tested. Ultimately, these experiments may lead to a much greater
understanding of Hox function, however, mechanistic details regarding Hox
function await further analysis.

In this study, we demonstrate that HoxaZ2 represses Six2 expression and
Hox11 proteins activate Six2 expression using the same enhancer site in vivo.
Previous work has demonstrated that Hox11 genes activate Six2 expression in
vivo [25, 184] while Hoxa2 represses Six2 expression in vivo [173, 185]. Our
transgenic analysis of the regulatory region upstream of Six2 identifies a 50 bp
Hox response element (HRE), and mutation of this element results in both the
loss of Six2 expression in the kidney and expansion of Six2 expression in the
facial mesenchyme. This finding, along with the ability to recapitulate these in
Vivo expression activities in cell culture with the addition of Pax2 and Eya1
(cofactors needed for activation with Hox11 proteins [184]), provides the
opportunity to explore the mechanistic basis of the differential Hox regulation at
this HRE.

Using reciprocal chimeric protein expression constructs of Hoxa11 and
Hoxa2, we show that the ability of Hoxa2 to repress Six2 expression lies in the
domain C-terminal to the homeodomain. When this region of Hoxa2 was

exchanged with the C-terminal domain of Hoxa11, the resulting chimeric protein
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represses Six2 expression. Thus, with respect to this activity, the
homeodomains do not contribute substantially to discriminate between activation
and repression.

Further alignment and examination of the protein coding sequence of all
39 mammalian Hox proteins reveals an interesting feature shared between Hox2
and Hox3 paralogous group proteins, and not the remaining 34 Hox proteins.
The C-terminal domains of each of these five Hox proteins are very large,
ranging from 154 to 192 amino acids (compared to 6 to 49 amino acids in the
other 34 Hox proteins). Alignment of the C-terminal regions of these five proteins
revealed a conserved 60 amino acid stretch at the end of the sequence. Further
functional examination revealed that the members of the Hox2 and Hox3
paralogous groups share the ability to repress expression in our assay and
removal of the conserved 60 amino acids from Hoxa2 abrogates its repressive
activity, supporting the existence of a shared domain in these two Hox paralog
groups important for repression.

The converse set of experiments in which either the C-terminal domain
(which is only 13 amino acids) or the N-terminal domain from Hoxa11 is used to
replace the Hoxa2 sequence does not result in conversion of Hoxa2 into an
activator. Domains both N-terminal and C-terminal to the homeodomain of
Hoxa11 are required for activation from the chimeric construct. Similar to the
repression experiments, full activation was achieved independent of the

homeodomain sequence present.
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DNA binding, however, is required for Hox function as protein expression
constructs containing 2 amino acid substitutions in the DNA binding region of
Hoxa11 or Hoxa2 lost most of their activity in these assays. Together, the data
suggests that the primary role of the homeodomain is to recognize a general
sequence that may, indeed, be of low specificity in vivo, just as it is in vitro.

These data are consistent with the idea that the specific effects of Hox
activity in vivo lie with its ability to interact with other proteins at the regulatory
site, and it is the regions N-terminal and C-terminal to the DNA binding region
that confer the proteins with these unique properties. In addition to being
consistent with in vitro binding data, these data are also consistent with the fact
that there is significant conservation of protein sequence in N- and C-terminal
regions between paralogous Hox proteins, and even between orthologs.
Whether Hox proteins operate largely by classically understood co-regulators,
such as Exd/Pbx, or by collaboration with many other factors as has been
proposed [204], this study demonstrates that domains outside of the
homeodomain are likely to be critical for imparting Hox proteins with their unique

properties to direct target gene regulation in vivo.
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CHAPTER IV

THE HOX10 PARALOGOUS GENES ARE NECESSARY FOR METANEPHRIC

KIDNEY MORPHOGENESIS

Abstract

Many of the thirteen paralogous groups of Hox genes have overlapping
expression patterns in different organ systems. The Hox10 and Hox11 genes
are co-expressed in the kidney, but it is unknown if they function in similar or
different pathways. Herein we have analyzed defects of metanephric kidney
organogenesis in Hox10 mutant animals. The Hox10 genes are co-expressed
with Hox11 in the nephrogenic mesenchyme, but Hox10 genes are also uniquely
expressed in the kidney cortical stroma. Hox10 triple paralogous mutant animals
die 24 hours after birth and kidneys in these mutants display severe
hydronephrosis. Hox10 mutants have smaller kidneys than controls, with
reduced ureter branching and nephrogenesis. Mutant kidneys also fail to rotate
and ascend, and the kidney capsule does not form properly. Hox10 mutant
phenotypes recapitulate what is observed in other stromal cell mutants, such as
Foxdl, indicating that the Hox10 genes play an important role in regulating

kidney stromal cell function.
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Introduction

In mice, the adult kidney, or metanephros, begins development at
embryonic day 10.5 (E10.5) when the ureter invades an adjacent group of
metanephrogenic mesenchymal cells. The ureter emits signals that promote
survival and proliferation of the condensed mesenchyme. The mesenchyme, in
turn, emits signals that promote ureteric branching. As the ureter branches, the
mesenchyme in direct contact with the branch tips, called nephrogenic cap
mesenchyme, undergoes a mesenchymal to epithelial transition (MET) to form
nephrons, the filtration units of the kidney [76, 80]. A third cell type also present
at very early kidney stages are the stromal cells. Stromal cells can be detected
at E11.5, just after ureter bud invasion, as a group of cells that surround the
condensed mesenchyme. A role for these cells was not apparent initially, but
recent evidence has demonstrated that the stromal cells provide important
instructions for ureter branching morphogenesis as well as nephron maturation
[81, 113, 214].

As the kidney differentiates it becomes compartmentalized into three
distinct regions. The outer region of the kidney, the cortex, includes the zone of
nephrogenesis where new cap mesenchyme condensations are formed around
branching ureter bud tips. These structures will give rise to nascent nephrons.
Cortical stromal cells are also present in the outer cortex between the
mesenchymal condensations. Stromal cells appear to help give rise to a thin
layer of connective tissue surrounding the outer cortex, the kidney capsule. As

the kidney grows, mature nephrons, which are composed of glomeruli and
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collecting tubules, can be found in the inner cortex. The innermost region of the
kidney, the medulla, contains the collecting ducts, which are ureter derived
epithelial structures. The interstitial cells that lie between mature nephrons and
the collecting ducts in the inner cortex and medulla, respectively, are medullary
stromal cells [215, 216].

Numerous signaling pathways are required for differentiation of the kidney.
The interactions between the mesenchyme and ureter have been described in
some detail. Prior to ureteric bud induction, the mesenchyme expresses Gdnf
[84-88]. Receptors on the ureteric epithelium, Ret and Gfra1, recognize Gdnf to
initiate ureter bud formation and invasion into the mesenchyme [89-94]. A
myriad of transcription factors are necessary to regulate the expression of Gdnf,
such as Pax2, Eya1, Wt1, Sall1, and the Hox11 proteins [25, 95-99, 187]. After
induction, these transcription factors maintain Gdnf expression in the
mesenchyme to promote further budding and branching of the ureter [102, 103].
The ureter expresses Fgf2 and Bmp7, which promote survival and proliferation of
the mesenchyme, as well as Wnt9b to initiate formation of the cap mesenchyme
around the branch tips [104-108]. The cap mesenchyme expresses Wnt4 and
subsequently undergoes epithelialization to form nephrons [109, 110].
Undifferentiated cap mesenchyme expresses Six2, which regulates metanephric
progenitor cell renewal [121]. The stromal cells, which were originally thought to
provide a general supporting role, have been recently shown to express factors
that are necessary for ureter branching and nephron differentiation [82, 111]. A

key transcription factor important for stromal cell function is Foxdl1, which is
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exclusively expressed in the cortical stroma [112]. Loss of Foxd1l function results
in severe defects in ureter branching and kidney capsule formation [112, 113].

Multiple Hox genes are expressed in the kidney [119]. These genes are
temporally and spatially expressed along the anterior-posterior body axis and are
necessary for patterning different mesodermal organs. Currently, the only Hox
genes that have demonstrated to be essential for kidney organogenesis is the
Hox11 paralog group [25]. The Hox11 genes are expressed in the condensed
metanephric mesenchyme prior to ureter invasion. Hox11 triple paralogous
mutants fail to express Six2 and Gdnf in the condensed mesenchyme [25, 187].
Due to the absence of Gdnf there is no ureteric bud induction and subsequent
apoptosis of the nephrogenic mesenchyme, resulting in failure of kidney
formation in mutant animals.

The Hox10 paralogs are initially expressed throughout the condensed
metanephric mesenchyme and quickly become localized to the nephrogenic
zone in both the nephrogenic cap mesenchyme and the cortical stroma. Herein
we report that the Hox10 paralogous genes are necessary for the proper
patterning and ascension of the metanephros. Hox10 mutant kidneys are
incompletely ascended, hypomorphic, and exhibit severe hydronephrosis at birth.
Ureter branching is severely reduced, the organization of the collecting structures
is disrupted, and the nascent kidney capsule is not specified. The molecular
phenotypes in our Hox10 mutants are reminiscent of Foxd1l mutants [112, 113],

although Hox10 genes do not appear to regulate Foxdl expression. Therefore,
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our results indicate that the primary roles of the Hox10 genes in the kidney are as

regulators of the cortical stroma cells.

Materials and methods
Animals and histology
Generation of Hox10 mutant embryos was previously described [24].
Embryos and kidneys were dissected in PBS, fixed in formalin for one to
three hours, and dehydrated through graded alcohols and stored in 70% ethanol
at 4°C. Embryos were vacuum-embedded in paraffin, sectioned at 5um and

stained with hematoxylin and eosin. The embryo head was used for genotyping.

Section in situ hybridization

Embryos were collected in PBS and fixed overnight in 4%
paraformaldehyde in PBS at 4°C. Embryos were then rinsed in PBS and
immersed in 30% sucrose at 4°C overnight prior to embedding into OCT media.
20 to 30um frozen sections were cut and slides were stored at -80°C.

In situ hybridization was performed as previously described [111, 125].
Prior to in situ hybridization on sections of Hoxa11-eGFP tissue, slides were
rinsed in PBS and images were taken on Olympus BX-51 upright light
microscope with an Olympus DP70 camera.

The Hoxa10, Hoxc10, Hoxd10 (EM Carpenter), Six2, Eya1 (R Maas),
Pax2 (GR Dressler), Bmp4 (R Behringer), Raldh2, Sfrp1, and Foxd1 (CL

Mendelsohn) in situ probes were generously provided. Vectors were linearized
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by restriction digest and standard in vitro transcription protocol was used to

produce DIG-labeled RNA probes.

Immunohistochemistry

Immunohistochemical localization of Pax2 (Covance) and pan-cytokeratin
(Sigma) staining of whole organs were performed as previously described [95,
217].

aE-cadherin (R&D Systems) and asmooth muscle actin (Cy3-conjugated
mouse monoclonal, Sigma) localization on slides were performed as previously
described [218]. Embryos were processed as described above for section in
situs.

Lectin immunohistochemistry was performed on sections of embryos
processed as described above for section in situ hybridization analyses. After
washing in PBS, slides were incubated in 50mM NH4Cl in PBS at room
temperature for 20 minutes, followed by a 20 minute incubation with GSP
solution (0.2% gelatin+0.075% saponin (S4521, Sigma) in PBS) at 37°C. After
20 minutes of incubation with 0.075% saponin in a sodium acetate buffer (NA
buffer+saponin) at 37°C the slides were incubated with 0.6 units/mL
Neuraminidase (N7885, Sigma) at 37°C for 3 hours. Slides were washed at
room temperature in NA buffer+saponin and incubated with GSP solution for 15
minutes. Slides were then incubated with 1:300 rhodamine labeled PNA (Vector
Labs) or 1:250 rhodamine labeled DBA (Vector Labs) with 1:400 fluorescein

labeled LTA (Vector Labs) at 4°C overnight in the humidifying chamber. Slides
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were then incubated with GSP solution at 37°C two times for 20 minutes and
rinsed in PBS+0.05% Tween at room temperature. After washing for 20 minutes
with PBS, slides were mounted with Pro-Long Gold, antifade reagent

(Invitrogen).

Results
Morphological phenotype

Hox10 paralogous mutant animals show a reduced viability. Double
mutants, which are missing four of the six Hox10 alleles, survive until birth but die
perinatally from hydronephrosis between two weeks and three months of age
(Figure 4.1B). Five-allele mutant animals occasionally survive to two to four
weeks of age, while triple paralogous mutants die shortly after birth. The kidneys
of triple mutants also fail to ascend towards the adrenal glands. The onset of
hydronephrosis is observable at early embryonic stages in high allele mutants,
starting at E16.5.

Histological sections through kidneys of E18.5 Hox10 triple paralogous
mutant embryos demonstrate a significant reduction in nephrogenesis and do not
show clearly defined collecting regions. In controls, there are three distinct
domains of the kidney (Fig 4.1C). The outer cortex contains a zone of
nephrogenesis where mesenchymal condensates are undergoing
epithelialization. The inner cortex contains mature nephrons made up of
glomeruli and proximal and distal tubules. The medullary region consists of

collecting ducts, derived from the ureter epithelium, that empty into the hilum of
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Figure 4.1
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Figure 4.1. Hox10 mutant animals have severe morphological defects. (A)
Whole-mount dissection of the urogenital system of a four week control animal.
(B) Whole-mount dissection of the urogenital system from a four week high-allele
Hox10 mutant animal showing severe hydronephrosis. (C) Histological section
through an E18.5 control kidney. The kidney is organized into three distinct
regions, the outer cortex (OC), inner cortex (IC), and medulla (M). The zone of
nephrogenesis (arrowheads) is in the outer cortex and surrounds the kidney up
to the point of ureter entry (u). (D) Histological section through an E18.5 Hox10
triple paralogous mutant embryo. The nephrogenic zone in the outer cortex
(arrowheads) is reduced in mutant animals and there is a reduction in the
number of collecting ducts in the medulla. The ureters (u) also enter the mutant
kidneys from the lateral or ventro-lateral positions.
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the ureter. Hox10 mutants have a zone of nephrogenesis in the cortex, although
this region is not observed surrounding the periphery of the entire kidney as in
controls (Figure 4.1D, arrowheads), and the medullary region is disorganized
with fewer collecting ducts. It is also important to note a defect in ureter entry in
the Hox10 mutant kidneys. The positions of the cortical and medullary regions
along the medial-lateral axes are reversed in mutant animals, with the ureter
entering the kidney from the lateral or ventro-lateral position (Figure 4.1D),
instead of from the medial side (Figure 4.1C) like controls.

The ureter entry defect does not appear to be a result of the ureter point of
invasion into the kidney but rather from defects in kidney ascension during
development. At E11.5 the ureter normally invades the metanephric
mesenchyme at the ventral side of both control and Hox10 mutant embryos
(Figure 4.2A, 4.2B). Control kidneys have detached from the body wall and
rotated laterally about 90° by E13.5 and E15.5 (Figure 4.2C, 4.2E, 4.2G). The
rostral end of the ureter that has invaded the kidney turns laterally, resulting in
medial entry of the ureter into the kidney (Figure 4.2C, 4.2E). As the kidney
ascends, the caudal end of the ureter extends toward the bladder along the
midline (Figure 4.2G). Kidneys in Hox10 mutant embryos do not rotate or
ascend properly. By E13.5, the kidneys have not rotated and remain dorsal to
the ureter (Figure 4.2D, 4.2F). The rotational defect is due to the failure of kidney
detachment from the dorsal body wall. The kidneys fail to ascend from the pelvic

region and fuse with the dorsal body wall (Figure 4.2H). The physical restraint of
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Figure 4.2
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Figure 4.2. Hox10 mutants have reduced ureter branching and failure of kidney
ascension affects ureter position. (A and B) Induction of the ureter into the
condensed mesenchyme at E11.5 is normal in control (A) and Hox10 mutant (B)
animals. (C through F) Dissected E13.5 urogenital systems were stained with
Pax2 (red) to label the nephrogenic mesenchyme and with Pan-cytokeratin
(green) to label the ureter epithelial structures. Hox10 mutant animals have
reduced ureter branching and elongated branches (D and F) compared to control
animals (C and E). The kidneys of Hox10 mutants have also failed to rotate
laterally (D and F). (G and H) Sections of E15.5 control (G) and mutant (H)
embryos stained with E-cadherin to label epithelial structures. The kidneys of
Hox10 mutant animals have fusions to the body wall (H) while the kidneys of
control animals (G) have a distinct border separating them from other structures.
u, ureter; bw, body wall.
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the kidney on the rostral end of the ureter forces the ureter to elongate ventrally
around the kidney to reach the bladder (Fig 4.2D, 4.2F).

After ureteric bud induction, the ureter undergoes numerous rounds of
branching and bifurcation events. At E13.5, approximately six to eight branching
events have occurred and the tips of the branches are surrounded by
mesenchymal condensates [219] (Figure 4.2C, 4.2E). In Hox10 mutant embryos,
mesenchymal condensations are observed around the ureter tips, but there are
fewer bifurcation events and the early branches are abnormally elongated
(Figure 4.2D, 4.2F).

By E15.5, smooth muscle has been induced to surround the ureter along
its entire length until it enters the kidney at the ureter pelvic junction (UPJ)
(Figure 4.3A-4.3F). Smooth muscle is important to maintain the structural
integrity of the ureter and to regulate peristaltic activity [220]. Loss of smooth
muscle around the ureter results in hydroureter while loss of smooth muscle at
the UPJ results in hydronephrosis [221, 222]. As hydronephrosis is observed in
our Hox10 mutants we examined smooth muscle differentiation and organization
along the ureter. Despite the defects in ureter routing in Hox10 mutants, smooth
muscle surrounds the ureter from the bladder to the UPJ (Figure 4.3D, 4.3E).
Organization of smooth muscle around the ureter at the UPJ in mutants,
however, is absent (Figure 4.3F). This smooth muscle organizational defect at
the UPJ may limit the peristaltic passage of urine from the kidney, and would

therefore lead to hydronephrosis in Hox10 mutant animals.
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Figure 4.3
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Figure 4.3. Hox10 mutants have smooth muscle disorganization at the UPJ
and reduced nephrogenesis. (A through F) Sections of E15.5 control (A through
C) and Hox10 mutant (D through F) animals stained with E-cadherin (E-cad,
green) to label epithelial structures and smooth muscle actin (aSMA, red) to label
smooth muscle. The white dotted line denotes the direction of the ureter entering
the kidney, which is perturbed in Hox10 mutant animals (D and E). Smooth
muscle surrounds the ureter of control (A and B) and Hox10 mutant (D and E)
animals. Smooth muscle in control animals ends at the ureter pelvic junction (C,
yellow arrowheads). There is no organization of the smooth muscle in Hox10
mutant animals at the ureter pelvic junction (F, yellow arrows). (G and [)
Sections of E15.5 control (G) and mutant (I) embryos stained with PNA (red) to
label glomeruli. The kidneys of Hox10 mutants have glomeruli mislocalized
towards the medullary region (1). (H and J) Sections of E16.5 control (H) and
mutant (J) embryos stained with LTA (green) to label proximal tubules and DBA
(red) to label collecting ducts. Hox10 mutant kidneys have mislocalized proximal
tubules and a reduction in mature collecting ducts (J).
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In addition to defects of ureter maturation, Hox10 mutant embryos also
showed reduced nephrogenesis and disorganization of the cortical and medullary
regions (Figure 4.1D). We used lectin staining to identify structures of
differentiated nephrons. Peanut Agglutinin (PNA) and Lotus Tetragonolobus
Lectin (LTL) label glomeruli and proximal tubules, respectively. Glomeruli and
proximal tubules, which make up part of the nephron, are localized around the
kidney in the cortical region just below the zone of nephrogenesis at the
periphery in E15.5 and E16.5 controls (Figure 4.3G, 4.3H). Nephron
differentiation occurs in limited regions of Hox10 mutant kidneys and mature
nephrons, which should be confined to the inner cortex, are found in the
medullary region (Figure 4.31, 4.3J). There is also a reduction in the number of
mature collecting ducts, as labeled by Dolichos Biflorus Agglutinin (DBA), in

mutant kidneys (Figure 4.3J).

Expression of Hox10 paralogs
To dissect differences in Hox10 and Hox11 activity in the kidney, we

analyzed the expression of the Hox10 genes during early kidney organogenesis
by in situ hybridization and compared their expression to Hox11 [223]. At E11.5,
ureteric bud invasion stages, Hox10 genes are expressed in the metanephric
mesenchyme and not the ureter epithelium, similar to Hox11 expression (Figure
4.4A and 4.4B). By E13.5, Hox10 and Hox11 both remain in the condensing
mesenchyme in the nephrogenic zone (Figure 4.4C, 4.4D). However, Hox10

genes are uniquely expressed in the cells surrounding the condensing
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Figure 4.4

Hox10 __

Figure 4.4. The Hox10 paralogs are expressed in the nephrogenic
mesenchyme and cortical stroma. Hox10 in situ analyses for all the Hox10
paralogs were done on tissue sections from Hoxall-eGFP heterozygous
embryos [223]. (A and B) At E11.5, the Hox10 genes (A) and Hoxa11 (B, green)
are expressed in the condensed mesenchyme surrounding the ureter (u). (C and
D) At E13.5, Hox10 (C) and Hoxa11 (D) are both expressed in the nephrogenic
cap mesenchyme. (C’) The Hox10 genes are also expressed in the cortical
stroma (arrows) between the mesenchymal condensations and are expressed in
cells that surround the initial epithelial structures of the nephrons (asterisks). (D’)
Hoxa11 is expressed in the initial epithelial structures (asterisks), but it is not
present in the cortical stroma (arrows). (E and F) At E15.5, the Hox10 genes are
expressed in the nephrogenic mesenchyme and cortical stroma (E), while
Hoxa11 is expressed only in the nephrogenic mesenchyme (F).
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mesenchyme, in the kidney stromal cells (Figure 4.4C’, black arrows). Further,
while Hox11 is expressed in the early renal vesicles, the Hox10 genes are
expressed in the mesenchymal cells that surround these epithelial structures
(Figure 4.4C’, 4.4D’, white asterisks). At E15.5 the Hox10 genes are expressed
throughout the nephrogenic zone in the nephrogenic mesenchyme and the
cortical stromal cells at the kidney periphery, while Hox11 remains exclusively

expressed only in the condensing nephrogenic mesenchyme (Figure 4.4E, 4.4F).

Hox10 genes are not necessary to pattern the nephrogenic mesenchyme
Despite expression in the nephrogenic mesenchyme, Hox10 genes do not
appear to be necessary for proper differentiation of this cell type of the kidney.
Six2 is a marker of the nephrogenic progenitor population and is essential for
maintaining the undifferentiated type state of the mesenchyme [120, 121]. Six2
is also directly regulated by Hox11 proteins in the nephrogenic mesenchyme [25,
187]. In controls, Six2 is exclusively expressed in the mesenchyme that
surrounds the ureter at E11.5 and in the mesenchymal condensations of the
nephrogenic zone in E15.5 embryos (Figure 4.5A, 4.5C). AtE11.5, the
expression of Six2 is maintained in the mesenchyme of Hox10 mutants (Figure
4.5B). By E15.5, Six2 expression persists in the condensing nephrogenic cap
mesenchyme, although this zone of differentiation is reduced in Hox10 mutants
(arrowheads, Figure 4.5D). Pax2 and Eyal are also highly expressed in the

condensed nephrogenic mesenchyme [99, 137] (Figure 4.5E, 4.5G). Although at
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Figure 4.5
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Figure 4.5. Patterning of the nephrogenic mesenchyme. (A-D) Cryosections of
E11.5 (A and B) and E15.5 (C and D) control (A and C) and Hox10 mutant (B
and D) embryos stained for Six2 mRNA expression, which labels nephrogenic
progenitors. Six2 expression is found in the condensed mesenchyme of E11.5
control (A) and E11.5 mutant (B) animals. Six2 expression is maintained in
Hox10 triple mutants at E15.5, but the number of mesenchymal condensations in
the nephrogenic zone is reduced (D). (E through H) Cryosections of E13.5
control (E and G) and Hox10 mutant (F and H) embryos stained for Pax2 (E and
F) or Eyal (G and H) mRNA expression. The expression of Pax2 (F) and Eyal
(H) are maintained in the nephrogenic mesenchyme of Hox10 mutant animals.

u, ureter; arrowheads, zone of nephrogenesis.
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E13.5 the Hox10 mutant kidneys demonstrate defects in morphology, the

expression of Pax2 and Eyal are maintained (Figure 4.5F, 4.5H).

Hox10 genes play a role in stromal cell function

Unlike the Hox11 genes, Hox10 paralogs demonstrate a unique
expression in the cortical stroma (Figure 4.4C, 4.4E). The kidney stromal cells
are a distinct population from the nephrogenic mesenchyme and ureter
epithelium. Foxd1 is specifically expressed in the cortical stroma and is first
detected at E11.5 just after ureter bud invasion [112] (Figure 4.6A). By E13.5
and E15.5 it is maintained in the stromal cells surrounding the condensing
mesenchyme in the nephrogenic zone (Figure 4.6C, 4.6E). Many of the
morphological phenotypes of Foxd1l mutants are similar to Hox10 mutant
animals. Foxdl mutants have small kidneys that do not ascend, leading to
secondary mis-routing of the ureter, reduced ureter branching, and disorganized
cortical and medullary layers, yet nephrogenic differentiation appears to be
normal [112, 113]. In Hox10 triple mutants, Foxdl is expressed at E11.5,
indicating that the initial stromal cell population is present (Figure 4.6B). At later
stages, the stromal cell population is present in mutants as indicated by Foxd1l
expression in E13.5 and E15.5 embryos, although the stromal cell population is
maintained only in a portion of the periphery of the kidney (Figure 4.6D, 4.6F).

Since Foxdl mutants were reported to have defects in the formation of the
kidney capsule [113], we analyzed this region in our Hox10 mutant embryos to

determine if the capsule phenotype is similar to Foxd1l mutants. Raldh2, a
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Figure 4.6. Regulation of the cortical stroma cells. (A through F) Foxdl mRNA
expression was analyzed in the kidneys of control (A, C, and E) and Hox10
mutant (B, D, and E) embryos at E11.5 (A and B), E13.5 (C and D), and E15.5 (E
and F). Foxdl labels the cortical stroma cells. Foxdl expression is maintained
in Hox10 triple mutants at all ages tested (B, D, and F). (G and H) Raldh2
expression in E15.5 control (G) and Hox10 mutant (H) animals. In controls,
Raldh2 is expressed in the kidney capsule (G, black arrowheads). Hox10
mutants have an absence of Raldh2 expression in the kidney capsule (H, black
arrows). (I and J) Sfrpl expression control (1) and Hox10 mutant (J) E14.5
embryos. Sfrpl is strongly expressed in the kidney capsule of control animals (I,
black arrowheads) and is absent in the capsule of Hox10 mutant kidneys (J,
black arrows). (K and L) At E13.5, Hox10 mutant animals have ectopic Bmp4
expression (L, black arrows) around the kidney periphery.
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member of the aldehyde dehydrogenase family, is strongly expressed in both the
stromal cells and kidney capsule [224, 225] (Figure 4.6G). Sfrpl, a secreted
frizzled-related protein, is strongly expressed in the renal capsule [226, 227]
(Figure 4.61). Expression of both of these markers is down-regulated in Foxd1
mutants [113]. Hox10 mutants display the same molecular phenotype and do not
express Raldh2 and Sfrpl (Figure 4.6H, 4.6J). Hox10 mutants also show ectopic
expression of Bmp4 surrounding the kidney, a defect observed in Foxd1l mutants
[113] (Figure 4.6K, 4.6L). These results indicate that the Hox10 genes play an
important role in the differentiation of the cortical stroma and kidney capsule,

similar to the role of Foxd1 [112, 113].

Discussion
Hox10 and Hox11 genes have distinct functions in the developing kidney
Differences in phenotypes, yet overlapping expression domains, have
been reported for numerous organ systems in Hox paralogous mutants. This has
been most noted in regards to patterning of the axial skeleton. For instance,
Hox10 and Hox11 paralogs are both expressed in the somite-derived sclerotome
that gives rise to the sacrum. However, the sacrum of Hox10 mutants displays
transformations towards a thoracic-type phenotype while the sacrum of Hox11
mutants displays transformations into lumbar-like vertebrae [24]. Differences in
phenotypes between adjacent and overlapping Hox paralogous groups have also
been reported between mutants of the Hox5 and Hox6 group genes and the

Hox9 and Hox10 group genes [32, 44]. It is unclear, however, if overlapping Hox
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paralog group genes function in the same or different cell types that give rise to
the vertebral elements.

Expression of the Hox10 and Hox11 genes overlap in the condensed
metanephric mesenchyme, yet Hox10 and Hox11 mutant animals have distinct
kidney phenotypes. Hox10 mutants initiate kidney formation, while Hox11
mutants demonstrate a complete loss of kidney organogenesis due to the failure
of ureteric bud induction [25]. Hox11 directly regulates both Gdnf, the signal
necessary for ureteric bud induction, and Six2 expression in the nephrogenic
mesenchyme [25, 187]. Hox10 mutants undergo ureteric bud induction and
maintain expression of Six2 in the nephrogenic mesenchyme. Thus, Hox10
genes are not redundant with Hox11 genes in induction of ureteric budding or in
maintaining the nephrogenic mesenchyme. Hox10 genes appear to function only
in the cortical stroma; the region that does not overlap with Hox11, but that is

unique to Hox10.

Hox10 genes regulate the stromal cell compartment

The Hox10 genes have a unique expression pattern in the cortical stroma.
The cortical stromal cells are present in the zone of nephrogenesis interspersed
between the mesenchymal condensations. A transcription factor that is
exclusively expressed in the cortical stroma is Foxd1 [81, 82, 112]. Although
Foxdl1 expression is maintained in Hox10 mutants, many of the Hox10

phenotypes overlap with those described for Foxd1l mutant animals. Like Hox10
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mutants, Foxd1l mutant kidneys fail to rotate and ascend, exhibit reduced ureter
branching, and demonstrate severe kidney disorganization [112].

Foxdl and Hox10 mutants retain cortical stromal cells [112]. Thus, these
genes regulate the function of the stromal cells and not their formation. One of
the roles of the stromal cells is to regulate the formation of the kidney capsule
[113]. Foxdl and Hox10 mutants have capsule defects as evidenced by the loss
of Raldh2 and Sfrpl expression surrounding the kidney, as well as loss of
separation between the kidney and body wall [112, 113]. This alteration of the
capsule opens the kidney to aberrant signals that will affect maturation and
affects the kidney’s ability to rotate and ascend to its proper position. One such
signal is Bmp4, which remains ectopically expressed surrounding the kidneys in
both Hox10 and Foxdl mutants [113].

To summarize, we show that Hox10 paralogous genes have a role in
kidney development distinct from the previously reported phenotype for Hox11
mutant mice [25]. In Hox10 mutant animals, ureter induction is normal, but
branching events are perturbed resulting in hypomorphic kidneys with fewer
nephrons. While nephron differentiation is maintained in mutants, the medullary
and cortical regions are disorganized, likely secondary to defects in the cortical
stromal cells. Hox10 mutants exhibit severe hydronephrosis, which likely results
from the disorganization of the collecting duct structures as well as the loss of
smooth muscle at the ureter-pelvic junction. Many of the structural and

molecular defects in Hox10 mutant mice phenocopy the loss of Foxd1 function,
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which suggests Hox10 and Foxd1 are in the same or parallel pathways that

regulate the function of the cortical stroma.
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CHAPTER V

CONCLUDING REMARKS

Summary of contributions

Hox proteins are required for many different developmental processes, but
their functions at the molecular level are not well understood. All Hox proteins
have a highly conserved 60 amino acid DNA binding domain called the
homedomain. The homeodomains of Hox proteins, however, recognizes the
same degenerate ATTA DNA element, which has made it difficult to identify Hox
target genes [54]. Further, many Hox proteins repress or activate genes
depending on developmental context. Thus, Hox proteins presumably require
cofactors to regulate genes, of which the only known Hox cofactors are the
TALE-group proteins [66]. The aim of my thesis was to further explore the
molecular roles of the Hox proteins using the kidney as a model organ system.
With help from my colleagues, we have identified novel Hox cofactors and direct
target genes. We have additionally shown that regions outside of the
homeodomain confer the regulatory specificity of the Hox proteins, at least in
some contexts, and that the Hox10 paralogous genes regulate the function of the

cortical stroma in the developing kidney.
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Discussion and future directions
Novel Hox cofactors

The Hox11 genes were previously shown to be necessary for the initial
stage of metanephric kidney organogenesis, whereby the ureter is induced to
bud from the Wolffian duct and invade the metanephric mesenchyme [25].
Hox11 proteins regulate the expression of Six2, a transcription factor that
maintains proliferation and regeneration of the nephrogenic mesenchyme, and of
Gdnf, the protein secreted from the metanephric mesenchyme to initiate ureteric
bud induction. In the absence of Hox11 function, Six2 and Gdnf expression are
not initiated, resulting in the failure of ureter induction and leading to the
subsequent absence of kidneys in Hox11 mutants. The same phenotype is also
observed in Eyal and Pax2 mutant animals [98, 99].

My work provides evidence that the Hox11 paralogs interact with Eya1
and Pax2 to directly regulate Six2 and Gdnf in the metanephric mesenchyme.
Co-immunoprecipitation and cell culture assays demonstrate that Hox11, Pax2,
and Eya1 physically interact to synergistically regulate Six2 and Gdnf expression.
Sequence and mutational analyses led to the identification of an enhancer in the
Six2 promoter necessary for Hox11-Eya1-Pax2 mediated activity in vitro and in
vivo. Thus, we provide evidence that Pax2 and Eya1 are novel cofactors for
Hox11 proteins and we identified the enhancer sequence that regulates Six2
expression in the kidney.

As members of the Hox, Eya, and Pax gene families are genetically

required for the formation of numerous other organ systems, such as the thymus

94



and thyroid [163-168], it is important in the future to determine if the Hox-Eya-Pax

regulatory network is conserved during embryogenesis.

Regulatory domains of Hox proteins

As all Hox proteins have a highly conserved 60 amino acid DNA binding
domain that recognizes a similar ATTA sequence, it has been difficult to identify
direct target genes for these proteins. One gene that has been shown to be
genetically downstream of two distinct paralogous Hox groups in vivo is Six2.
Hox11 promotes Six2 expression in the kidney mesenchyme whereas Hoxa2
represses Six2 in the periotic mesenchyme and branchial arches [25, 173, 184,
185]. Using Six-lacZ transgenic reporters we demonstrate that Hox11-mediated
activation and Hoxa2-mediated repression require the same Hox response
element (HRE) to regulate Six2 expression.

By recapitulating Hoxa11-mediated activation and Hoxa2-mediated
repression in cell culture, we developed a system in which we could analyze the
regulatory functions of the Hox protein domains. DNA binding by the
homeodomain is required for Hox function, but it does not confer differential
activity. Hoxa2-mediated repression of Six2 requires the last 60 amino acids of
the C-terminal region, and the C-terminal region of HoxaZ is sufficient to convert
an activator Hox to a repressor Hox when swapped into a chimeric construct.
The Hoxa11 N- and C-terminal regions are both required to confer activation
activities to a Hox protein. Together, our work provides strong evidence that

regions outside of the homeodomain confer regulatory specificity to the Hox
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proteins. Knowing this, we can pursue the identification of novel cofactors that

co-regulate Hox target genes.

Hox10 genes pattern the kidney stroma

Formation of the kidney requires inductive interactions between multiple
cell types. The best understood cross-talk is between the ureter epithelium and
metanephric mesenchyme. Signals from the ureter to the mesenchyme
promotes nephrogenesis while signals from the mesenchyme regulate ureter
branching [76]. More recently, a third cell type, called the stromal cells, has also
been shown to regulate signals necessary for kidney organogenesis [81].

We demonstrate that the Hox10 paralogous genes are expressed in both
the nephrogenic mesenchyme, like the Hox11 genes, as well as uniquely in the
cortical stromal cells. We provide evidence that the Hox10 genes regulate
stromal cell function. Using morphological and molecular analyses, we show that
the kidneys of Hox10 mutants are hypoplastic, have reduced and abnormal
ureter branching, have disorganization of the cortical and medullary regions, and
do not properly form the renal capsule. Hox10 mutant phenotypes are similar to
those described for Foxd1l mutants [112, 113]. Since Foxd1 expression is
maintained in Hox10 mutants, it is possible that Hox10 and Foxd1l interact in the
same pathway to regulate signals from the cortical stroma. Future work will
determine how Hox10 and Foxd1 function in the same pathway of kidney
development and what genes are directly downstream of them in the cortical

stroma.
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APPENDIX

HOX PATTERNING OF THE VERTEBRATE RIB CAGE

Abstract

Unlike the rest of the axial skeleton, which develops solely from somitic
mesoderm, patterning of the rib cage is complicated by its derivation from two
distinct tissues. The thoracic skeleton is derived from both somitic mesoderm,
which forms the vertebral bodies and proximal ribs, and from lateral plate
mesoderm, which forms the sternum and sternal ribs. By generating mutants in
Hox5, Hox6 and Hox9 paralogous group genes, along with a dissection of the
Hox10 and Hox11 group mutants, several important conclusions regarding the
nature of the ‘Hox code’ in rib cage and axial skeleton development are revealed.
First, axial patterning is consistently coded by the unique and redundant
functions of Hox paralogous groups throughout the axial skeleton. Loss of
paralogous function leads to anterior homeotic transformations of colinear
regions throughout the somite-derived axial skeleton. In the thoracic region, Hox
genes pattern the lateral plate-derived sternum in a non-colinear manner,
independent from the patterning of the somite-derived vertebrae and vertebral

ribs. Finally, between adjacent sets of paralogous mutants, the regions of
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vertebral phenotypes overlap considerably, however, each paralogous group
imparts unique morphologies within these regions. In all cases examined, the
next most posterior Hox paralogous group does not prevent the function of the
more anterior Hox group in axial patterning. Thus, the ‘Hox code’ in somitic
mesoderm is the result of the distinct, graded effects of two or more Hox

paralogous groups functioning in any AP location.

Introduction

Differences in the anteroposterior (AP) patterning of the axial skeleton result
in an enormous diversity of body plans in vertebrates. Hox genes were first
described in Drosophila for their ability to cause segmental homeotic
transformations of the body plan [228, 229], and have since been found to be
conserved throughout vertebrate evolution, suggesting their importance in
patterning the vertebrate body plan. While flies have eight Hox genes located in a
single cluster, mammals have 39 Hox genes arranged in four clusters, which are
further subdivided into thirteen paralogous groups based on sequence similarity
and position within the cluster.

Hox expression along the vertebrate anterior-posterior (AP) axis exhibits
overlapping expression domains with unique and increasingly posterior limits of
expression [34, 230, 231]. As a result of this colinear expression, more posterior
axial regions express greater numbers of Hox genes. The existence of a
vertebrate ‘Hox code’ was proposed that would assign morphologies to each

vertebra as a result of the combination of the Hox genes functioning in each
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region [232, 233]. Based on several studies, including early work on changes in
Hox expression in the retinoic acid-treated limb, ectopic expression of
mammalian Hox genes in Drosophila, and early genetic experiments which
showed that loss-of-function of single Hox genes generally resulted in changes in
only the vertebra at the most anterior limit of expression, the model of ‘posterior
prevalence’ has been put forth, which holds that posteriorly-expressed Hox
genes are functionally dominant over more anteriorly-expressed genes [234-
237].

A number of studies have shown that functional redundancy has been
retained among Hox paralogous genes [238-248]. Horan, et al showed that while
single mutants for Hoxa4, Hoxb4 and Hoxd4 resulted in incompletely penetrant
phenoypes in the second or third cervical vertebra, loss-of-function of three of the
four Hox4 genes caused extensive cervical transformations, with C2 through C5
transformed towards a C1 phenotype [242]. Complete removal of paralogous
function of the Hox10 and Hox11 group genes has also been reported. These
mutants display regional anterior homeotic transformations of the posterior axial
skeleton [245]. Loss of Hox10 paralogous function results in conversion of the
entire lumbosacral region to a thoracic-like morphology. When the Hox11
paralogous genes are removed, the entire sacral region undergoes
transformation to a lumbar-like morphology.

Hox function in the thoracic region, however, has not been as clearly
defined. First, both anterior and posterior homeotic transformations have been

reported in this region for single Hox mutant animals. Single mutants in Hox5 and
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Hox6 paralogous groups have both resulted in phenotypes at the cervicothoracic
transition. While mutants for Hoxa5 and Hoxa6 both exhibit an ectopic rib at C7 -
a posterior homeotic transformation, single mutants of Hoxb5, Hoxb6 and Hoxc6
demonstrate partially penetrant loss of rib formation at T1 — an anterior homeotic
transformation [249-252]. As C7 and T1 are affected in both the Hox5 and the
Hox6 single mutants, colinearity is not immediately apparent for these genes,
however, paralogous mutants have not been examined for these groups.
Mutants in the Hox7, Hox8 and Hox9 genes have also been examined [238, 240,
253]. The reported defects in these mutants also show no clear colinearity. The
phenotypes in these animals are reported to localize at both cervicothoracic and
at thoracolumbar transition points, not to distinct AP regions of the axial skeleton.
These combined results suggest that there are alternative mechanisms by which
Hox genes govern patterning of the thoracic region.

Part of the difficulty in understanding patterning of the rib cage is due to the
nature of the development of the thoracic skeleton. The thoracic vertebrae have
a primaxial component that is derived from somitic mesoderm like the rest of the
axial skeleton. This includes the axial vertebral elements as well as the proximal
ribs. Unlike the rest of the axial skeleton, however, the thoracic skeleton also
has an abaxial component — the sternum and sternal ribs, which are derived from
the lateral plate mesoderm [254-256]. Thus, the phenotypes in the thoracic
region must be interpreted with respect to the distinct derivation of the tissues

that comprise this portion of the axial skeleton.
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In order to more completely understand how Hox genes pattern the
vertebrate axial skeleton, including the rib cage, we have generated triple
paralogous mutants in the Hox5 and Hox6 group genes as well as quadruple
paralogous mutants in the Hox9 group genes and characterized their phenotypes
in the axial skeleton. We have also examined and compared the complete axial
phenotype of the Hox10 triple mutants and the Hox11 triple mutants with the
newly generated paralogous mutant groups. Each set of the paralogous mutants
demonstrates functional redundancy in axial patterning and Hox5, Hox6, and
Hox9 paralogous mutants display dramatic effects on rib cage morphology.
Anterior homeotic transformations occur in distinct AP domains in the somite-
derived primaxial skeleton for each set of paralogous mutants and these defects
demonstrate clear colinearity. While the AP boundaries of the vertebral
transformations for each adjacent set of paralogous mutants overlap
considerably, each paralogous mutant group imparts unique morphologies to the
overlapping regions. Thus, the simplest interpretation of posterior prevalence in
which the next-most posterior Hox group is functionally dominant over the more
anterior group is not supported by these results. Further, the lateral plate-derived
abaxial phenotypes in these mutants overlap almost completely and these
phenotypes are not colinear, suggesting an independent role for Hox genes in

patterning the lateral plate-derived axial skeleton.
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Materials and methods

Mutant animals in the Hox5, Hox6, and Hox9 paralogous colonies were
generated using standard genetic crosses [238, 239, 249-252, 257]. Skeletal
preparations were performed on E18.5 embryos throughout the study. Hox10
and Hox11 mutants were generated as described previously [245].

Mouse embryos were skinned and eviscerated, fixed for four days in 95%
ethanol, and prepared by alkaline digestion before staining with alcian blue 8GX
for cartilage and alizarin red S for ossified bone. Embryos were then dissected
and photographed in 97% glycerol [245].

Embryos were genotyped using PCR and the results were analyzed on
agarose gels. For Hox5, Hox6 and Hox9 paralogous genes, analyses were
conducted using 12.5ul reactions with the following conditions: 32 cycles of 94°C
for 30 seconds, 64°C for 30 seconds, and 72°C for 30 seconds. Primers for each
genotype are detailed in Supporting On-Line Table 1. Genotyping for Hox10 and
Hox11 mutants were as described previously [245].

In situ hybridization analyses were performed as published previously [25,
258]. The Hoxd11 probe was previously published [34]. The Hoxb6 probe and
the Neo' probe were generated using PCR amplification. T3 sites were
incorporated into the reverse primers, and the PCR product was used in an in
vitro transcription reaction to produce DIG-labeled RNA probes. Sequences

used for probe generation can be found in Supplemental On-Line Table 1.
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Results

Whole skeletal analyses of the Hox5, Hox6 and Hox9 paralogous mutants at
E18.5 reveal patterning defects throughout the rib cage. Hox5 and Hox6 mutants
have shortened sternums and are missing a complete first rib (Figure 1A, B). In
Hox5 mutants, an eighth rib attaches to the sternum (Figure 1A, E), and fusions
are observed in the cervical vertebrae (black arrows, Figure 1A). In Hox9
quadruple mutants, the first rib forms but does not always attach to the sternum.
Growth of the posterior ribs is abnormal and rib attachment to the sternum
continues past T7 to T13 or ‘T14’. Additionally, four vertebrae posterior to T13
form ribs (Figure 1D and data not shown).

A ventral view of the intact rib cage (Figure 1E-H) demonstrates the sternal
defects in the three sets of mutants. Hox5 mutants are missing the manubrium,
and the second rib often fuses with the third before attaching to the sternum
(Figure 1E). The clavicles are attached by connective tissue to the rib cage, but
do not articulate with it directly (green asterisk, Figure 1E). In the Hox6 mutants,
distal rib fusions are seen from T2 to T4, the sternabrae are poorly formed or
missing, and the xiphoid process is reduced or absent (orange asterisk, Figure
1F). Hox9 mutants exhibit distal rib fusions of the anterior-most ribs, and
extensive growth and fusion of extra posterior ribs to the sternum (Figure 1H).
Distinct sternabrae do not form. Rather, the sternum is ossified and
mispatterned along its entire AP length. From views of the whole skeleton,
defects are apparent throughout much of the rib cage in each set of mutants, but

colinear defects are not immediately apparent.
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Appendix Figure 1

Hox5 aabbcc

Hox6 aabbcc

Control

Hox9 aabbccdd

Figure 1. Whole skeletal phenotypes from Hox5, Hox6 and Hox9 paralogous
mutant mice. Lateral and ventral views of the rib cages of Hox5 (A, E), Hox6 (B,
F), wild-type (C, G) and Hox9 (D, H) paralogous mutant mice, at embryonic day
18.5 (E18.5). In panels showing a lateral view (A through D), all vertebrae
having visible ribs are numbered, whereas in panels showing a ventral view (E
through H) only those that articulate with the sternum are numbered. The rib
cages in panels E through H are intact (white paper inside the rib cage hides the
dorsal aspects of the rib cages). The red bar in panels E through H provides a
size reference for the length of the sternum. Black numbers indicate ribs that
normally connect with the sternum, red numbers indicate extra ribs connecting to
the sternum and blue numbers indicate floating ribs. Black arrows in panel A
mark fused cervical vertebrae. The green asterisk in panel E marks connective
tissue in place of missing manubrium and first sternabra. The orange asterisk in
panel F denotes missing xiphoid process. Green arrowheads in panel G denote
wild-type manubrium and first sternabra.
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Upon dissection and examination of individual vertebral elements, it is
apparent that the somite-derived, primaxial skeletal defects occur with distinct AP
boundaries for each of the three sets of paralogous mutants. In Hox5 mutants,
C3 through T2 demonstrate anterior homeotic transformations (Figure 2A). C3
through T1 in the Hox5 mutants display characteristics normally associated with
C2, the axis. Notably, the dorsal cartilage is thickened and forms a distinct
curvature at the top of the vertebra (red arrows, Figure 2A) and the rounded
shape of the vertebral elements is maintained. The anterior projection that
normally forms on T2 (green arrow, Figure 2A) does not form completely, but
appears similar to controls by T3. The vertebral foramina extend beyond the
normal posterior limit of C6 to C7 (black arrow, Figure 2A) and ribs initiate but do
not extend on T1 (100% penetrance).

Anterior homeotic transformations of the primaxial elements in the Hox6
mutants, in contrast, begin at C6 and continue through T6 (Figure 2B). C7
shows a continuation of the vertebral foramina as in the Hox5 mutants (Figure
2B, black arrow). T1, however, has no partial rib formation, appearing identical to
C7 in controls (100% penetrance). The morphology of the first three thoracic
vertebral bodies are similar to cervical vertebrae, and the anterior projection
normally found on T2 is not apparent until T4 and continues through T6 (Figure
2B, green arrows). Importantly, the posterior thoracic, lumbar and sacral
skeleton is completely normal in appearance and position in both Hox5 and Hox6

paralogous mutants.
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Figure 2. Anterior homeotic transformations of vertebral elements in Hox5,
Hox6, Hox9, Hox10 and Hox11 paralogous mutants. Anterior views of individual
vertebrae from controls (top row) and mutants (bottom row) for each set of
paralogous mutants for Hox5 (A), Hox6 (B), Hox9 (C), Hox10 (F), Hox11 (G).
The position of each vertebra in controls is indicated by a C (cervical), T
(thoracic), L (lumbar), S (sacral), or Cd (caudal), followed by a number identifying
its position in each region. Vertebral elements anterior and posterior to those
shown in the figure appear identical to controls. Dorsal views of the control (D)
and a Hox9 quadruple mutant (E) axial skeleton. In the control (D), the sacrum is
immediately caudal to six lumbar vertebrae (which are indicated by yellow stars
on L1 and L6). In the Hox9 mutant (E), the lumbar region is extended by two
vertebral elements. The yellow stars in Panel E mark control positions of the first
and sixth lumbar vertebrae.
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Primaxial defects in the Hox9 quadruple mutants evidence anterior
homeotic transformations throughout the posterior thoracic skeleton and into the
lumbar region (Figure 2C). The morphology of T8 through L2 displays
transformations to a T7-like phenotype. By L5, the axial skeleton has resumed
normal patterning. However, unlike other Hox paralogous mutants (Hox5 and
Hox6 above, and Hox7, Hox8, Hox10 and Hox11 [240, 245, 253]), the axial
skeletons of the Hox9 mutants posterior to the observed transformations are
shifted caudally by two vertebral segments. The vertebra at the level of L5 in the
Hox9 mutants looks indistinguishable from the L3 in controls, and normal
patterning continues posterior to this element, but offset by two vertebral
elements (Figure 2C). Dorsal views of whole skeletons show the shift of the axial
skeleton posterior to the anterior homeotic transformations (Figure 2D and E).
Yellow stars indicate the normal position for L1 and L6. Note the posterior shift
of the sacrum, thus displacement of pelvic attachment in the Hox9 quadruple
mutant. Nonetheless, the Hox9 mutants have an average of two less caudal
vertebrae than controls, so the total number of vertebrae formed is unchanged in
these animals.

As the posterior region of the defects in the quadruple Hox9 mutants
demonstrates extra rib formation on the first four lumbar vertebrae, we compared
the individual vertebral phenotypes of these animals with those from the Hox10
triple mutants, which we previously reported to have rib formation on all lumbar
vertebrae [245]. In Hox10 triple mutants, rib formation is seen on all six lumbar

vertebrae and even the sacral vertebrae show conversion of the sacral lateral
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processes to rib-like outgrowths (Figure 2F). However, the shape of the lumbar
vertebral elements in the Hox10 mutants looks similar to lumbar vertebrae in
controls, and the rib projections on all lumbar vertebrae in Hox10 mutants are
quite small, much like the most posterior thoracic vertebrae. In contrast, in Hox9
quadruple mutants, the early lumbar elements that have rib projection have
vertebral bodies that appear morphologically similar to more anterior thoracic
vertebrae and the rib projections on these elements are very long and also
appear similar to more anterior thoracic vertebrae (compare Figures 2C and 2F).
Thus, while the phenotype of rib outgrowth occurs in the first four lumbar
vertebrae of both Hox9 and Hox10 paralogous mutants, these phenotypes are
not identical, but rather represent phenotypes from different levels of the thoracic
vertebrae.

Individual vertebral elements from the Hox11 triple mutant animals allow a
comparison of the overlapping sacral phenotypes between the Hox10 mutants
and Hox11 mutants. Both mutants demonstrate clear phenotypes throughout the
sacral region, but while the Hox10 mutants show primarily a conversion of the
normal lateral processes to those of a thoracic or rib-like character (Figure 2F),
the Hox11 mutants show a transformation of this entire region to a lumbar-like
phenotype (Figure 2G). Again, the morphological changes associated with the
sacral vertebrae in these two sets of mutants are quite distinct.

Hox5, Hox6 and Hox9 mutants all have smaller rib cages than controls. As
the size of the rib cage is a product of contributions from both the somite-derived,

primaxial vertebral bodies and proximal ribs, as well as the lateral plate-derived,

109



abaxial sternal skeleton, thoracic elements with the ribs intact were examined. In
Hox5 mutants (Figure 3A, left column), T1 has incomplete rib projections and ribs
from T2 extend but often do not reach the sternum (64%). Yet the primaxial
vertebrae and rib angles are largely normal posterior to T1, suggesting the
smaller rib cage is due primarily to the severe defects in the lateral plate-derived
sternum. In contrast, the Hox6 mutants show significant defects in the somite-
derived, thoracic vertebral elements as well as in the sternum. Anterior homeotic
transformations of the rib projections in the Hox6 mutants extend from T2
through T6 (Figure 3A, right column). Red arrows show that T2 through T4 have
proximal rib angles similar to those of T1 in control skeletons. These defects,
along with the severe defects in the lateral plate-derived sternal skeleton (Figure
1B, F) result in the large decrease in the size of the rib cages in Hox6 mutants.

The somite-derived vertebrae from the anterior thoracic skeleton (T1 —T7)
of the Hox9 mutants are patterned normally although fusions at the distal portion
of the first three ribs are observed (Figure 3B and 1H). Anterior homeotic
transformations of the somite-derived skeleton are seen from T8 through L4.
Unlike controls, ribs from T8 through T13 in this Hox9 mutant continue to grow
distally and attach to the sternum, similar to more anterior vertebrae (Figure 3B).
Despite many extra fused ribs, the rib cage is smaller than controls due to
apparent growth constraints from crowding at the sternum.

Redundancy continues to play a key role in understanding Hox function.

Hox5 and Hox6 mutants possessing any combination of five of the possible six
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Figure 3. Rib and sternal abnormalities in the Hox5, Hox6 and Hox9
paralogous mutants. (A) Individual skeletal elements, dissected with ribs
attached, from the upper thoracic region of Hox5 paralogous mutant, wild type
and Hox6 paralogous mutant mice. The first column shows the 1! through 8"
thoracic elements from a Hox5 mutant mouse (the ventral ribs on T2 in this
animal are incompletely formed). The second column depicts the same elements
from a wild-type control mouse. The elements in the third column are from a
Hox6 mutant mouse (T3 in this animal was fused with T4, and so appears
incompletely formed). Red arrows denote the rib angle of control T1 and the
phenotypic similarity in Hox6 mutant T2 through T4. (B) Individual skeletal
elements, with ribs attached, from the thoracic and lumbar regions of a Hox9
paralogous mutant mouse (right column) are compared to those of a wild type
control (left column).
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mutant alleles are much less affected than the paralogous mutants (Figure 4A-
C). Similarly, the 7-allele Hox9 mutant in Figure 4D has a much less severe
phenotype, with only two extra ribbed vertebrae, T8 and T9, attached to the
sternum.

Because of the overlap in phenotypes between the Hox5 and Hox6
paralogous mutants, we generated trans-triple heterozygous embryos
(5AaBbCc/6AaBbCc) to examine whether Hox5 and Hox6 paralogous groups are
functionally equivalent in their respective patterning roles. Trans-triple
heterozygotes have a less severe phenotype than either Hox5 or Hox6 triple
mutants in both the primaxial and abaxial skeleton despite containing the same
number of mutant alleles (Figure 4A, E), demonstrating that the two paralogous
groups do not function redundantly in axial patterning.

Phenotypes in overlapping regions of adjacent paralogous mutants are
distinct from one another in all of the cases we have examined to date,
suggesting the phenotypes are not due to changes in the expression of more
posterior Hox paralogous genes. To test for this possibility, we performed in situ
hybridization to determine whether the anterior limit of expression of the next
most posterior group Hox genes are perturbed in Hox paralogous mutants. In
Hox5 triple mutants the expression of Hoxb6 is observed at the same anterior
limit as controls at E11.5 (Figure 5A, B). Similarly, in more posterior regions of
the embryo, the anterior limit of Hoxd11 expression in Hox10 triple mutants is

also unchanged compared to controls (Figure 5C, D). This data supports the
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Figure 4. Defects in the rib cage of Hox mutant mice show functional
redundancy. Ventral views of the skeletal phenotypes from wild-type (A), Hox5
5-allele (B), Hox6 5-allele mice (C), Hox9 7-allele mice (D) and Hox5/Hox6 trans-
triple heterozygous mice (E). Numbers below the rib cage in each panel indicate
the thoracic vertebrae with ribs that fuse to the sternum. The red bar in each
panel is included as a size reference. Note that any combination of five mutant
alleles of Hox5 or Hox6 (Aabbcc, aaBbcc and aabbCc) shows very similar
phenotypes to the ones shown in Panels D and E. In the Hox9 paralogous group,
however, Hoxc9 contributes more strongly to extra sternal rib growth and fusion
than the other Hox9 genes (data not shown).
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Figure 5. Hox expression during axial patterning. The anterior boundary of
Hoxb6 expression at E11.5 is the same in control (A) and Hox5 paralogous
mutant mice (B). The anterior boundary of Hoxd11 expression in control (C) and
Hox10 paralogous mutants are also equivalent. In Panels E through M, an ISH
probe to Neo" has been used to demonstrate the anterior expression boundaries
of the entire paralogous group in triple heterozygous animals (in the case of
Hox5 and Hox6 embryos) or quadruple heterozygous mutants (for Hox9
embryos), all of which have no phenotype. (Each mutant allele has Neo' inserted
into the Hox coding sequence.) Somite anterior expression limits are marked
with a white block arrow and lateral plate anterior expression limits are marked
with a black block arrow. (The anterior expression limit for the neural tube,
marked with a black arrowhead in these embryos, is often far anterior to the
somite expression boundary as published for the individual Hox genes
referenced in the text.) In panels E, F, H, I, Kand L, embryos are shown in
lateral and dorsal view. In panels G, J and M, embryos are shown in lateral view
only.

114



Appendix Figure 5

Hoxb6

Control

5aaccdd

Hoxd11

Control

10aaccdd

Hox5 (neo’)

Hox6 (nead’)

)
i

Hox9 (nead’)

115




conclusion that adjacent Hox paralogous genes are co-expressed and have
distinct functions in overlapping AP regions.

Further, the rib cage phenotypes of the Hox5, Hox6 and Hox9 paralogous
mutants demonstrate differential phenotypic boundaries for the somite-derived
vertebral elements and the lateral plate-derived sternum. The genetic results
suggest that expression and function in the somites may be distinct from
expression and function in the lateral plate mesoderm. To ascertain whether
expression levels correlate with the genetic results, we examined the expression
pattern of these paralogous group genes at several developmental stages. We
found that Hox expression is dynamic during these early developmental time
points, particularly in the lateral plate. The anterior expression boundary in the
somites of the Hox5 paralogous group genes appear to be at approximately the
level of the ninth developing somite at E9.5 (Figure 5E, white arrow), with the
lateral plate expression limit slightly anterior to this, including in the early limb
bud. (Figure SE, black arrow). By E10.5, somite staining can be visualized more
anteriorly, with the expression limit at somite five (Figure 5F, white arrow).
Lateral plate staining can still be seen along the entire lateral plate anterior to the
forelimb and between the forelimb and hindlimb, consistent with sternal defects
throughout the AP length of the sternum (Figure 5F). By E12.5, intense staining
in the somite can be detected up to an anterior limit at somite 6/7 (Figure 5G,
white arrow), although fainter staining can be detected in two anterior somites.
This expression in somites correlates with the observed genetic phenotypes

beginning at C3, and is also in complete agreement with reports of Hoxa5, Hoxb5
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and Hoxc5 somite expression boundaries, which were examined previously at
the later time point [259, 260]. Further, lateral plate expression cannot be clearly
detected after E11.5. It cannot be discerned whether expression of these genes
are absent or has just fallen to very low levels.

The anterior limits of somitic expression for Hox6 appear to be more similar
in all of the stages examined, approximately at the somite 12 boundary (Figure
5H — J, white arrows). This is consistent with previous reports for these genes at
E12.5 and E13.5 time points [251, 259, 261], and also consistent with the genetic
phenotypes reported here which begin at C6. Lateral plate expression is visible
from the forelimb area to more posterior regions through E10.5 (Figure 5H, I,
black arrows), but expression decreases below background at later
developmental stages, similar to the observation for the Hox5 genes. This
suggests that the contribution from Hox5 and Hox6 genes to patterning the
sternum is an early developmental event, but functionally significant expression
levels that are too low to detect cannot be ruled out without conditional functional
analyses.

The expression profile of Hox9 during these developmental time points
differs significantly from Hox5 and Hox6. At E9.5, expression is intense in the
tailbud and becomes fainter more anteriorly with no clearly established anterior
boundary. Expression in the lateral plate mesoderm reaches levels just posterior
to the developing heart (black arrow, Figure 5K). By E10.5, a boundary at somite
23 can be seen in the paraxial mesoderm (white arrow), but the lateral plate

expression remains intense far anterior to this, in the entire region between the
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forelimbs and hindlimbs (black arrow, Figure 5L). The somitic boundary at
somite 23 becomes even sharper by E11.5, in agreement with previous reports
on these genes (white arrow, Figure 5M [231, 259, 262, 263]). (Hoxd9 has been
reported to have more posterior somitic boundaries, but this would be masked by
more anterior expression of the remaining three paralogs [231, 259]). Unlike the
Hox5 and Hox6 genes, strong Hox9 expression persists in the lateral plate at this
and later stages (Figure 5M and data not shown). This expression pattern is
consistent with the possibility that later expression in the lateral plate is important
for Hox9-mediated repression of growth and attachment of posterior ribs to the
sternum. Consistent with this, the anterior most somitic boundary of Hox9
expression is at somite levels well below that of the thoracic skeleton where
distal rib phenotypes occur, with the exception of the E9.5 time point during early
boundary formation (Figure 5K, [259, 262]). Clearly, conditional genetic analyses

will be required to understand the contributions to sternal phenotype.

Discussion

Comparisons of the phenotypes in the paralogous mutant groups are
diagrammed in Figure 6 and lead to several important conclusions about the
nature of the Hox code in vertebrate axial patterning. First, loss of paralogous
Hox function consistently exhibits functional redundancy among Hox paralogous
genes, and all paralogous mutant phenotypes in the primaxial skeleton can be
clearly categorized as anterior homeotic transformations. As previously shown

for the Hox10 and Hox11 paralogous genes, leaving just one wild-type allele in
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the absence of five alleles (in the case of Hox5, Hox6, Hox10 and Hox11) or
seven alleles (in the case of the Hox9 genes) results in a much less severe
phenotype than removing all functional copies in a given paralogous group.
Further, these phenotypes show clear colinearity with more anteriorly expressed
Hox genes affecting more anterior regions of the somite-derived axial skeleton
and more posterior Hox genes affecting increasingly posterior regions.

While anterior homeotic transformations in each paralogous mutant have
distinct AP boundaries, the vertebrae that exhibit transformations in adjacent
paralogous mutant groups significantly overlap (Figure 6, red-shading indicates
the AP region demonstrating anterior homeotic transformations; overlapping
phenotypic regions between adjacent paralogous mutants are highlighted in
yellow). Within the overlapping affected regions in adjacent paralogous mutants,
however, the observed phenotypes are distinct, suggesting that each Hox
paralogous group imparts unique morphological characteristics to the vertebrae.
For example, whole skeletons of both Hox5 and Hox6 mutants each appear to be
missing the first rib. However, inspection of the T1 element shows that Hox5
mutants have transformations of the dorsal aspects of this element towards a C2
fate with small ribs initiating with complete penetrance (12 of 12, Figure 2A). T1
from Hox6 mutants, in contrast, show an anterior transformation to a C7
phenotype, with no likeness to C2 and no indication of rib initiation (11 of 11,
Figure 2B). In another example, both Hox10 and Hox11 paralogous mutants
display phenotypes in all sacral vertebrae. While loss of Hox10 function results in

a conversion of the sacral lateral wings to rib-like projections that fuse laterally,
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Figure 6. Schematic representation of paralogous Hox axial skeleton
phenotypes. Somite-derived, primaxial skeletal elements that exhibit anterior
homeotic transformations in paralogous mutants are shaded red. Lateral plate-
derived, abaxial structures affected in paralogous mutants are shaded blue.
Note that Hox5, Hox6 and Hox9 mutant phenotypes are offset in their AP extent
for defects in the somite-derived primaxial (red) and lateral plate-derived abaxial
(blue) skeleton. The yellow shading highlights somite-derived AP regions that
are affected in adjacent paralogous mutant groups. In each case, the
overlapping regions of phenotype display distinct vertebral morphologies for each
paralogous mutant. The green asterisks in the Hox9 mutant panel reflect the
posterior shift of the axial skeleton. Mice normally possess 28-30 caudal
vertebrae. Only 15 are represented in this schematic for simplicity. Despite
changes in the number of caudal vertebrae in Hox9 and Hox11 paralogous
mutants, the same average total numbers of vertebrae are present in all of the
paralogous mutants depicted in this diagram and are the same as in control
animals.
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loss of Hox11 results in transformation of sacral vertebrae to a lumbar-like
morphology with no sacral wing projections and no lateral fusions (Figure 2F, G
and [245]). We also show that removal of the function of an entire paralogous
groups does not significantly affect the expression of the next most posterior
group genes (Figure 5A-D).

The current data strongly support the idea that the genetic function of each
of the paralogous groups of Hox genes in axial patterning is distinct, and that the
‘Hox code’ is a combination of the unique morphological contributions imparted
by each of the two or more paralogous groups functioning in a given AP region.
This data is not in simple agreement with the posterior prevalence model, which
has held that the patterning information at a given AP region relies on a single
Hox gene or paralogous group [237] and that patterning information, in the cases
of overlapping expression of two or more Hox genes (or paralogous groups), is
provided by the more posteriorly acting gene(s) [235, 236]. However, it is also
clear from these genetic experiments that the morphology of the axial skeleton
regains wild-type patterns posterior to the affected region. Therefore, all of the
Hox genes expressed in the posterior region of the early, developing embryo do
not function in axial patterning. As little or no information exists regarding when
or how Hox genes function at a mechanistic level to impart vertebral
morphologies, the significance of the early, nested Hox expression pattern is not
clear. Unequivocal experiments to test the molecular nature of the ‘Hox code’
and the model of posterior prevalence await the discovery of confirmed

downstream targets in Hox-regulated axial patterning, knowledge of when Hox-
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regulated axial patterning is imparted during embryogenesis, and details of Hox
protein expression during critical axial patterning events.

This study also demonstrates that Hox genes are critical for patterning the
lateral plate-derived, abaxial skeleton (the sternum and sternal ribs), that Hox
gene function in the abaxial skeleton is independent of somite-derived patterning,
and that this patterning is not colinear. Formation of the manubrium appears to
be uniquely a Hox5 regulated process (Figure 1E), however, the Hox5, Hox6 and
Hox9 mutants all have patterning defects along the AP length of the sternum,
inconsistent with a strictly colinear contribution to patterning this lateral plate-
derived structure (Figure 6, blue-shaded abaxial defects). Further, defects are
found with complete penetrance in first rib and sternabra formation in Hox5,
Hox6, and Hox9 paralogous mutants, Hox5/Hox6 trans-triple heterozygotes, and
Hox7 and Hox8 paralogous mutants [240, 253], as well as with incomplete
penetrance in many of the Hox5 through Hox9 single mutant animals and
Hoxb5/Hoxb6 trans-heterozygotes [238, 249, 251, 252]. Taken together, the
growth and formation of the first rib and sternabra is particularly sensitive to loss
of Hox5 through Hox9 function. This phenotype is likely due to patterning
disruptions in the lateral plate mesoderm that do not obey the colinear
contribution to patterning that is clear in the somite-derived skeleton.
Understanding the molecular details regarding Hox gene function in patterning
the lateral plate-derived portion of the thoracic skeleton will require conditional
analyses that can distinguish between the patterning contributions from these

two distinct tissues in the development of the rib cage.
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The combined genetic data on Hox paralogous phenotypes in the axial
skeleton demonstrate clearly that Hox genes do not contribute to the total
number of vertebral elements formed. Combined results from the Hox4 triple
mutants and the Hox5 through the Hox11 paralogous mutants ([240, 245, 253]
and this report) demonstrate that while the morphology of AP-restricted regions
display defects throughout the axial skeleton, the number of elements do not
change.

In conclusion, the data reported herein contribute significantly to our
genetic understanding of Hox function in vertebrate axial patterning. Loss of Hox
paralogous function results in anterior homeotic transformations throughout the
somite-derived axial skeleton, including the thoracic skeleton. The lateral plate-
derived skeleton appears to be patterned independently from the somite-derived
skeleton and lateral plate axial patterning is not colinear. By establishing that
consistent genetic mechanisms operate in vertebrate axial patterning, it is
hopeful that this framework will allow us to examine the molecular details of Hox

function in this system.
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