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Abstract

During embryonic development, DNA binding proteins help to specify and restrict the fates of
pluripotent stem cells. In the developing kidney, Pax2 proteins are among the earliest markers for
the renal epithelial cell lineage, with expression in the mesenchyme and in proliferating epithelia.
The Pax2 protein is essential for interpreting inductive signals emanating from the ureter bud such
that kidney mesenchyme can convert to epithelia. The biochemistry of Pax protein function is
being studied in avariety of model systems. Through interactions with the adaptor PTIP, Pax
proteins can recruit members of the Trithorax family of histone methyltransferases to imprint
activating epigenetic marks on chromatin. However, the interactions with the co-repressor protein
Grg4 can inhibit activation and instead recruit Polycomb repressor complexes to promote target
gene silencing. We present a model whereby the regulated interactions of Pax proteins with
available co-factors mediated activation or gene silencing at different stages of development. The
implications for establishing and maintaining the epigenome are discussed.
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Introduction

How asinglefertilized egg ultimately generates all of the highly specialized cell typesin the
body and incorporates those differentiated cells within a three-dimensional, architectural
framework is one of the most amazing feats in biology. Although the environment can
impact in utero development, the essential instructions for embryogenesis must be encoded
in the genome. Given the complexity of the process, the human genome likely contains a
large number of genes whose functions are limited to the devel opmental stages and whose
expression may in fact be detrimental in adults. Many such developmental regulators have
been identified in genetic screens of model organisms such as Drosophila, C. elegans, and
Zebrafish. A surprisingly large number of genesthat are essential for specifying cell types
and tissues encode proteins with DNA binding domains, including homeoboxes, helix-loop-
helix domains, zinc-fingers, HMG boxes, or paired-domains. As these genes and proteins
were identified, it was assumed that the DNA binding proteins regulated transcription during
development. Thus, the functions of these developmental DNA binding proteins were

model ed based on the existing knowledge of known transcription factors or co-factors.
However with our increased understanding of the chromatin and all of its epigenetic
modifications, it isimportant to revisit some of our assumptions about DNA binding
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proteins in development and to consider aternative models for how DNA binding proteins
impact the genome.

Despite sharing the identical genome, differentiated cells express unique sets of genes.
These patterns of gene expression are in part imprinted through epigenetic modifications,
such as histone methylation and DNA methylation, which are established during embryonic
development [1]. The Polycomb and Trithorax family of epigenetic regulators function in
development to maintain patterns of gene expression, yet how they recognize genesin a
temporal and tissue specific manner remains unclear [2, 3]. In the developing kidney, many
critical genes and DNA binding proteins have been identified that specify the renal stem and
progenitor cells and their differentiated derivatives. How do these proteins impact the
genome and the regulation of gene expression? Genetics and biochemistry have shed
significant insight into the functions of early renal specification genes.

The adult kidney is composed of alarge number of specialized epithelial, stromal and
endothelial cells. Renal epithelial and stromal cells share a common lineage that is specified
early in development, but diverges once kidney development proceeds [4]. In mammals, this
lineage is apparent shortly after gastrulation in aregion of mesoderm, called the
intermediate mesoderm (IM) that lies between the paraxial mesoderm and the lateral plate
mesoderm along the medio-lateral axis[5-7]. Moreover, the kidney develops along the
anterior posterior axis in atemporal sequence and likely requires both medio-lateral and
anterior-posterior patterning signals to determine the adult kidney field (Fig. 1). Early
anterior kidney structures include the pro- and mesonephros, whose complexity, size, and
duration varies greatly among vertebrate species. In the mouse, the pronephrosis barely
detectable, whereas mesonephric tubules are well developed with a proximal glomerulus and
convoluted tubules that empty into the nephric duct (Fig. 1). The adult, or metanephric
kidney, forms at the posterior end of this intermediate mesoderm when the ureteric bud
grows out of the nephric duct and induces the metanephric mesenchyme to begin the process
of nephrogenesis. Sequential branching morphogenesis of the ureteric bud induces new
nephrons at the tips [8]. These nephrons arise form a population of stem cells, called the cap
mesenchyme, that aggregate at the tips of each new branch point. Cell lineage tracing clearly
shows that cap mesenchyme is capable of producing all the epithelial cells of the nephron [4,
9, 10]. Cap mesenchyme undergoes a mesenchymal-to-epithelial transition, generating first a
primitive renal vesicle, followed by a comma-shaped body and an s-shaped body.
Reiterative branching, induction, and renal vesicle formation along the radial axis continues
such that older nephrons are located close to the medulla as young nephrons develop at the
periphery.

Pax Proteins in the developing kidney

Genetic analyses in mice clearly underscore the essential functions of the genes Lhx1, Osr1,
and Pax2/8 in early specification of the IM. Lhx1 null mice lack the nephric duct, although
Pax2 expression is observed in cells at the boundary between the paraxial and lateral plate
mesoderm shortly after gastrulation [11]. Pax2 null mutants do develop a nephric duct [12],
but the duct is completely absent in a Pax2/8 double mutant, suggesting that these Pax genes
function redundantly in this early IM domain [13]. Pax2/8 double mutants also do not
express Lhx1. Mice homozygous for an Osr1 null alele, the expression of which precedes
that of Pax2/8, still exhibit nephric duct formation and Pax2 expression in the anterior IM,
yet lack more devel oped mesonephric tubules and the metanephric mesenchyme in the
posterior IM [14, 15]. Whether this anterior Pax2 expression in the Osr1 mutantsis due to
some partial rescue or redundancy by Osr2 or is completely cell autonomous and
independent of Osrl function remains to be determined.
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At the time of metanephric mesenchyme induction, Pax2 is strongly expressed in the nephric
duct, its outgrowth the ureteric bud, and in the metanephric mesenchyme prior to induction
(Fig. 1). In homozygous Pax2 mutants, the ureteric bud fails to form, thus depriving the
metanephric mesenchyme of the required inductive signals. This results in complete renal
agenesis. However, attempts to replace the ureteric bud by exogenous inducersin vitro
revealed that the Pax2 mutant mesenchyme was unable to respond to ectopic inductive
signalsin organ culture models [16]. We now know that WNT signals are essential for
promoting the aggregation of the metanephric mesenchyme and for initiating the conversion
of mesenchyme to renal epithelia[17]. Thus, Pax2 is essential for interpreting these
inductive WNT signalsinto abiological response that includes cell aggregation, epithelial
cell polarization, and proliferation of the primitive epithelial cells.

The question then remains as to how Pax proteins are able to transduce signalsinto a
transcriptional response in a developing tissue. Several genes are known to require Pax2 for
activation in the embryonic kidney, including GDNF [16] and GATA3 [18], yet the
molecular mechanisms for Pax mediated activation are poorly characterized. Are Pax
proteins transcription factors that promote polymerase |1 initiation or elongation, do they
bind proximal promoters or distal enhancer sequences, do Pax proteins recruit or require
multiple co-factors, do Pax proteins alter the structure or accessibility of chromatin? These
are just some of the issues that require more detailed analyses before the devel opmental
regulatory functions of Pax proteins can be fully understood.

Histone Methylation, Epigenetics, and Cell Lineage Decisions

As cellslose pluripotency and begin to differentiate towards specific lineages, this
information must be imprinted somehow and then inherited such that the fates of al progeny
cellsare not altered during many rounds of cell division. It is becoming increasingly clear
that cellular memory, as specified in development, isimprinted onto chromatin by
epigenetic modifications. Chromatin consists of the genomic DNA and all the associated
proteins, of which histones are the major component. The basic structural unit of chromatin
is the nucleosome, which consists of approximately 1.6 turns of the double stranded DNA
wrapped around a histone octamer. There are two copies of each of the four histones, H2A,
H2B, H3 and H4 within the octamer. The crystal structure of the nucleosome revealed that
the amino-terminal histone tails protrude out of the nucleosome thus making them accessible
for post-trandational modifications [19]. Post-translational modifications include acetylation
or methylation of specific lysine or arginine residues, phosphorylation of serine residues, or
ubiquitination of lysine residues. These types of histone modifications can directly impact
gene expression and the structure of chromatin by providing a platform for additional
proteins that recognize individual or combinations of modifications.

Among the most critical breakthroughs that hel ped define how chromatin modifications
impact genome regulation was the cloning and characterization of enzymes that methylate
histone tails. Genetic screens in Drosophilaidentified epigenetic modifier genes that
established and maintained gene expression patterns in embryonic development [20, 21].
These epigenetic regulatory genes fell into two major groups, the Polycomb family of
repressors and the Trithorax family of activators. However, the amino acid sequences of
Polycomb and Trithorax proteins revealed little of their function. Not until the histone
methyltransferases were cloned and sequenced from simple organisms like yeast and
Tetrahymenadid it become clear that many of the epigenetic regulators found in flies were
histone methyltransferases or co-factors that were part of the methyltransferase complexes.
Even more striking, the histone methyltransferases that were associated with compact or
silent chromatin were found in the Polycomb family of epigenetic silencer genes, whereas
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the histone methyltransferases that were associated with expressed genes and accessible
chromatin were among the Trithorax family of activators.

In mammals, the Polycomb and Trithorax complexes and their associated proteins have all
been well described. The mammalian homologues of Drosophila Trithorax are the MLL
(mixed lineage leukemia) genes that encode histone H3K4 methyltransferases, whereas the
polycomb homologues Ezh1/2 and Suv39 encode H3K 27 and H3K 9 methyltransferases
respectively. These enzymes are found in large protein complexes with multiple co-factors
required for activity. However, biochemical purification of MLL complexesfailed to find
proteins that control DNA binding specificity. Thus how these histone methyltransferase
complexes recognize specific genes in specific tissues remains to be determined.

Evidence that histone methylation is important for regulating developmental gene
expression isnot limited to Drosophila. In mammalian embryonic stem cells, many
important lineage specific genes contain both positive and negative epigenetic marks. This
pattern of low levels of H3K4 and H3K27 methylation was termed a bivalent chromatin
domain and may be a general property of pluripotent stem cells[22, 23]. As stem cells
differentiate towards a specific lineage, these bivalent domains are resolved into either fully
activated H3K4 methylated or fully repressed H3K27 and H3K9 methylated domains.
Clearly, during development the targeting of histone methyltransferase to specific genes
must be controlled and is likely to involve many types of DNA binding proteins.

Linking Pax proteins to histone modifications

If particular histone modifications correlate with the loss of pluripotency and the restriction
of cell fate, then how do the histone modifying complexes recognize specific genes at
specific timesin development? Strikingly, none of the biochemically purified mammalian
H3K4 methyltransferase complexes contained sequence specific DNA binding proteins.
Two possible explanations may account for the lack of DNA binding proteinsin the MLL
complexes. First, the complex may interact with many different DNA binding proteins such
that they are not represented in stoichiometric quantities and thus are hidden among the
background. Second, the MLL complex may only recognize DNA binding proteins when
bound to chromatin and not in solution.

Recently, several members of the Pax family of DNA binding proteins have been linked to
H3K4 methyltransferases and epigenetic control of gene expression. The Pax2 protein
interacts with a ubiquitous nuclear factor, PTIP (Pax Transactivation-domain Interacting
Protein), which is part of the MLL3/4 H3K4 methyltransferase complex [24]. Cell culture
experiments demonstrate that Pax2 recruits the MLLsto a DNA binding site to increase
levels of H3K4me3. In the absence of PTIP, Pax2 binds to chromatin but cannot recruit the
MLL complex. Thus, PTIP links MLLs to a sequence specific DNA binding protein. The
PTIP protein is essential for early development in mouse and in flies, as complete null
mutants show significant decreases in global levels of H3K4me3 [25, 26]. The modular
PTIP protein has 3 pairs of BRCT domains, which can recognize Phosphorylated serine
residues[27]. Thus, it islikely that PTIP interacts with many other Phospho-Serine DNA
binding proteinsto link MLLs to specific DNA sequences.

Developing B cells require the Pax5 protein, which is nearly identical to Pax2 and binds the
3’ enhancer located on the immunoglobulin heavy chain (IgH) locus. This 3’ enhancer is
thought to interact with more proximal IgH promoter sequences through long-range
chromatin looping. Both PTIP and Pax5 are localized to proximal promoters whose levels of
H3K4me3 greatly increase with signals that stimulate isotype class switch recombination
[28]. However, PTIP mutant B cells do not recruit Pax5, show no evidence for chromatin
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looping, nor show increased H3K4me3 at proximal promoters in response to class switch
stimulants [28, 29]. These data suggest a common role for PTIP in linking Pax proteins to
MLL complexesin response to developmental or differentiation signals. Furthermore, the
Pax-PTIP-MLL complex can orchestrate complex chromatin conformationa changes,
including long-range interactions between enhancers and promoters.

In muscle progenitor cells, the Pax7 protein is critical for the self-renewal and differentiation
of satellite cellsinto myocytes[30]. At the promoters of activated genes, such as myf5 and
myoD, Pax7 recruits the MLL2 histone methyltransferase complex to imprint high levels of
H3K4me3 [31]. However, Pax3 and Pax7 appear to use a different adaptor protein, called
Pax3/7BP (GCFC1), to link the DNA binding Pax proteins to the MLL/Wdr5/Ash2L
complex [32].

The expression of Pax proteinsin stem or progenitor cell populations, be it the metanephric
mesenchyme, muscle satellite cells, or the pre B cells, suggest fundamental rolesin cell
lineage determination. Upon mutation of the corresponding Pax gene, such cell lineages are
either ablated or arrested in differentiation. Thus, the recruitment of epigenetic complexes,
such asthe MLL family of H3K4 methyltransferases, is likely to imprint cell lineage
specific modifications on chromatin such that the correct genes remain activated or
accessible. Recent evidence also points to the capacity of Pax proteinsto silence gene
expression through mechanisms that require Polycomb complexes and repressive histone
modifications.

Mechanisms of Pax mediated repression

Polycomb mediated gene silencing is essential for maintaining proper gene expression
patterns in development. As stem cells differentiate they not only establish active histone
marks but also repressive marks to generate heterochromatin for silencing parts of the
genome. The most common repressive epigenetic marks are H3K27, H3K9 and H4R3
methylation and DNA methylation at CpG islands. These marks are thought to provide
binding sites for proteins that function to compact chromatin into a more inaccessible state.
Thisinaccessible chromatin limits the ability of common nuclear effectors to access target
genes, essentially creating a novel epigenetic landscape for each cell type [33]. In
Drosophila, Polycomb response elements guide the assembly of Polycomb repressor
complexes (PRC1, PRC2) on DNA and act as nucleation centers to initiate gene silencing.
However in mammalian organisms, Polycomb response elements are poorly defined and the
mechanisms of DNA recognition by PRCs remains to be fully understood.

The Pax2/5/8 family of proteins has been linked to co-repressors of the Groucho family [34,
35], also known as Grg (Groucho related genes) or Tle (Transducin-like enhancer of split).
In the developing kidney, Grg4 is expressed at low levels in the metanephric mesenchyme.
However, expression of Grg4 increases in the primitive epithelia of the renal vesicleand is
maximal in the podocyte precursors of the S-shaped body and in mature glomerular
podocytes (Fig. 1). In cell culture assays, Grg4 inhibits Pax dependent gene activation [34].
Through the purification of Grg4 and associated proteins, the mechanism of Grg4 mediated
repression at Pax DNA binding sites is becoming clear.

The Grg4 complex contains a phosphatase that can dephosphorylate the activation domain
of Pax2 [34, 36]. Phosphorylation of the Pax2 carboxy-terminus increases its ability to
activate gene expression and is likely to mediate its association with PTIP, viathe P-serine
binding BRCT domains [27]. Thus, Grg4 expression displaces PTIP from Pax2, consistent
with the dephosphorylated state of Pax2. The Grg4 complex also contains an arginine
methyltransferase PRMT5, capable of symmetric dimethylation at H4R3 [36], a common
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repressive epigenetic mark [37]. The symmetric dimethylation of H4R3 is necessary for the

further recruitment of the PRC2 complex and subsequent H3K 27 dimethylation. These data

are consistent with the observation that Groucho proteins can drive chromatin compaction to
limit accessibility of other DNA binding proteins at silenced loci [38].

Thus, our current model of Pax mediated gene regulation encompasses both activation and
repression, depending at least in part on the availability of co-factors (Fig. 2). The
ubiquitous adapter PTIP links Pax proteinsto MLL complexes for maintaining gene
activation, whereas the regulated co-repressor Grg4 can override this activation program to
imprint repressive epigenetic marks. In the kidney, it islikely that Pax2/PTIP complexes
predominate in mesenchyme, where Grg4 levels are low. As cap mesenchyme transitions to
epithelia and Grg4 levels increase, the propensity for Pax2 to complex with Grg4 and PRC2
islikely to increase. Thus, we can envisage a situation whereby the same DNA binding Pax
protein can maintain gene activation in undifferentiated precursor cells but then repress that
sametarget in terminally differentiate cells. Confirmation of such amodel still requires
precise knowledge of chromatin modifications and structure at specific loci during the
transition from stem cells to renal epithelia.

Stability of the epigenetic state

If histone modifications are established as cells become specified and restricted in their
fates, it is worth considering whether the proteins that establish patterns of histone
methylation are needed in terminally differentiated cells and whether mutationsin such
pathways can lead to abnormalities. Once cells exit the mitotic cycle, it is possible that the
pattern of histone modificationsis stable. This question has been addressed in the kidney
and the adult heart by deleting the adaptor protein PTIP in podocytes or cardiomyocytes
respectively [39, 40]. In both cases, loss of histone H3K4me3 and alterations in gene
expression patterns are observed. The resulting phenotypes suggest that MLL mediated
H3K4me3 is still necessary even in non-dividing cells to maintain gene expression patterns.
A decrease in H3K4me3 in podocytes leads to chronic glomerular disease, with foot process
effacement and structural abnormalities evident even before the reduction in podocyte
number. In the heart, changes in gene expression due to reduced H3K4me3 can lead to
altered electrophysiology and arrhythmias.

Acute kidney injury through ischemia or nephrotoxins leads to cell death of proximal tubule
epithelial cells and acute renal failure. However, proximal tubules can regenerate as
surviving cells repopul ate the damaged tubule [41]. Regeneration activates gene expression
patterns reminiscent of developing tubules, including the re-expression of Pax2 [42]. This
reactivation may be needed to reset the epigenetic landscape of the newly generated
epithelial cells. Regeneration after injury also re-establishes the need for other DNA binding
proteins, such as HNF1b, which regul ates the PKD2 gene [43].

In conclusion, mechanisms of gene activation and repression by Pax proteinsin the kidney
may function to imprint both active and repressive epigenetic marks through interactions
with histone modifying complexes. Such imprints can compartmentalize the genome into
active and silent domains, unique for specific cell types. Maintaining such epigenetic marks
throughout the life of acell may be important to keep gene expression patterns stable. Thus,
any variables that can alter the epigenetic landscape, such as environmental exposure, aging,
and injury, may be critical factors driving the initiation and progression of chronic disease in
the kidney.
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Figure 1. Pax2 Expression Marksthe Intermediate Mesoderm and its Epithelial Derivatives
Schematics of the devel oping kidney are shown from E9 to E12.5 in the mouse and
compared to the expression of the Pax2 gene as shown by EGFP in the adjacent panel. The
intermediate mesoderm begins to express Pax2 at 4 somite stage, approximately embryonic
day 8 (E8, not shown). By E9, the nephric duct (nd) is clearly visible and extends towards
the cloaca at the caudal end; the pronephros (p) is very rudimentary. By E10, the
mesonephric tubules (mt) are well developed more anteriorly and the metanephric
mesenchyme (m) is visible posteriorly. By E10.5, the ureteric bud beginsto grow out of the
nephric duct and invade the mesenchyme. By E11.5, the ureteric bud has bifurcated and the
cap mesenchyme aggregates around the tips of the growing bud. By E12.5, the ureteric bud
has branched again and renal vesicles, primitive epithelia derived from the cap mesenchyme,
arevisible. Sections through an E18.5 kidney show the complexity of the growing organ,
with Pax2 positive cells (red, |eft panel) at the periphery (arrow), the cap mesenchyme and
the comma and s-shaped derivatives (s), but not in the more devel oped tubules or in the
glomeruli (arrowhead). An adjacent section shows the pattern of Grg4 (red, right panel)
expression, which islow in the undifferentiated cells (arrow) and increases in podocyte
precursors (arrowhead).
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Figure 2. Model of Pax mediated Activation and Repression

A genein aprogenitor or stem cell that has not yet been imprinted with alineage specific
epigenetic marks remainsin abivalent, or unspecified state. Upon expression of a Pax
protein alineage decision is initiated. Pax2 recruits the adapter PTIP and an MLL complex
to imprint chromatin with active histone H3K 4me marks. These marks prevent silencing and
allow additional complex to access the gene, such as nucleosome remodeling factors (Nurfs)
that are necessary for transcription. However in cells with high levels of Grg4, the PTIP/
MLL complex is displaced by the Grgd/PRMT5/PPM 1b complex that dephosphorylated
Pax2 and imprints repressive epigenetic marks, such as H4R3me2 and H3K27me2. The
recruitment of the Polycomb repressor complex 2 can lead to chromatin compaction and
gene silencing.
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