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Abstract

Sections

The methylation or demethylation of genomic DNA at specific
locations and the diverse array of post-translational modifications

of histones associated with genomic DNA are collectively known as
epigenetic modifications, so-called because they affect chromatin
structure but do not affect the actual DNA sequence of the genome.
Nevertheless, post-translational modifications of histones, including
methylation, acetylation, phosphorylation and ubiquitination, as
well as the methylation and subsequent de-methylation of genomic
DNA, can profoundly affect gene expression. Nowhere has the study
of epigenetically regulated gene expression had suchimpact as onour
understanding of organism development. In the developing kidney,
epigenetic-based regulation affects the cell fate decisions of stem-like
nephron progenitor cells (NPCs). Changes in chromatin accessibility
attheloci of genes associated with NPC self-renewal and nephron
differentiation — in part driven by transcription factors known to
regulate kidney development — affect the differentiation of NPCs into
precursors of the nephron such as the pretubular aggregate and renal
vesicle, and the subsequent differentiation of various segments of the

mature nephron. Epigenetic mechanisms also contribute to the process

of NPC ageing and the cessation of nephrogenesis, with consequences
for nephron endowment and kidney function.
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Key points

¢ Epigenetic modifications within the genome are increasingly
recognized as one of the most important modifiers of gene

expression during development, including the development of the
mammalian kidney; these processes include DNA methylation, histone
modifications and epitranscriptomic changes.

o Many transcription factors expressed by nephron progenitor cells
(NPCs) are involved in the regulation of cell self-renewal versus
differentiation.

o Epigenetically determined changes in chromatin accessibility at
genes that encode key transcription factors have an important role in
determining the fate of NPCs.

e Chromatin accessibility studies reveal subpopulations of NPCs
that can be defined as naive, transitioning or committed; epigenetic
chromatin modifications also define the early stages of segmental
differentiation to form the nephron.

e No NPCs are found in the mature mammalian kidney; age-dependent
epigenetic changes in the regulation of gene expression may

result in the cessation of NPC self-renewal and herald the end of
nephrogenesis.

Introduction

Thekidneys haveacrucial rolein the maintenance of fluid and electro-
lyte balance, excretion of waste products and regulation of blood pres-
sure. Proper kidney development is essential to establish the intricate
nephronstructures thatare responsible for these functions. However,
kidney and/or urinary tract malformations are present in approximately
3% of human neonates’ and can have long-term health implications,
affecting anindividual’s quality of life and increasing the risk of chronic
kidney disease’. Understanding the molecular mechanisms that guide
kidney development, including the role of epigenetic regulation, not
only advances our knowledge of organogenesis but also holds promise
forunravelling the developmental origins of kidney disease and for the
development of novel therapeutic approaches’.

Each human kidney is composed of several hundred thousand
to nearly amillion nephrons. By contrast, the mouse kidney harbours
approximately 15,000 nephrons. Embryonic development of the
kidney begins when an epithelial ureteric bud — an outgrowth of the
Wolffian (or nephric) duct — makes contact with the metanephric
mesenchyme, a cell population that will become nephron
progenitor cells (NPCs) (Fig. 1). NPCs are self-renewing stem-like cells
that also have the capacity to undergo a mesenchymal-to-epithelial
transition (MET) and differentiate into simple epithelial cells that
begin the process of nephron formation. NPCs are localized to
crescent-shaped structures known as cap mesenchymes that sur-
round ureteric bud tips. The population of NPCs is lost once the full
complement of nephronsis achieved, at about 34-36 weeks of gesta-
tion in humans and at around postnatal day 4 in mice. Of note, the
number of nephrons within each human kidney (so-called nephron
endowment) has important implications for overall kidney function,
further highlighting the importance of proper kidney development
for kidney health.

The past decade has witnessed remarkable progressin our under-
standing of the basic mechanisms of kidney development and epithelial
regeneration following injury, and in our ability to generate ex vivo
kidney organoids through the directed differentiation of induced
pluripotent stem cells (iPSCs)*. Much of this progress has benefited
from advances in technologies such as next generation sequencing,
single-cell transcriptomics, epigenomics and metabolomics’. Advances
inepigenetics have substantially enhanced our understanding of kid-
ney development, offering insights into the mechanisms by which
gene expression is finely tuned during organogenesis. For example,
use of assay for transposase-accessible chromatin with sequencing
(ATAC-seq) hasrevealedimportant roles for epigenetic processes, such
as chromatin remodelling, histone modifications, DNA methylation
and non-coding RNAs, in cell fate decisions of NPCs during normal
nephrogenesis. Moreover, epigenetic studies have provided insights
into the mechanisms that underlie various forms of congenital anoma-
lies of the kidney and urinary tract (CAKUT) (for example, through
disruption in the expression of critical genes as a consequence of
alterations in histone marks or DNA methylation). Further advances
in organoid models will probably facilitate the study of epigenetic
dysregulation in kidney development in vitro, and thereby facilitate
theidentification of potential therapeutic avenues.

This Review explores advances in our understanding of the epige-
neticregulation of kidney development with afocus on the epigenetic
regulation of NPCs. In particular, we describe the chromatin landscape
ofaccessible regulatory elements that orchestrate the decision of NPCs
toself-renew or differentiate and their effect onthe cessation of nephro-
genesis; the epigenetic drivers of NPC fate decisions; and the functional
consequences of epigenetics on the pathogenesis of congenital kidney
diseases and the programming of adult kidney disease.

Mechanisms of epigenetic regulation

Epigenetic mechanisms are increasingly recognized as crucial to the
regulation of cell fate decisions in health and disease®. The term ‘epi-
genetics’ refers to heritable changes in gene expression that do not
involve alterationsin the underlying DNA sequence but rather involve
dynamic, often reversible, changes in the organization of DNA and
nucleosomes that influence the accessibility of regulatory elements
to transcriptional machinery’. The dynamic changes in chromatin
accessibility during development and cell fate determination are medi-
ated by different classes of epigenetic modulators, including chro-
matin remodellers, writers, erasers and readers® (Box 1). One critical
epigenetic process involves the remodelling of nucleosomes, which
is achieved by ATP-dependent chromatin remodelling complexes.
These complexes use the energy from ATP hydrolysis toslide, eject or
restructure nucleosomes, thereby modulating the accessibility of DNA
to regulatory transcription factors’. In addition, post-translational
modifications of histones, including acetylation, methylation, phos-
phorylation and ubiquitination, can affect chromatin structure and
accessibility, and thereby affect the expression or silencing of genes'.
Certain modifications, suchas histone acetylations, are generally asso-
ciated with an open chromatin structure and active gene expression,
whereas others, such as histone methylation, can be associated with
active or repressive chromatin states, depending on the specific modi-
ficationand genomic context™'?. These mechanisms contribute to the
spatial and temporal control of gene expression, ensuring the precise
formation of diverse cell types and tissues”. Epigenetic changes can
be heritably maintained across cell divisions, providing amemory of
developmental cues and influencing cell fate in subsequent generations
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Fig.1|Stages of nephrogenesis. The urogenital ridges (1) emerge bilaterally
fromthe intermediate mesoderm. A nephric (also called Wolffian) duct extends
along each urogenital ridge, connecting posteriorly to the cloaca. There are
three sequential stages of nephrogenesis. Each involves the induction of
amesenchymal to epithelial transformation. In the first stage, pronephric
tubules areinduced at the anterior end of the urogenital ridge. As the vestigial
pronephric tubules disappear (2), mesonephric tubules are induced. Each
mesonephric tubule has the appearance of a simplified nephron. In lower
vertebrates, such as fish, mesonephric tubules become the mature excretory
system. Inreptiles and higher organisms, mesonephric tubules are also vestigial,
and the definitive kidney begins when the ureteric buds emerge from the
nephric duct and invade the metanephric mesenchyme. A ‘cap mesenchyme’
(CM) (3), composed of nephron progenitor cells (NPCs), condenses at each tip

@ Cap mesenchyme @ Pretubular aggregates

@ SSB (S-shaped body) @ Nephron

of the ureteric bud. As astem-like cell, NPCs (4) both self-renew and give rise

to committed progenitors, found in the pretubular aggregates, inferior to the
bud tips. Pretubular aggregates (5) are induced to undergo a mesenchymal-
to-epithelial transformation to form polarized epithelial cells within the renal
vesicle. Therenal vesicle elongates (6 and 7), first into acomma-shaped body
(CSB) and then an S-shaped body (SSB), and during this process, begins to
undergo segmentation into the various segments of the nephron. At its posterior
end, the SSB forms a patent connection to the ureteric buds, which themselves
differentiate into collecting tubules. Ultimately a fully mature nephron (8) is
connected to acollecting duct. The process continues iteratively until in the
mouse, 15,000-20,000 nephrons areinduced in the kidney, and in humans,
several hundred thousand to nearly amillion. Further details of this process are
described elsewhere”. Adapted with permission from ref. 2, Elsevier.

of cells'. Understanding the heritability of epigenetic marks and their
effects on cell fate determination has far reaching implications for our
understanding of the evolution of developmental disorders, disease
conditions and regenerative medicine®.

Chromatin states of regulatory DNA govern gene function

Histone modifications regulate gene expression through two main
mechanisms: by altering DNA-histone interactions to modulate
chromatin accessibility, and by creating docking sites for chromatin

modifiers and remodelling complexes’® (Table 1). Large-scale epig-
enomic mapping has generated detailed chromatin state models of
specific cell types, which enable specification of active, repressed
and poised promoters, transcribed gene bodies (that is, the part of
the genome that is transcribed into RNA), and active or poised distal
enhancers. Active promoters demonstrate trimethylation of lysine
4 (K4) on adjacent H3 histones (H3K4me3). Although both promot-
ers and enhancers can demonstrate methylation of K4 on the H3 his-
tones (H3K4mel), active promoters are characterized by alow ratio
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Box 1| Classes of epigenetic modulators

Epigenetic modulators are proteins and complexes that regulate
gene expression without altering the DNA sequence itself by
influencing chromatin structure and accessibility. The primary
classes include chromatin remodellers, readers, erasers and writers.

Chromatin remodellers

e Chromatin remodellers are protein complexes that use energy
derived from ATP hydrolysis to reposition, eject or restructure
nucleosomes.

e Examples:
- Members of the SWI-SNF complex family (for example, BRG1)
- Members of the ISWI family (for example, ACF1)
- Members of the CHD family (for example, CHD4)

Readers

e Readers are proteins that bind to specific epigenetic marks
on DNA or histones and act as interpreters by recruiting other
proteins (for example, transcription factors and remodellers) to
modulate gene expression.

e Examples:
- Bromodomains (recognize acetylated lysines)
- Chromodomains (bind methylated lysines)
- PHD fingers (read histone modifications)

Erasers

o Erasers are enzymes that remove epigenetic modifications,
reversing their effects on gene expression.

e They contribute to the dynamic regulation of gene expression,
resetting epigenetic marks during development or in response
to stimuli.

e Examples:

- Histone deacetylases (HDACs) — remove acetyl groups from
histones

- Lysine demethylases (KDMs) — remove methyl groups from
lysines

- TET proteins — convert methylcytosine into intermediates for
DNA demethylation

Writers
o Writers are enzymes that add epigenetic marks to DNA or
histones, establishing regulatory signals.
e They establish chromatin states that promote the activation or
repression of genes.
e Examples:
- Histone acetyltransferases (HATs) — add acetyl groups to
lysines (for example, p300/CBP)
- DNA methyltransferases (DNMTs) — add methyl groups to
cytosines in DNA
- Histone methyltransferases (HMTs) — add methyl groups to
histones (for example, EZH2 in the PRC2 complex)

of H3K4mel to H3K4me3 (ref. 10). Repressed promoters are marked
by trimethylation of K9 or K27 on H3 (H3K9me2/3 and H3K27me2/3),
whereas ‘bivalent’ (also known as ‘poised’) promoters harbour both
H3K4me3 and H3K27me3 epigenetic marks — a configuration that

is common on developmentally regulated genes that are poised for
activation or stable silencing (Fig. 2).

Primed enhancers are a subset of regulatory DNA elements that
existina‘pre-active’ or ‘prepared’ state, and are poised to drive rapid
gene expression in response to developmental or environmental sig-
nals. Primed enhancers are characterized by high levels of H3K4mel
and H3K4me2. Methylation of these lysines is achieved mainly by the
methyltransferases histone-lysine N-methyltransferase 2C (KMT2C;
also known as MLL3) and KMT2B (also known as MLL4), which are
essential for enhancer priming and have key roles in cell fate transitions
and establishing cell identity. The activation of primed enhancers is
characterized by the acetylation of H3K27 (H3K27ac), which creates a
transcriptionally permissive chromatin environment. Consequently,
H3K4mel and H3K27ac occupancy is a widely used marker of active
enhancers™" (Fig. 2b).

Poised and repressed enhancers are associated with trimethylation
of H3K27 (H3K27me3) deposited by the Polycomb repressive complex
PRC2. The mutually exclusive modifications of H3K27 acetylation
versus methylation distinguish active from inactive enhancers. Poised
enhancers, characterized by monomethylation at H3K4 (H3K4me1) and
trimethylation at H3K27 (H3K27me3) frequently interact with biva-
lent promoters, whereas active promoters generally lack H3K27me3
(ref.18) (Fig.2b).

Chromatin accessibility closely tracks transcriptional activity as
actively expressed genes are associated with broad, highly accessible
enhancers, whereas silent but primed genes exhibit narrower acces-
sible regions. Motif enrichment and functional studies have shown
thatlineage-restricted transcription factors are critical for establishing
these accessible regions during early development and during lineage
commitment".

Transcriptional control of NPC fate
NPCs are a multipotent cell population that give rise to the entire epi-
thelialnephron, from the glomerular podocytes to the distal tubule®.
Notably, the balance between NPC self-renewal and differentiation
ultimately determines NPC mass and therefore the final number of
nephrons at birth —aphenomenon known as nephron endowment* %,
Genome-wide chromatin immunoprecipitation (ChlP-seq) and
gene targeting studiesin mice haverevealed a Six2gene regulatory net-
work thatis essential for NPC maintenance. Inactivation of Six2results
in depletion of the progenitor cell population and the premature dif-
ferentiation of NPCsinto epithelial cells?*. Mechanistically, SIX2 binds
tothe promoter and enhancer elements of the core transcription factor
genesthat regulate self-renewal, such as Salll, Eyal, Pax2 and Osr1, to
activate their expression®*®, SIX2 can also autoregulate its own expres-
sionby binding toits own promoter and enhancer elements. Moreover,
many of the aforementioned core transcription factors interact with
and co-bind to genomic motifs referred to as regulatory transcription
factor hotspots (or simply, ‘regulatory hotspots’), suggesting potential
cooperation in NPC maintenance” . In addition to these self-renewal
functions, SIX2 forms a complex with TCF transcription factors to
maintain NPCsin an undifferentiated state through the transcriptional
repression of prodifferentiation genes such as Wnt4 (ref. 23) (Fig. 3).
The regulation of these gene regulatory networks underlies the
ability of NPCstorapidly respond to developmental cues (for example,
by restricting the expression of progenitor maintenance genes and
switching on prodifferentiation genes), resulting in an exquisitely
poised system that can rapidly change the transcription profile and
therefore the fate of the cell. As discussed below, a growing body of
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Table 1| Epigenetic regulators implicated in regulation of nephrogenesis

Gene Functionsin NPCs Celllineageor Phenotype and/or target genes Key
(protein) model system references
Paxip1 Complexes with PAX2 and the H3K4 Mouse ex vivo  Osr1, Six2, Cited1, Hnf4a, Wnt4 87,88
(PTIP) methyltransferase MLL organ culture
Specifies metanephric genes
Ezh2, Ezh1 Components of the PRC2 complex Gene targeting NPC depletion 34,70
and Eed Deposition of H3K27me3 inmouse NPCs  premature differentiation (Wnt4 activation), arrested proliferation
Repression of genes involved in differentiation, (inhibition of p21 and p16), and loss of cell identity (expression of
lineage specification and cell cycle inhibition neuronal genes, Six1)
Hdacland Deacetylation of histones H3 and H4 Mouse ex vivo  NPC depletion 71,89,90
Hdac2 HDAC1 and HDAC2 perform redundant functions ~ Organculture | oss of progenitor markers
< gene. Arrested proliferation
targeting in A
mouse NPCs Impaired differentiation (associated with loss of Lhx7 and Notch)
Apoptosis (p53-independent)
Dot1L The only known H3K79 methyltransferase Gene targeting NPC depletion 72
inmouse NPCs | 555 of progenitor markers
Arrested NPC proliferation
Impaired differentiation
Brg1 A component of the SWI-SNF complex Gene targeting Loss of the NPC transcriptional network and cell identity 36,94
Mediates ATP-dependent chromatin remodelling  in mouse NPCs  premature differentiation
Interacts with SIX2, EYA1and SALL1 Cell cycle arrest
Apoptosis
Dnmt1 Maintains genomic DNA methylation Gene targeting Loss of the NPC transcriptional network and cell identity 73,82
inmouse NPCs  cgll cycle arrest
Impaired NPC differentiation
De-repression of transposable elements
Tet2/3 Mediate cytosine demethylation Gene targeting Targets include the WNT-3-catenin pathway 74,85

in mouse NPCs

Combined loss of TET2 and TET3 leads to defective MET and
epithelial differentiation

TET1and TET2 are less critical for development but important
for tubular epithelial cell protection against DNA damage and
oxidative stress

HDAC, histone deacetylase; MET, mesenchymal-to-epithelial transition; NPC, nephron progenitor cell; PRC, Polycomb repressive complex.

evidence supports an important role for epigenetic mechanisms in
these transcriptional processes and NPC fate decisions.

Chromatin accessibility at regulatory hotspots

The binding of core transcription factors to regulatory hotspots that
affect the transcription of genes that are important for kidney devel-
opment begs the question of how control of open and closed chro-
matin states is accomplished to maintain NPC identity. Importantly,
technologies such as ATAC-seq have enabled genome-wide mapping
of chromatin accessibility and provided insights into the underlying
mechanisms® (Box 2).

One comparative analysis of ATAC-accessible (that is, open)
chromatin regions in the promoters and enhancers of purified NPCs
from mice that expressed either high levels of SIX2 (that is, SIX2-high
or naive NPCs) or low levels of SIX2 (that is, SIX2-low, or committed
NPCs) indicated that committed NPCs typically have higher levels
of promoter accessibility than naive NPCs*°. Moreover, enhanc-
ers of pro-differentiation genes, such as Lefl, Irx4, Hnflb and Pax8,
exhibited an increase in chromatin accessibility in committed NPCs.
Functional annotation of the genes regulated by enhancers revealed
notable differencesin categories relating to the regulation of cell shape
and cell-substrate interactions in the committed versus naive NPCs,

consistent with their recruitment into nascent nephrons®. Interest-
ingly, chemical activation of canonical WNT signalling (to simulate
WNT9b actionsin vivo) in cultured NPCs to stimulate MET also induced
chromatin opening at thelocation of prodifferentiation enhancers, sug-
gesting that the observed changesin vivo are atleastin part mediated
by WNT signalling®?. Along with changes in chromatin accessibility,
NPC commitment signals a switch in the composition of the TCF com-
plex from SIX2-TCF7L1to SIX2-TCF7-f-catenin and the acquisition of
the active enhancer signature, H3K27Ac* (Fig. 3). Collectively, these
findingsillustrate a close correlation between chromatin accessibility
atregulatory elements and NPC fate.

Insights from single-cell analyses

A caveat of the above-mentioned study of ATAC accessible regions
in SIX2-high and SIX2-low NPCs is the inability to define specific cell
states, since chromatin accessibility was assayed in a heterogeneous
pool of cells. This limitation was addressed in a study that integrated
single nucleus snATAC-seq and snRNA-seq profiles from kidneys of
newborn and adult mice®. An analysis of the dynamics of chromatin
openingand closing suggested that committed NPCs undergo abinary
fate decision to form podocytes (characterized by FOXL1expression)
or intermediate-stage, proximo-distal precursor cells (characterized
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Fig. 2| Epigenetic regulation of gene expression. a, The nucleosome contains
five distinct histones. Histone 1is not relevant to our discussion and is omitted
for clarity. The core nucleosome contains histone subunits 2A and 2B,3and 4,
which are designated as H2A, H2B, H3 and H4. Each nucleosome contains two
of each of these subunits — four are designated in the figure and an additional
set of four subunits are present on the underside of the nucleosome as
pictured. Approximately 150 bp of chromosomal DNA is wound around each
nucleosome. Our discussion focuses on modifications of H3. b, Examples of H3
modifications typically found (from top to bottom) as a gene transitions from
one whose expression is repressed to a poised and then to anactively expressed
gene. H3K27me3 is found at enhancers and promoters of repressed genes, and
H3K9me3is also present at promoters. Poised (bivalent) genes arein astate in

between repressed and active. Enhancers contain both the active H3K4mel mark
and the repressive H3K27me3 mark. H3K27me3 is also present at promoters, as is
the activating H3K4me3 mark. H3K4mel and H3K27Ac are present at enhancers
ofanactively expressed gene and H3K4me3 is also present at promoters. The
complex of a tissue lineage-specific transcription factor (TF), MLL and the
histone acetyltransferase (HAT; p300 as shown, or CREB) maintain acetylation
of H3K27ac at actively expressed genes. H3K36me3 and H3K79me2 are present
inthe bodies of actively expressed genes. Nucleosomes are tightly packed at
repressed genes and become more loosely packed at poised genes. At actively
transcribed genes, nucleosomes are spaced some distance apart to facilitate
gene transcription. HDAC, histone deacetylase; PRC2, Polycomb repressive
complex 2.

by the expression of LHX1, SALL1and JAGL), followed by another binary
decision to form proximal (HNF4a) and distal (HOXD8, MECOM and
TFAP2b) epithelial cells. These findings revealed how a progeni-
tor cell can have distinct fates depending on the complex dynamics
of accessible regulatory elements®. Importantly, the researchers also
identified associations between open chromatin regions in NPCs and
single-nucleotide variants (SNVs) that were previously shownin human
kidney genome-wide association studies to be significantly associated
with estimated glomerular filtration rate®. These resultsimply that the
presence of SNVsinaccessible or active enhancers may alter the acces-
sibility and/or binding of cell type-specific transcription and cofactors,
thereby influencing gene expression and cell fate.

A subsequent study that generated snATAC and snRNA profiles
from SIX2-positive NPCs from kidneys of embryonic and neonatal
mice provided additional insights into chromatin states and regulatory
dynamics at single-cell resolution®. The analyses demonstrated that
NPCsare aheterogeneous, multipotent population composed of naive,
transit and committed cells (Fig. 3a). Multiome snATAC-snRNA-seq
analysis identified dynamic changes in chromatin accessibility during
the transition fromnaive, transitand committed NPC states. Within the
committed cell population, aprepodocyte chromatinsignature, char-
acterized by open chromatin regions in WT1, FOXL1, FOXP1, FOXC2,
MAFB, NPHS1and CLDNS5 were identified®. As mentioned above, bulk
ATAC-seq and ChIP-seq analyses of NPCs revealed that the promoter
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region of Wnt4 is bivalent and poised for activation (that is, harbour-
ingboth H3K4me3 and H27me3)*. These later snATAC and snRNA-seq
analyses further revealed that the transition from NPCsinto pretubular
aggregatesisaccompanied by increased chromatinaccessibility at the
Wnt4locus and reciprocal restricted chromatin accessibility in progeni-
tor genes such as Six2 and Eyal (Fig. 3). These changes in chromatin
accessibility could be mediated by a change in the composition of the
transcriptional or epigenetic complex that controls the Wnt4 gene®*.

Profiling studies of chromatin accessibility have also led to the
identification of new cell type-specific markers, such as Mcmdc2
(minichromosome maintenance domain containing 2) and Nabp1
(nucleic acid-binding protein 1), which are enriched in proximal and
distal epithelial cells, respectively®. Both genes participate in DNA
repair and could theoretically be importantin the response to tubular

a
CM
Naive NPCs:
(Six2, CitedT1)
UB tip
Committed
NPCs: (Wnt4)
<«——— Wnt9b
PTA

Fig. 3| Transcription factors determine the chromatin landscape of Wnt4
during nephrogenesis. By determining the pattern of histone modifications,
transcription factor occupation contributes to the spatial and temporal control
of gene expression throughout development. a, Cited1/Six2" nephron progenitor
cells (NPCs) are present in the cap mesenchyme (CM), which surrounds the
branch tips of the ureteric bud (UB). NPCs are able to both self-renew their stem-
like state or begin to differentiate and contribute to the formation of pretubular
aggregates (PTA), containing Wnt4' committed progenitors. b, The regulation of
the Wnt4 promoter region is used as an example of a developmentally regulated
gene. In naive NPCs, Wnt4is poised (bivalent), a state between fully repressed
and fully active. Active transcription is suppressed by occupation of accessible
regulatory elements with the repressive SIX2-TCF7L1 complex. EZH2 is the

injury. Integrated analyses of cell type-specific transcription factors
and their target motifs have also revealed that chromatin accessibil-
ity at enhancer elements sequentially and dynamically increase and
decrease during the determination of NPC fate towards proximal or dis-
tal epithelial cells®. These insights into the gene regulatory landscape
that underlies the determination of NPC fate will help uncover cell
type-specific deviations that can lead to congenital and acquired
prenatal programming of kidney diseases.

Although most transcription factors can only bind to regions of
openchromatin, aspecial class of transcription factors called pioneer
transcriptionfactors canbind to closed chromatin regions. This bind-
ing prompts chromatin opening, generating an accessible region that
allows other, lineage-specific (that is, non-pioneer) transcription fac-
tors to bind and activate gene transcription®. The role and identity of
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methyltransferase component of the Polycomb repressive complex 2 (PRC2)
that maintains the H3K27me3 repressive mark on Wnt4. However, the H3K4me3
activating mark is also present in poised regulatory regions, indicating that

the geneis partially prepared for activation. ¢, This is a schematized transition
state between poised and activated. The KDM6b demethylase removes the
repressive H3K27me3 mark. The Tcf7-B-catenin (B-Cat) transactivating complex
has replaced TCF7L1and attracts the p300 histone acetylase, which places

the H3K27Ac activating mark. A histone-lysine N-methyltransferase (KMT)
maintains the H3K4me3 mark. d, Anactively transcribed Wnt4 gene contains the
transactivating complex as in part ¢ that maintains the H3K27Ac mark. Also asin
partc,a KMT maintains the H3K4me3 mark.

—

Wnt4
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Box 2 | Methods for the mapping
of chromatin accessibility

Analyses of chromatin accessibility can be accomplished in bulk

or at single-cell resolution depending on the research question

and context of the study. Compared with single-cell analysis,

bulk chromatin analysis is more cost-effective, requires simpler
computational data pipelines, and tends to have more standardized
protocols and reproducibility across different laboratories, but
provides higher signal-to-noise ratio because the peaks are
averaged over many cells®. Assay for transposase-accessible
chromatin with sequencing (ATAC-seq) — when used in single cells
and combined with RNA sequencing (RNA-seq) in the same cell
(so-called multiome or multimodal analysis) — can provide valuable
insights into the cellular heterogeneity within a population with high
resolution and specificity for the identification of specific regulatory
elements and chromatin states that can be masked in bulk
analyses™. Single-nucleus ATAC-seq (snATAC-seq) with snRNA-seq
(multiome) can also trace the developmental lineage and trajectory
of cells by showing dynamic changes in chromatin states over

time, and is more effective in discovering rare cell types possibly
overlooked in bulk analyses'™.

pioneer transcription factorsin NPCs are largely unknown. However, a
stringent motif enrichment analysis of differentially accessible regions
of CitedI-expressing naive NPCs revealed an enrichment of known
homeobox transcription factor motifs (thatis, SIXand HOX), but also
bHLH and FOX motifs®*. Approximately 15% of accessible bHLH and
FOX motifs overlapped with H3K4mel-enriched distal enhancers,
suggesting priming by pioneer transcription factors. Importantly,
SIX2 associates with the SWI-SNF chromatin remodelling complex
and might therefore act as a pioneer factor or cofactor in concert
with or independently of bHLH and FOX transcription factor in NPC
fate specification®.

Chromatin dynamics prior to

mesenchymal-to-epithelial transition

Committed NPCs are directed by uretericbud-derived WNT9b to con-
denseinto pretubular aggregates, and then by autogenously expressed
WNT4, to undergo MET to produce the epithelial cells that will dif-
ferentiate into the multiple segments of the nephron. A 2024 study””
that used snATAC-seq and snRNA-seq to profile changes in single-cell
chromatin accessibility and gene expression in human iPSC-derived
kidney spheroids undergoing MET during directed differentiation iden-
tified a clustering of transcription factor motifs that were specific to
epithelial lineage cells and enriched chromatin accessibility peaks. Spe-
cifically, these findings indicated that MET correlates temporally with
reduced motifaccessibility for TCF-LEF complexes (whichis required
for WNT-3-catenin-mediated NPC commitment) and with subsequent
opening of motifs for transcriptional activators such as PAX, TEAD and
HNF1A/B, which drive epithelial differentiation. A strong correlation
between motifaccessibility and gene expression was noted for the tran-
scriptionfactor PAXS, whichis expressed in committed epithelial cells
and absent in the naive mesenchyme. CRISPR-induced knockdown of
PAXS8 (but not PAX2) impaired epithelialization of the nephrogenic
mesenchyme, demonstrating an essential role for this transcription
factorinepithelialization of the mesenchyme. Evaluation of chromatin

peak-to-gene links —ameasure that correlates the strength of enhancer
accessibility with the activity of the linked gene promoter — predicted
that PAXS8, in concert with the transcription factors TEAD and HNF1B
drive a cell-adhesion and epithelialization programme that leads to
the completion of MET?. Similar peak-to-gene link predictions were
made using single-nucleus analyses of MET in mice®.

NPC lifespan and cessation of nephrogenesis

NPCs continually self-renew to maintain a pool of cells for nephro-
genesis. However, once the full complement of nephrons is induced,
NPCs disappear and are not present in the adult mammalian kidney.
The mechanisms underlying the cessation of nephrogenesis areimpor-
tant in establishing the final nephron number?****, As in rodents,
human nephrogenesis also ends with the coordinated differentiation
of remaining NPCs within multiple independent niches. This process,
which, as mentioned above, usually occurs at 34-36 weeks of gesta-
tion in humans and by postnatal day 4 in mice, is disrupted in infants
and pups born prematurely®, resulting in incomplete nephrogene-
sis. Although nephrons can continue to form up to 40 days after very
premature birth in humans, they may function abnormally.

Using evidence from heterochronic NPC transplantation of NPCs*
and from gene targeting combined with single-cell analyses®***¢, the
‘community tipping point’ model was proposed as a framework for
understanding how the cessation of nephrogenesis is timed in mice”"*’.
According to this model, transcript levels of niche-retention factors,
including FGF9 and FGF20, decline with NPC maturational ageing.
Conversely, the transcription and translation of key WNT agonists
(forexample, RSPO1and RSPO3) increase with NPC ageing, resultingin
astronger perception of WNT signalling, which promotes NPC differen-
tiation and niche exit. Once a critical number of cells exit, all the remain-
ing cells follow. Alterations in the balance between niche-retention
signalsand WNT perceptionisaccompanied by intrinsic maturational
changes in the metabolism and epigenome of NPCs**"*, For example,
young NPCs demonstrate a higher rate of glycolytic flux and lower
levels of oxidative phosphorylation than older NPCs, which also
exhibit amore prominent mitochondrial gene signature*. Moreover,
acetyl-CoA, which is partially derived from glycolysis, sustains NPC
maintenanceininvivo and ex vivo cultured metanephroi®. As discussed
below, the nuclear acetyl-CoA pool has an important role in histone
acetylation, which has been linked to gene activation.

Chromatin patterns near the cessation of nephrogenesis. Chro-
matin profiling of embryonic and perinatal mouse NPCs has revealed
age-dependent changes in chromatin accessibility at promoter and
enhancer elements of nephron lineage-specific genes®****2, A con-
sistent observation seen in bulk and single-nucleus ATAC-seq data is
the loss of chromatin accessibility at the Six2 enhancer preceding the
cessation of nephrogenesis®>*. Given the ability of SIX2 to induce its
own transcription®, this reduction in chromatin accessibility could
account for the perinatal decline in Six2 gene expression and the
consequent loss of the capacity of NPCs for self-renewal. Simultane-
ously, an age-dependent gainin enhancer and promoter accessibility
occursinpoised WNT-responsive genes, such as LEF1, WNT4 and PAX8
(refs. 30,33,52). In contrast to the accessible chromatin regions of
young NPCs, which are rich in motifs associated with progenitor tran-
scription factors, the accessible chromatin regions of perinatal NPCs
are enriched in motifs associated with the AP-1 transcription factor
family****. These findings are supported by a multi-omic single-cell
analysis of mouse NPCs, which revealed a maturational enrichment
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inthe AP-1family members, JunB, JunD, FosL and Atf4 (ref. 33). Interest-
ingly, the redistribution of accessible AP-1-binding motifs from cell
identity genes is not limited to NPCs but is a general mechanism that
is observed across mouse and human cell types throughout develop-
ment and ageing®. As a result of this remodelling in the chromatin
landscape, gene regulatory networks that are associated with cell
identity are decommissioned and are replaced by AP-1-linked chro-
matin opening at differentiation, metabolism, and stress-encoding
loci®® (Fig. 4). Collectively, these findings highlight the dynamic nature
and age-dependent epigenetic changes that herald the cessation of
nephrogenesis. Targeting the AP-1 regulated epigenome may offer
new avenues to fine-tune the NPC lifespan.

Polycomb-regulated chromatin bivalency in timing of

NPC differentiation

PRC1and PRC2 are implicated in regulating the timing and fidelity
of stem cell differentiation during organogenesis®*~°, and in balanc-
ing the processes of self-renewal and differentiation®”*®, Accordingly,
PRC2inhibitors have been developed as cancer therapeutics™ . EZH
proteins EZH1 and EZH2 are the enzymatic components of PRC2, and
along with other PRC2 components, including SUZ12 and EED, are
required for deposition of the histone mark H3K27me3 on regulatory
regions of lineage-specific genes™***, EZH2 mutations in humans
cause Weaver syndrome, characterized by severe developmental
defects in organogenesis®. In stem cells, the PRC2 complex keeps
promoters of lineage-specific genesin a bivalent state, marked by the
presence of both H3K4me3 and H3K27me3, and poised for activation'.
Lineage-specific commitment is marked by resolution of the bivalent
chromatin state through H3K27me3 erasure. Interference with reso-
lution of the bivalent state (for example, by inactivating the H3K27
demethylase) disrupts lineage-specific differentiation®® . In young
NPCs, promoter regions of silent and/or poised prodifferentiation
genes, such as Wnt4, Fgf8 and Pax8, harbour bivalent chromatin
domains®®. As NPCs age and approach the end of nephrogenesis, the
bivalent chromatin domains resolve by erasure of H3K27me3 (ref. 30)
(Fig. 4). This process can be accelerated by conditional inactivation
of the non-redundant PRC2 component, Eed’®, or by inactivation of
both Ezh2 and Ezhl, which induces the loss of the H3K27me3 repres-
sive mark>*. Inactivation of Fed in NPCs results in the premature loss
of NPCs and greatly reduced nephron number. Moreover, nephrons
thatareinduced prior to the loss of NPCs do not seem to differentiate
properly, suggesting that the PRC2 complex not only is required to
maintain self-renewal of NPCs, but may also be required after MET to
repress early differentiation genes such as Lhx1and allow subsequent
differentiation of the nephron’’. NPC-specific inactivation of Ezhl
and Ezh2results in premature opening of the Wnt4 enhancer, and an
unscheduled surge in MET by postnatal day 0, 3-4 days earlier than the
normal timing®*. In addition to premature differentiation, mice with
NPC-specificinactivation of Ezhl and Ezh2 show ectopic expression of
the cell cycle inhibitors p16 and p21 and neural genes such as SixI and
Ascll.Bulk ATAC-seq has also revealed that Ezh2-deficient NPCs undergo
a premature shift in chromatin accessibility from motifs associated
with cellidentity to motifs associated with AP-1activation®*. These find-
ings mirror the maturational redistribution pattern®>**, and support
the general principle that PRC2isimportant in the epigenetic timing of
differentiation. Of note, NPC-specificinactivation of other epigenetic
regulators, such as histone deacetylases (HDACs) 1and 2, the H3K79
methyltransferase DOTIL, and DNA methyltransferases (DNMTs) 1
and 3, impairs NPC both cell renewal and differentiation without
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Fig. 4| Resolution of bivalent genes in nephron progenitor cells. a, Inactive
genes contain tightly packed nucleosomes, referred to as closed chromatin.
Open chromatin with loosely spaced nucleosomes is found at poised and actively
expressed genes. Bivalent genes are ina poised configuration. Transcription
factors are present at poised and active genes, but only the latter are expressed.
b, Bivalent promotersin the poised state contain both the active H3K4me3 and
the repressive H3K27me3 marks. Bivalency can be resolved in either direction,
determining whether the particular gene will be silenced or activated in
specific cell types. In nephron progenitor cells, this may reflect whether, after cell
division, the daughter cells self-renew and maintain a stem-like state, maintaining
expression of Six2 and repression of Wnt4, or follow differentiation pathways,
beginning to express Wnt4 and starting to repress Six2. If the bivalent state is
resolved towards silencing, histone deacetylases (HDACs) maintain histones in
the de-acetylated state and lysine demethylase 5 (KDM5) removes the H3K4me3
mark. EZH2, acomponent of the Polycomb repressive complex 2 (PRC2),
places and maintains the H3K27me3 mark. Conversely, if bivalency is resolved
towards the active state, KDM6B removes the H3K27me3 mark, and a histone
acetyltransferase (HAT) and a histone-lysine N-methyltransferase (KMT) place
and maintain the H3K27ac and H3K4me3 marks, respectively.

causing premature differentiation” ", implicating PRC2 specifically

inthetiming of NPC differentiation. Targeted manipulations of histone
methylation or demethylation machinery, either epigenetically or with
small-molecule inhibitors, could present awindow of opportunity to
extend the NPC lifespan. Along a similar line, separate investigations
have demonstrated that Wilms tumour cells, like naive NPCs, exhibit
aberrant bivalent chromatin modifications at differentiation genes,
indicative of developmental arrest, and creating an inherently sus-
ceptible microenvironment for transformation upon superimposed
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gene mutations”. Inthis regard, EZH2 inhibitors with or without HDAC
inhibitors, have been proposed as potential adjunct therapies for Wilms
tumours’,

DNA methylationin NPCfate

During development, cytosine methylation is catalysed by DNMTI,
DNMT3a and DNMT3b”"”’, Gene regulatory regions, such as promot-
ersand enhancers, contain cytosine-guanine (CpG)-rich regions (also
knownas ‘islands’). Ingeneral, unmethylated promoters are permissive
to transcription factor binding and are associated with active gene
expression. Methylated promoters exclude transcription factors and
are therefore associated with gene repression®®®'. The methylation
of promoter and enhancer regions has a key role in stabilizing line-
age decisions and restricting lineage fates. DNMT3a and DNMT3b are
essential for de novo DNA methylation after implantation and during
embryogenesis and their loss of function is embryoniclethal””. DNMT1
functions to maintain DNA methylation in the mammalian genome. In
the context of kidney development, cytosine methylationisimportant
for NPC fate decisions’®. Dnmt1 and Dnmt3a are highly expressed in
the nephrogenic nichein the cap mesenchyme, ureteric bud branch tips
and nascent nephrons, whereas Dnmt3bis only weakly expressed, and
allthree DNMTs are significantly downregulated during maturation”.
NPC-specific deletion of Dnmt1, but not Dnmt3a/b, results in deple-
tion of NPCs due to their compromised proliferation, loss of celliden-
tity, de-repression of transposable elements and impaired epithelial
differentiation”>*2, As a consequence, DnmtI mutants have renal hypo-
plasiaand anephron deficit. Analysis of the DNA methylome revealed
that DNMTl1isrequired for the proper expression of abattery of renal
developmental genesin the Hox gene cluster, as well as Wt1, Six2, Eyal,
Osrl and ligands of the WNT signalling pathways”.

A genome-wide methylome and expression profiling study of
mice with kidney-specific deletion of Dnmt3a and Dnmt3b combined
demonstrated that these genes are responsible for the methylation
of enhancers of renal developmental genes®. Although these kidney
knockout mice displayed no obvious developmental abnormalities,
they showed resistance to induced acute kidney injury in the adult.
Interestingly, the greatest global increase in cytosine methylation was
observedinthe first3 weeks of postnatallife, as epithelial cells acquired
their differentiation identity, suggesting an important role for meth-
ylation in establishing the epigenetic inheritance of differentiation®.
Inaddition, loci that are associated with human kidney disease risk —
specifically HOXD and UNCX — were enriched in developmental enhanc-
ersthatwere decommissioned by DNMT3A and DNMT3B, and nolonger
active in the adult kidney®’. These findings imply that genetic variants
and epigenetic factors could converge on the same gene regulatory
regions to mediate kidney disease.

Mice withintrauterine growth restrictioninduced by maternal cal-
orie deprivation manifestaglobal reductioninthe DNA methylation of
NPCs®*. Notably, these changes are independent of Dnmt1, Dnmt3a and
Dnmt3b expression levels. By contrast, expression of TetI —an enzyme
involved in active DNA demethylation — is upregulated, suggesting
that enhanced demethylation activity, rather than reduced methyla-
tion, might contribute to the global hypomethylation observedinthe
NPCs of calorie-restricted offspring. Interestingly, the majority of the
differentially methylated regions localized within genomicregions are
characterized by enhanced chromatin accessibility (as determined by
ATAC-seq) and the presence of active chromatin marks (as determined
by H3K27ac ChlP-seq), demonstrating their biological significance in
gene regulation®. Although combined loss of the DNA demethylases

TET2and TET3inNPCsimpairs Wnt-3-catenin signallingand MET, TET1
and TET2 are less critical for development but important for tubular
epithelial cell protection against DNA damage and oxidative stress’®,

Histone modifiers in NPC fate

Theacetylation, methylation, phosphorylation, ubiquitination, lacty-
lation and crotonylation of histone H3 and H4 tails contribute to the
regulation of cell fate decisions'. A spatial examination of H3K methyl
marks and expression of their respective histone methyltransferases,
undertaken in mouse kidneys at embryonic day 15.5, revealed the
chromatin marks associated with transcriptional repression —that s,
H3K9me2 and H3K27me3 —are more enriched in SIX2* progenitors than
in nascent nephrons®, which is consistent with the premature loss of
NPCsinthe above-mentioned Polycomb mutants. These modifications
correlate with the differential expression of their respective histone
modifiers, G9aand EZH2, in these two compartments. In comparison
tothe population of NPCs, the differentiating cells innascent nephrons
demonstrate high H3K4me3 and those in more mature renal epithelia
acquire high levels of H3K79me2, providing evidence for differen-
tial histone methylation during NPC differentiation®. Interestingly,
upregulation of H3K79me2 and H3K79me3 and their chromatin writer
DotlL, occurs during terminal epithelial differentiation®, suggesting
that nephrogenesisisaccompanied by dynamic changesin the histone
modification profile of target cells during their maturation.

In the intermediate mesoderm, the Pax2-PTIP-MLL complex
deposits H3K4me3 in response to inductive signals, and might pro-
vide locus and tissue specificity for epigenetic signals to restrict the
developmental potential of the intermediate mesoderm to the renal
lineage®. Mice that lack ASH2L — a core subunit of the MLL-H3K4
methyltransferase complex — displayed low nephron numbers as a
result of the decreased methylation of promoters on cell cycle genes,
indicating that H3K4 methylation is crucial for NPC maintenance®®.

The balance between histone acetylation and deacetylation also
influences chromatin accessibility at promoters and enhancers, and
therefore NPC fate decisions. Treatment of zebrafish embryos with
HDAC inhibitors before NPCs are specified within the intermediate
mesoderm results in an increase in NPC number®. In mice, expres-
sion of HDACs 1-4, 7 and 9 is developmentally regulated, with high
expression prenatally, and declining expression postnatally®. These
HDACs are highly enriched in the renewing and differentiating NPCs,
the ureteric tree and the stroma. HDAC3 is also present in podocytes,
and HDACs 7-9 are expressed in therenal vasculature. Pharmacological
or genetic disruption of HDAC1and HDAC2 together, but not of either
one alone, in mice severely impairs key signalling pathways in kidney
development, including those involving the WNT--catenin, PI3-AKT
and TGFB-SMAD pathways”%"', Moreover, a host of renal developmen-
tal genes, including Osr1, Eyal, Pax2, Pax8, Wtl, Lhx1, Wnt4 and Foxd1
are targets of HDAC regulation. Thus, conditional deletion of Hdacl
and Hdac2fromthe SIX2* mesenchymeresultsin premature depletion
of'the cap mesenchyme as a consequence of decreased NPC prolifera-
tion, p53-independent apoptosis, and arrested differentiation at the
renal vesicle stage, resulting in a severe nephron deficit. Loss of Lhx1
expression and Notch pathway componentsin NPCs deficient in Hdacl
and Hdac2 suggests that HDACs may be involved in activating these
genes and signalling pathways, beyond their repressive role in tran-
scriptional regulation”. Further studies using ChIP-seq have revealed
that HDAC1and HDAC2 are enriched around the transcriptional start
site of genes involved in NPC maintenance, chromatin assembly and
disassembly, cell cycle control and DNA repair®%. In particular, WNT
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signalling pathway genes show some of the highest levels of HDAC1
and HDAC2 binding, further supporting the direct contribution of
HDACsto theregulation of nephrogenesis. In contrast to HDACs, little is
known about therole of histone acetyltransferase during metanephric
kidney development, although expression of amutant eleven-nineteen
leukaemia protein (ENL; also known as MLLT1) — an acetylated histone
reader mutated in Wilms tumour — alters the accessible chromatin
landscape resulting in aberrant expression of non-identity genes and
arrested epithelial differentiation®.

Chromatinremodellers in NPC fate

Asmentioned above, chromatin accessibility isadynamic process and
is constrained by the presence of repeating units of nucleosomes, which
are composed chiefly of histone proteins that are tightly packaged to
form condensed chromatinstructure. Beyond histone modifications,
one mechanismto remove this constraint is ATP-dependent chromatin
remodelling, which is accomplished by families of remodelling com-
plexes that possess acommon ATPase domain. ATP hydrolysis provides
the energy needed to reposition (slide), eject or exchange histones
to create nucleosome-free DNA-accessible regions®*®. To our knowl-
edge, two studies have investigated the role of the ATP-dependent,
chromatinremodelling complex, SWI-SNF, in NPC maintenance. One
study used engineered mice withamulti-tagged Eyal knock-in allele to
demonstrate that EYAland SIX2 physically interact with Brm-related
gene 1 (BRGI; also known as SMARCA4) components of the SWI-SNF
complex’. The absence of BRG1 in the metanephric mesenchyme
triggered massive cell cycle arrest, cell death and loss of cell identity.
Notably, deletion of BrgI from NPCs promoted their premature dif-
ferentiation, presumably due to the loss of SIX2-mediated repression
of WNT4. Interestingly, that study also revealed that BRG1 function is
only required by a subset of SIX2 target genes’*. The failure of BRG1
to interact with SIX2 and EYA1 may explain the renal dysplasia and
aplasia seeninindividuals with branchio-oto-renal syndrome caused
by mutations in £YAI and/or SIX. A separate study demonstrated that
BRGI1 associates with SALL1 — a transcription factor that is mutated
in Townes-Brocks syndrome®. SALL1 and BRG1 were enriched at the
promoter regions of various genes that regulate the expression of FGF9,
BMP7 and MYC — which are important for NPC proliferation. These
findings provide a potential explanation for the impaired NPC prolifera-
tionand renal hypoplasia observed in Brgi-deficient NPCs. Since BRG1
regulates chromatin accessibility directly, it remains to be determined
how loss of BRG1 might affect accessibility of the regulatory genome.

Epitranscriptomic regulation of NPC fate

The dynamic regulation of RNA molecules through reversible chemi-
cal modifications, referred to as ‘epitranscriptomics’ represents a
previously unappreciated, post-transcriptional mechanism for the
regulation of gene expression. One such modification, N°-methyladen-
osine, is one of the most abundant epitranscriptomic modifications
in eukaryotic cells. Findings from a 2025 study demonstrated that
RNA transmethylation machinery is activated in mouse NPCs during
their transition fromaself-renewing to an early differentiating state®.
Pharmacological and genetic manipulations demonstrated that the
methionine-RNA transmethylation pathway is both necessary and
sufficientin guiding this fate transition of NPCs. Moreover, fine-tuning
ofthe methionine-RNA methylation pathway within ex vivo organ cul-
tures and in mouse neonates induced a robust nephrogenic response
and enhanced renal functionintreated pups”. These findings suggest
that targeting of RNA methylation may represent a promising strategy

to both rejuvenate NPCs and enhance their differentiation potential,
particularly in the context of nutritional deficiencies or pretermbirth.

NPC metabolism and chromatin

Products of cell metabolism such as S-adenosylmethionine and
acetyl-CoA serve as substrates for enzymes that carry out methyla-
tion of CpGislands (DNMTs), histone methylation (EZH1 and EZH2)
and acetylation (HATs). Inhibition of glycolysis — the major intracel-
lular source of acetyl-CoA — interferes with NPC renewal**”’. Genetic
ablation of Acly, which encodes ATP citrate lyase — the enzyme that
breaks down citrate fromthe tricarboxylic acid cycle into acetyl-CoA —
results in NPC depletion, ectopic Wnt4 activation and low nephron
endowment at birth®'. However, supplementation of ex vivo organ
cultures of kidneys at embryonic day 12.5 with sodium acetate, which
forms acetyl-CoA in an ATP citrate lyase-independent manner, was
sufficient to expand the NPC mass of wild-type embryonickidneys and
prevent NPC depletionin Acly-mutant kidneys. Whether the effects of
Aclydeletionoracetate supplementation are due to acetyl-CoA-related
functions in the cytoplasm or due to changes in histone acetylation
remains to be determined.

Chromatin landscape of human and mouse
fetal kidneys
Although broad anatomicaland molecular signatures in early nephro-
genesis are highly conserved between mouse and human kidneys,
some key differences exist in anatomical organization, and overall
nephron number. Direct comparisons have also identified species
differences in the signatures and regulatory mechanisms of human
versus mouse NPCs**°, A 2024 study explored these differences at
single-cell resolution” by constructing comparative developmental
atlases of single-cell and single-nucleus ATAC-seq and RNA-seq data-
sets, highlighting both conserved and divergent transcriptomic and
chromatin accessibility profiles in mouse kidneys at postnatal day O
and human fetal kidneys undergoing active nephrogenesis at 10.6-17.6
weeks of gestation. As expected, cell type-specific gene expression was
highly conserved. However, the mouse orthologues of some genes
in the human fetal kidneys were either not expressed (for example,
PLA2RI and Pla2rI) or expressed in distinct cell clusters (for example,
FGFI and FgfI).In the human fetal kidney samples, 229 genes, includ-
ing nine zinc-finger transcription factors and genes associated with
neural progenitors, had no corresponding mouse orthologues. The
functional relevance of these findings are not entirely clear at present.
Remarkably, comparative analysis of the single-nucleus ATAC-seq
data revealed that 77.56% of the genes (that is, 273 of 352 genes) that
demonstrated conserved cell type-specific expression in the devel-
oping human and mouse kidney were associated with at least one
human-specific differentially accessible region, suggesting the
co-evolution of regulatory elements among genes with shared gene
expression. Podocyte genes seemed to be enriched in this category of
genes. Correlations of chromatin accessibility with gene expression
in nearby differentially expressed genes identified putative positive
enhancers. However, in about 9.74% of human-specific differentially
accessible regions, a negative correlation between chromatin acces-
sibility and gene expression was observed, implying the presence of
repressor regulatory elements.

Conclusions and future perspectives
Kidney development depends on complex cell fate changes and pattern
formation. As we have described, the epigenetic regulation of gene
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expression underlies these cell state changes. Specifically, chromatin
undergoes epigenetic modifications as stem cell-like NPCs undergo
self-renewal or initiate MET. Additional epigenetic chromatin modifi-
cations are observed as the epithelial progenitor population further
differentiates and begins to undergo a pattern of segmentation that
will ultimately produce the functional filtration units of the kidney —
the nephrons. Finally, further epigenetic modifications are observed
once thekidney has a fullcomplement of nephrons, and NPCs cease to
self-renew and eventually disappear in the maturing kidney. Ashas been
observed with other stem cell populations, Polycomb-mediated epige-
netic modifications contribute to the resolution of bivalent chromatin
signatures during NPC differentiation. DNA methylation and histone
modification are alsoimportant mechanisms that determine cell state
changesin NPCs, and epitranscriptomic mechanisms are also probably
involved. Future studies will need to examine the role of epigenetic
modifications that might underlie segmental differentiation of the
nephron. Further study of the transcription factors that regulate kidney
development, in particular those responsible for epigenetic changes,
could also identify pioneer and other factors that define segmental
identities within the nephron. These studies may provide insights that
could guide the further development of kidney organoids for use as
exvivo disease models or as replacement tissue for damaged kidneys.
We might also gain a greater understanding of how abnormalities in
epigenetically regulated gene expression resultin the development of
CAKUT and other types of congenital kidney disease.

Published online: 28 July 2026
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