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SIX2 (SIX homeobox 2)–positive nephron progenitor cells
(NPCs) give rise to all epithelial cell types of the nephron, the fil-
tering unit of the kidney. NPCs have a limited lifespan and are
depleted near the time of birth. Epigenetic factors are impli-
cated in the maintenance of organ-restricted progenitors such
as NPCs, but the chromatin-based mechanisms are incom-
pletely understood. Here, using a combination of gene targeting,
chromatin profiling, and single-cell RNA analysis, we examined
the role of themurine histone 3 Lys-27 (H3K27)methyltransfer-
ases EZH1 (enhancer of zeste 1) and EZH2 inNPCmaintenance.
We found that EZH2 expression correlates with NPC growth
potential and that EZH2 is the dominant H3K27 methyltrans-
ferase in NPCs and epithelial descendants. Surprisingly, NPCs
lackingH3K27 trimethylationmaintained their progenitor state
but cycled slowly, leading to a smaller NPC pool and formation
of fewer nephrons. Unlike Ezh2 loss of function, dual inactiva-
tion of Ezh1 and Ezh2 triggered overexpression of the transcrip-
tional repressor Hes-related family BHLH transcription factor
with YRPW motif 1 (Hey1), down-regulation of Six2, and
unscheduled activation of Wnt4-driven differentiation, result-
ing in early termination of nephrogenesis and severe renal dys-
genesis. Double-mutant NPCs also overexpressed the SIX
family member Six1. However, in this context, SIX1 failed to
maintain NPC stemness. At the chromatin level, EZH1 and
EZH2 restricted accessibility to AP-1–binding motifs, and their
absence promoted a regulatory landscape akin to differentiated
and nonlineage cells. We conclude that EZH2 is required for
NPC renewal potential and that tempering of the differentiation
program requires cooperation of both EZH1 and EZH2.

The developing mammalian kidney is endowed with thou-
sands of mesenchymal multipotent nephron progenitor cells
(NPCs), which express Six2 (mouse) or SIX1 and SIX2 (human)
(1, 2). NPCs undergo mesenchyme-to-epithelium transition to
form pretubular aggregates and renal vesicles, the earliest epi-
thelial precursors of nephrons, the filtering units of the kidney.
NPCs generate thousands of nephrons before they are con-
sumed around the time of birth (1, 3). Balancing rates of cell
renewal and differentiation is essential to maintain NPC’s nor-
mal lifespan and to prevent congenital disorders such as renal

hypoplasia or uncontrolled growth (e.g. Wilms tumor) (4, 5).
NPC stemness is governed by a core set of transcription factors,
e.g. SIX1/SIX2, OSR1, WT1, SALL1, EYA1, and PAX2, and
secreted growth factors, e.g. FGF9, FGF20, and BMP7. A princi-
pal mechanism by which Six2 maintains NPC stemness is via
sequence-specific binding and repression of Wnt4, the major
driver of the nephron differentiation program (6–8).
In addition to transcription factors, several lines of evidence

implicate chromatin-based mechanisms in the control of NPC
maintenance. Gene targeting in mice has demonstrated that
inactivation of members of the HDAC–NURD complex or
DNA methyltransferases impair the balance between NPC
renewal and differentiation, leading to low nephron endow-
ment later in life (9–13). Chromatin profiling of metanephric
mesenchyme cell lines has shown that Wnt-induced differen-
tiation is accompanied by loss of repressive H3K27me3 from
bivalent (K4me31/K27me31) domains in lineage-specific de-
velopmental genes that are poised for activation such as Pax8,
Wnt4, and Fgf8 (14). Conversely, Wilms tumor cells, which are
differentiation-arrested metanephric mesenchyme cells, retain
large domains of repressive H3K27me3 on developmental
enhancers (15). Profiling the accessible genome utilizing
ATAC-seq/ChIP-seq in native mouse NPCs demonstrated
dynamic age-related changes in chromatin accessibility and
enhancer activity and suggested that the age-related decline in
NPC stemness may reflect differential accessibility to develop-
mental regulators (16).
Studies in which the polycomb repressive complex 2 (PRC2)

member EED was genetically ablated in NPCs revealed that
EED deficiency induced loss of H3K27me3 from NPCs and de-
scendant renal epithelial cells and caused depletion of Six21

progenitors accompanied by up-regulation of the differentia-
tion gene Lhx1 (11). NPCEed2/2mice developed a nephron def-
icit as a result of the imbalance between NPC renewal and dif-
ferentiation. However, EED does not possess methyltransferase
activity and acts by reading H3K27me2/3 and recruiting the
catalytic components of PRC2: Ezh1 and Ezh2 (Enhancer of
zeste1 and 2). Accordingly, the present study was designed to
delineate the specific component of PRC2 responsible for
H3K27me3 deposition in NPCs and their individual contribu-
tions to NPC stemness and maintenance. Our studies reveal
that although Ezh2 is the dominant (if not only) H3K27 trime-
thyltransferase in nephron progenitors and epithelial progeny,
its role is limited to cell renewal. Although Ezh1 is dispensable,
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it cooperates with Ezh2 in restraining the differentiation pro-
gram, maintenance of lineage identity, and control of chroma-
tin accessibility.

Results

Ezh2 is the dominant H3K27 methyltransferase in Six21NPCs

The life span of Six21NPC in mice extends from embry-
onic day 10.5 (E10.5) to postnatal day 4 (P4) (17, 18). We
compared the developmental expression of PRC2 compo-
nents in embryonic (E14.5 and E16.5) and neonatal (P2)
Six2GFP1NPCs and found that the temporal expression of
Ezh1, Ezh2, Suz12, and Eed is similar to that of Six2: high in
younger NPCs and declining with time in more committed
NPCs (Fig. 1A).
Both Ezh1 and Ezh2 harbor a catalytic Set domain that meth-

ylates H3K27 moieties. However, their individual roles vary by
age, tissue, and cell type (19). To determine the functional re-
dundancy between Ezh1 and Ezh2 in NPCs, we crossed BAC-
transgenic Six2GFP-Cre(TGC) and R26R:Ezh2fl/fl:Ezh12/2(germline)

mice to generate NPCEzh22/2 and compound Ezh11/2

NPCEzh22/2 and Ezh12/2NPCEzh22/2mice and to allow perma-
nent labeling of NPCEzh22/2 progenitors.
In developing Six2TGC kidneys (control E15.5), nuclear

H3K27me3 is enriched in NPCs and to a lesser extent in
the rest of the nephrogenic zone (Fig. 1B). Unexpectedly,
H3K27me3 expression was unaffected in Ezh12/2 kidneys (Fig.
1C). In comparison, NPCEzh22/2 kidneys showed a complete
lack of H3K27me3 expression in NPCs and descendant nascent
tubular epithelia, whereas H3K27me3 staining remained intact
in the surrounding stroma and ureteric bud tips/collecting
ducts (Fig. 1D). Co-staining of H3K27me3 and GFP (a surro-
gate marker of Six2Cre expression) clearly shows a complete
absence of H3K27me3 in NPCEzh22/2 (Fig. 1E). In addition, co-
staining of H3K27me3 with the R26R tdTomato reporter con-
firmed a lack of H3K27me3 in NPCEzh22/2 and descendant re-
nal tubules (Fig. 1F), as compared with NPCEzh21/2 (Fig. 1G).
Because H3K27ac and H3K27me3 are two mutually exclusive
marks, we also demonstrate that inactivation of Ezh2, but not
Ezh1, results in a net gain of H3K27ac (Fig. 1, H, I, H9, and I9).
Of note, enhanced H3K27Ac was more pronounced in nas-
cent epithelia than mesenchymal progenitors of NPCEzh22/2

kidneys (Fig. 1, H9 and I9). This may be related to higher
abundance of histone deacetylases 1 and 2 in NPCs than
nascent nephrons (10). Thus, Ezh2 is the dominant (if not
sole) H3K27 methyltransferase in NPCs and nascent neph-
rons during nephrogenesis.

Ezh2 is required for NPC proliferation

Histologic analysis and immunostaining for markers of
NPCs, induced mesenchyme and proximal tubules in germline
Ezh12/2 mice revealed normal nephrogenesis as compared
with controls (Fig. S1). At E15.5, developingNPCEzh22/2 kidneys,
on the other hand, had a thinner nephrogenic zone and exhibited
a loss of Cited1 (a marker of the self-renewing NPCs) and a thin-
ner Six21 cap than NPCEzh21/2 kidneys (Fig. 2, A–D9). More-
over, NPCEzh22/2 kidneys had fewer nascent nephrons express-
ing Lhx1, Pax8, and Wn4 (Fig. 2, E–H9). FACS analysis of GFP1

cells revealed 30% reduction in the percentage of GFP1/total cells
(Fig. 2I) and proliferating GFP1 cells in the Six21 compartment
of NPCEzh22/2 as compared with NPCEzh21/2 kidneys (Fig. 2J).
Cell cycle analysis also showed that GFP1NPCEzh22/2 have lon-
ger G1–S and shorter S and G2–Mphases (Fig. 2K). There was no
significant difference in the number of cells undergoing apoptosis
(cleaved caspase 31) between the two groups (not shown). At 30
days of postnatal life, NPCEzh22/2 kidneys had ;30% lower glo-
merular counts/section than NPCEzh21/2 kidneys (Fig. 2L). Thus,
whereas inactivation of Ezh1 has no discernable effects on neph-
rogenesis, inactivation of Ezh2 impairs NPC proliferation and
reduces the final nephron number. Although expression of
Cited1 (a marker of self-renewing NPCs) was markedly down-
regulated in NPCEzh22/2 kidneys, there was only a modest
reduction (20–30%) in GFP1 cells and glomeruli. We do
not have an explanation at present for the dissociation
between Cited1 expression and the number of nephrons in
NPCEzh22/2. However, it is important to note that although
Cited1 is an important marker of the uncommitted NPCs,
its absence has no functional implications, and it does not
mean that NPCs are not present. Indeed Six2-expressing
cells are not completely missing, which may account for the
number of nephrons still present in the Ezh2 mutants. It
should be pointed out that NPCEzh22/2 mice survive into
adulthood and are fertile.

Ezh1 and Ezh2 cooperate to restrain the NPC differentiation
program

Previous studies have demonstrated that Ezh1 can mediate
chromatin compaction in a H3K27me-independent manner
(20). This function may be masked by Ezh2. To uncover the re-
dundancy between Ezh1 and Ezh2 in nephrogenesis, we com-
pared NPCEzh22/2 kidneys with those of Ezh11/2 NPCEzh22/2

and Ezh12/2 NPCEzh22/2 kidneys. Deletion of all four Ezh1/2
alleles caused early postnatal demise associated with severe
kidney dysgenesis, poorly developed nephrogenic zone,
and scattered cysts (Fig. 3, A–B0). These structural changes
are accompanied by up-regulation of the Notch transcrip-
tional repressor, Hey1 (Fig. 3, C–C0), and depletion of
Six21NPCs (Fig. 3, D–D09).
Six2 maintains NPC stemness partly via transcriptional

repression ofWnt4 (6,8). Therefore, we examined the effects of
Ezh1/2 inactivation onWnt4 gene expression by in situ hybrid-
ization. P0 NPCEzh22/2 kidneys maintained the WT pattern of
Wnt4 in pretubular aggregates and renal vesicles located
beneath the ureteric bud branch (Fig. 3E). By contrast, P0
Ezh11/2 NPCEzh22/2 and Ezh12/2 NPCEzh22/2 kidneys exhib-
ited ectopic expression of Wnt4 in NPCs located dorsal to the
ureteric bud branch tip (Fig. 3, E and E0). Similarly, the differen-
tiation markers, Lef1 and Lhx1, are ectopically expressed in
NPCs (Fig. 3, F–G0). Importantly, we determined that ectopic
Wnt4 expression in Ezh12/2 NPCEzh22/2 cells is not due to ec-
topic expression of its upstream activator, Wnt9b, which
remains confined to the ureteric bud stalk as in control Six2TGC

kidneys (Fig. S2). At E15.5 and E17.5, compared with
NPCEzh22/2, inactivation of all four Ezh1/2 alleles caused no-
ticeable reductions in Six21NPCs, nascent nephrons and cell
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proliferation (Figs. S3 and S4). Of note, ectopic expression of
Lef1 in NPCs was apparent at E17.5 (Fig. S4, D–D0). Thus, the
concerted action of Ezh1 and Ezh2 is required to restrain
unscheduled activation of the differentiation program toward
the end of nephrogenesis.
To determine whether Ezh1/2 inactivation promotes cell au-

tonomous NPC differentiation, we cultured Six2GFP1 NPCs

from control Six2TGC and Ezh12/2NPCEzh22/2 cells in F12/
Dulbecco’s modified Eagle’s medium–based KO medium that
lacks renewal factors such as Fgf9 and thus favors differentia-
tion. At 24 h of culture, staining for Six2 and E-cadherin
revealed that Ezh12/2NPCEzh22/2 cells underwent a much
more robust mesenchyme-to-epithelium transition than con-
trols (Fig. S5).

Figure 1. Ezh2 is the dominant H3K27methyltransferase in nephron progenitors and descendant renal epithelial cells. A, dot plot depicting develop-
mental expression of PRC2 components in NPCs from representative stages. Single-cell RNA values from E14.5 NPCs were obtained from GSE130606. ScRNA
data from E16.5 and P2 are from the present study (GSE144384). B and C, at E15.5 Six2TGC and Ezh12/2 kidneys show abundant expression of H3K27me3 in the
nephrogenic cortex. Solid arrows point to cap mesenchyme. D, in E15.5 NPCEzh22/2 kidneys (Six2GFPCre;Ezh2fl/fl), H3K27me3 is absent in the cap mesenchyme
(solid arrows) and derived nascent nephrons (open arrows) but present in other structures such as surrounding stroma and ureteric bud branches and tips. E,
H3K27me3 is absent in the cap mesenchyme of E17.5 GFP1NPCEzh22/2 (filled arrow). F and G, permanent genetic labeling shows absence of H3K27me3 in
tdTomato-labeled tubules derived from NPCEzh22/2 but not NPCEzh21/2 kidneys. H, H9, I, and Í, H3K27Ac replaces H3K27me3 in NPCs and tubular derivatives
of NPCEzh22/2 but not Ezh12/2 kidneys.DAPI, 49,6-diamidino-2-phenylindole.
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Analysis of NPC renewal–differentiation imbalance by
single-cell profiling

To gain a deeper insight into how Ezh1/2 inactivation affects
NPC gene expression, Six2GFP1 NPCs from E16.5 Six2TGC

(control), NPCEzh22/2, Ezh11/2NPCEzh22/2, and Ezh12/2

NPCEzh22/2 kidneys were profiled using 103 Chromium

scRNA-seq (103 Genomics). Sorted cells (ranging in number
from 6574 to 11,382 cells/group) were initially analyzed together
using Seurat’s version 3.0 data set integration approach (21).
Unbiased clustering using t-distributed stochastic neighborhood
embedding (t-SNE) revealed eight cell clusters (Fig. 4A and Fig.
S6). Our NPC clustering data were in close agreement to those

Figure 2. NPC-specific inactivation of Ezh2 impairs proliferation potential and nephron formation. E15.5 NPCEzh26 (Six2TGC;Ezh2fl/1) are compared
with NPCEzh22/2 (Six2TGC;Ezh2fl/fl) kidneys. A, Á, B, and B9, gross view and hematoxylin-stained sections. C and C9, co-staining for Cited1 (amarker of self-renew-
ing NPCs) and Laminin (marks basement membrane of nascent nephrons and tubules). D and D9, co-staining of the stroma marker Meis1 and NPC marker
Six2. E and É, co-staining of the epithelial cell marker E-cadherin and nephron differentiationmarker Lhx1. F–H9, section in situ hybridization for the differentia-
tion genes Lhx1, Pax8, and Wnt4. I, FACS isolated Six2GFP1 cells were counted and divided by the total number of kidney cells. J, phospho-H31 cells were
counted and factored for total 49,6-diamidino-2-phenylindole (nuclei) in co-stained sections identifying stroma (Meis1), NPC (Six2), and tubular compartments
(negative for Six2 andMeis1). K, cell cycle analysis of Six2GFP1 cells. L, glomerular counts/tissue section at P30. n = 3 animals/group.
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recently reported by Combes et al. (22) in Six2GFP1 from E14.5
Six2GCE mouse kidney. Cluster NPC0 had high expression of
uncommitted progenitor genes such as Cited1; NPC1, 2, and 5
had high levels of cell cycle genes; NPC3 had high expression of
early committed cells, whereas NPC6 had cells committed to dif-
ferentiation (e.g. Wnt4, Tmem100); NPC4 cluster featured cells
rich in Spry2 andNotch2. Spry2 is a negative regulator of FGF sig-
naling that is important in NPC maintenance (23). Notch signal-
ing is also known to regulate NPC maintenance (24). A Spry2/
Notch2-enriched cluster was previously described by Combes
et al. (22) in E14.5 mouse NPCs and is thought to represent a
transitional state between nephron progenitor and early nas-
cent nephrons. Lastly, the NPC7 cluster represents nephron
progenitor-stromal cluster. A previous scRNA-seq study has
shown that individual NPCs exhibit stochastic expression of
stroma markers (25). The identity of these clusters can be fur-
ther seen in the heat maps in Fig. 4 (B–D), which depict rep-
resentative markers of each cluster. Fig. 4E depicts feature
plots, generated using the feature plot function of Seurat 3.0,
of the relative enrichment of differentiation markers (Ccnd1,
Jag1, and Lhx1) (cluster 6) as compared with Six2.
A heat map and volcano plots of representative markers of

progenitor and differentiating cells in our scRNA-seq analysis
are depicted in Fig. 5 (A and B) and show that deletion of one or
two Ezh1 alleles on Ezh2-null background decreases progenitor
gene expression and increases differentiation gene expression,
indicating that Ezh1/2 inactivation reprograms the timing of
NPC differentiation. A previous study in which the Polycomb
member Eed was deleted in NPCs found persistent expression
of Six2mRNA in mutant nascent epithelial cells (11). Similarly,
our scRNA analysis revealed a higher number of Six2-express-
ing cells in the NPCEzh22/2 group as compared with other ge-
notypes (Fig. 5B). The biological significance of this finding is
unknown at present because we do not observe a correspond-
ing persistence of Six2 protein in mutant NPCs (Fig. 3, D–D0).
The imbalance of progenitor and differentiation gene expres-
sion in Ezh1/2 double-mutant NPCs is further illustrated in the
dot plots shown in Fig. 5 (C–E). In addition, consistent with the
findings in Fig. 3 (C–C0), we confirmed up-regulation of Hey1
gene expression in Ezh12/2NPCEzh22/2 cells (Fig. 5F), which
may contribute to Six2 repression (26). Other interesting
changes include activation of the immediate early genes and
members of the AP-1 transcription factor family (c-fos, c-Jun, and
JunB) and down-regulation of JunD in Ezh12/2NPCEzh22/2 as
compared with control NPCs (Fig. 5G), which could stimulate
cell renewal or differentiation, depending on the composi-
tion of the AP-1 complex. Notably, the observed induction
of AP-1 component expression in double-mutant NPCs
occurs independently of upstream growth factor expression

(Bmp7, Fgf9, and Fgf20) (Fig. 5A) previously shown to medi-
ate AP-1 activation in NPCs (27).
To further determine the effects of Ezh1/2 inactivation on

timing of NPC differentiation, we used Monocle 2.0 to con-
struct pseudo-time trajectories in control and mutant NPCs
after selecting for cells enriched in the differentiation gene,
Lhx1. In control Six2TGC NPCs, Lhx1-enriched cells are
clustered toward the end of trajectory (Fig. 6A). In compari-
son, Ezh12/2 NPCEzh22/2 NPCs exhibit two major clusters
of Lhx1-expressing cells at both ends of the trajectory
(Fig. 6B).

Ezh1 and Ezh2 co-regulate chromatin accessibility in NPCs

We next examined whether reprograming of Ezh1/2-mutant
NPCs is accompanied by reorganization of ATAC-accessible
chromatin. We identified ;73,000–98,000 peaks representing
accessible “open” chromatin regions in the four groups of E16.5
GFP1 NPCs (Fig. 7A). We then focused on comparing Six2TGC

and Ezh12/2NPCEzh22/2 cells, which show themost significant
differences by principal component analysis (Fig. 7B). We next
compared the accessible chromatin regions of Six2TGC and
Ezh12/2NPCEzh22/2 cells using DiffBind R (RRID:SCR_012918).
The affinity analysis is a quantitative approach to assess for differ-
ential chromatin access at consensus peaks. This method takes
read densities computed over consensus peak regions and pro-
vides a statistical estimate of the difference in read concentration
between the two conditions. Differential chromatin accessibility
depicted in Fig. 7C is expressed as a log fold change of at least 2-
fold and a p value of, 0.05 and reveals the relative gain of open
chromatin regions in Six2TGC as compared with the gain in
Ezh12/2NPCEzh22/2. Direct comparison of ATAC-seq tracks
revealed increased chromatin accessibility at promoter and en-
hancer regions of Wnt4, Pax8, and Lhx1 in Ezh12/2NPCEzh22/2

cells (Fig. 7D), concordant with increased gene expression
(Fig. 5D). We also noted a loss of chromatin accessibility at a
putative regulatory region upstream of Notch2 but a gain in
open chromatin in Hey1 in Ezh12/2NPCEzh22/2 cells (Fig.
7E), in support of gene expression changes (Fig. 5G). These
findings suggest that Ezh1 and Ezh2 restrain chromatin
accessibility in NPCs to prevent unscheduled activation of
the differentiation program.
We next used the Hypergeometric Optimization of Motif

EnRichment (HOMER) tool to identify putative DNA-binding
motifs in open chromatin regions of E16.5 Six2TGC and Ezh12/2

NPCEzh22/2 cells. Six2TGC NPCs showed enrichment for the
binding motifs of core transcription factors Six2, Hoxc9,
Hoxd11, WT1, and TEAD (Fig. 7F). In comparison, open
chromatin regions in Ezh12/2NPCEzh22/2 cells displayed
preferential access to binding motifs of the AP-1 transcrip-
tion factor family (Fig. 7G). This finding is quite interesting
because RNA profiling has shown enhanced expression of

Figure 3. Ezh1 and Ezh2 are essential for tempering the differentiation program in NPCs. Phenotypic comparison of P0 kidneys from NPCEzh22/2

(Six2TGC;Ezh2fl/fl), compound heterozygous Ezh11/2NPCEzh22/2 (Ezh11/2;Six2TGC;Ezh2fl/fl), and homozygous Ezh12/2NPCEzh22/2 (Ezh12/2;Six2TGC;Ezh2fl/fl)
mice. A, gross view. B, hematoxylin and eosin section staining showing gene dosage–dependent disorganization of the outer nephrogenic cortex and cystic
dysplasia. C–D´´, section IF of Hey1 (C–C´´) and Six2 (D–D´´). E–E´´, section ISH for Wnt4: Wnt4 is expressed in renal vesicles (open arrows) beneath the UB
branch (dotted line) as seen in NPCEzh22/2 kidneys but is ectopically expressed in NPCs dorsal to UB tip in double mutant kidneys. F–G´´, section IF of Lef1 (F–F
´´) and Lhx1 (G–G´´) denoting premature burst of NPC differentiation in double-mutant kidneys. Solid white arrows in F´ and F´´ point to ectopic Lef1-express-
ing NPCs.DAPI, 49,6-diamidino-2-phenylindole.

Polycomb function in nephron progenitors

J. Biol. Chem. (2020) 295(33) 11542–11558 11547

https://scicrunch.org/resolver/RRID:SCR_012918


several members of the AP-1 family (Fig. 5G), raising the
possibility that Ezh1 and Ezh2 link growth factor signaling
to the AP-1–responsive epigenome.
We next used the Genomic Regions Enrichment of Annota-

tions Tool (GREAT) to compare the cis-regulatory elements

within the accessible chromatin regions. Gene Ontology bio-
logical terms predicted processes related to nephrogenesis, ap-
optosis, and mitogen-activated protein kinase activity in
Six2TGC NPCs (Fig. 7H). In comparison, the accessible regula-
tory regions in Ezh12/2NPCEzh22/2 cells predicted more

Figure 4. Single-cell RNA profiling of NPCs. Six2GFP1 NPCs from E16.5 Six2TGC (control), NPCEzh22/2, Ezh11/2NPCEzh22/2, and Ezh12/2NPCEzh22/2 kidneys
were profiled using 103 chromium scRNA-seq. Sorted NPCs (ranging in number from 6574 to 11,382 cells/group) were analyzed together using Seurat’s ver-
sion 3.0 data set integration approach (21). A, t-SNE plot of integrated data. Clusters are referred to as NPC clusters 0–7 (NPC0–NPC7). Top expressed markers
are listed next to each cluster ID. NPC0 cluster contains “uncommitted” progenitor genes such as Cited1. Clusters NPC1, NPC2, and NPC5 are enriched with cell
cycle (CC) genes. NPC3 cluster includes genes expressed in committed progenitors, whereas NPC6 cluster features of differentiating markers. Cluster NPC3
expressed Spry2, a negative regulator of FGF signaling that is important NPC maintenance (23). Notch signaling is also known to regulate NPC maintenance
(24). A Spry2/Notch2-enriched cluster was described by Combes et al. (22) and is thought to represent a transitional state between nephron progenitor and
early nascent nephrons. B, heat map of representative genes of the various NPC clusters shown in A. C andD, heat maps highlighting NPC3 and NPC6 clusters.
E, feature plots showing the landscape of cells enriched in the progenitor transcription factor Six2 and pro-differentiation genes Ccnd1, Jag1, and Lhx1.
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differentiated functions such as regulation of cell shape and
metabolic/energy functions (Fig. 7I).

Ezh1 and Ezh2 maintain NPC lineage fidelity

Ezh1 and Ezh2 maintain embryonic lineage fidelity via re-
pression of non–cell type–specific genes (28). We asked
whether this function is also important in organ-restricted pro-
genitors such as NPCs. scRNA analysis revealed that nonline-
age genes, many of which are PRC2-regulated genes such as
Hoxd13, Esx, Six1, Foxa1, Tbx15, andNkx genes, are induced in
Ezh12/2NPCEzh22/2 but not in NPCEzh22/2 cells (Fig. 8, A and
B). Derepression of nonlineage genes was confirmed by an in-
dependent analysis of NPC RNA using microarray hybridiza-
tion (n = 3 biological replicates/genotype) (Table 1). The tran-
scription factor Six1 and the cell cycle inhibitor Cdkn2a/p16
are known Ezh2-targets in other developing organs such as hair
follicles, heart, and retina (29–32), so we examined them more
closely. As expected, these normally silent genes are occupied
by large domains of H3K27me3 in NPCs (Fig. 8C, top panels),
and Ezh1/2 inactivation elicits enhanced chromatin accessibil-
ity at these loci (Fig. 8C, bottom panels). Section immunostain-
ing revealed that Ezh2 inactivation alone had a negligible effect
on Six1 and p16 expression in NPCs (Fig. 8, D and G). In con-
trast, combined inactivation of Ezh1 and Ezh2 resulted in a
striking gene dosage–dependent up-regulation of p16 and Six1
expression (Fig. 8, E, F, H, and I). Thus, Six1 and Cdkn2a are
bona fide targets for PRC2-mediated repression in NPCs.
We next asked whether ectopic Six1 expression contributed

to impaired maintenance of Ezh1/2-mutant NPCs. To address
this question, we generated crosses of Ezh12/2;NPCEzh22/2;
Six11/2(germline) mice to reduce Six1 gene dosage. As shown
earlier, Ezh12/2NPCEzh22/2;Six11/1 kidneys have a thin neph-
rogenic zone, lack mature nephrons, overexpress Six1 in NPCs,
and show fewer GFP1NPCs (Fig. S7). Although Six1 gene dos-

age reduction in Ezh12/2Six2Ezh22/2;Six11/2 mice reduced
the overall abundance of Six1, it failed to rescue NPCs or
improve nephrogenesis (n = 4mice/group) (Fig. S7).

Discussion

Although coordinated deployment of lineage-specific tran-
scription factors establishes tissue- and cell type–specific
expression patterns, the maintenance of expression patterns
through generations of cell divisions is largely accomplished by
epigenetic regulators that set heritable chromatin states even in
the absence of the initial transcription factors. PRC2-mediated
repression ensures strict temporal control of progenitor cell
differentiation in response to environmental cues while main-
taining their identity and stemness. Aberrant PRC2 function
has been implicated in a variety of disease states, ranging from
congenital syndromes to cancer including the pediatric Wilms
tumor (28, 33).
A recent study demonstrated that Six2-Cre mediated

deletion of Eed, a PRC2 component required for reading
H3K27me3 and recruitment of PRC2 complexes, eliminates
H3K27me3 in NPCs and disrupts the balance between NPC
proliferation and differentiation (11). Eed is a component of
both Ezh1–PRC2 and Ezh2–PRC2 complexes; therefore the
relative contributions of Ezh1 and Ezh2 to H3K27 methylation
and NPC fate could not be discerned with certainty. In other
tissue cell types such as hepatocytes, germ cells, and epidermal
cells (30, 34, 35), it was found that both enzymes catalyze the
deposition of H3K27me3. Thus, the present study demon-
strates a unique dominant role of Ezh2 as the dominant H3K27
methyltransferase in the Six2-derived nephron lineage.
Ezh2 is essential for mouse development (36) and is a major

developmental regulator of progenitor stemness in various
developing organs such as lung, bone, epidermis, retina, neu-
rons, liver, and pancreas (28, 37, 38). In these tissues, Ezh2 is

Figure 5. scRNA profiling reveals imbalance in progenitor and differentiation gene expression. A and B, heat map and volcano plot representations of
progenitor and differentiation gene expression. Progenitor gene expression is maintained in E16.5 NPCEzh22/2 but is down-regulated in Ezh12/2NPCEzh22/2

NPCs, which also express higher levels of differentiation markers than control Six2TGC NPCs. C–G, scRNA dot plots representing expression of progenitor, early
and late differentiation, Notch and AP-1 transcription factor family genes. The intensity of the red color represents normalized expression, and the size of the
dot represents percentage of cells expressing individual genes.

Figure 6. Single-cell trajectory analysis. A and B, monocle 2.0-based pseudo-time trajectory analysis of Lhx1-enriched NPCs. Open red arrows denote the
locations of Lhx1high cells along the trajectory. In control, Six2TGC NPCs, Lhx1high cells (purple) are largely confined to subcluster 5 at the end of trajectory; in
Ezh12/2NPCEzh22/2NPCs, there are early and late subclusters of Lhxhigh cells (green, subcluster #3) along the pseudo-time trajectory. FDR, false discovery rate.
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Figure 7. Ezh1 and Ezh2 regulate chromatin accessibility in NPCs. Ezh1 and Ezh2 regulate chromatin accessibility in NPCs. A, number of ATAC-seq accessi-
ble chromatin regions in the four NPC genotypes. B, principal component analysis of control and mutant samples. C, differential motif accessibility in control
and mutant NPCs using DiffBind R. D and E, ATACseq tracks showing open chromatin regions of representative genes comparing Six2TGC and double mutant
Ezh12/2NPCEzh22/2 groups. F and G, HOMER-based ranking of top accessible motifs in control and mutant NPCs. The p values represent the statistical signifi-
cance within each group.H and I, GREAT identification of Gene Ontology biological terms associated with ATAC-accessible chromatin.

Figure 8. Nonlineage genes are targets for Ezh1/2-mediated repression in NPCs. A and B, scRNA-seq dot plot depicting expression of nonlineage genes
in control and double-mutant Ezh12/2NPCEzh22/2 cells. C, top panels, P0 WT NPCs - ChIP-seq tracks of Six1 and Cdkn2a/p16: both genes are occupied by large
domains of repressive H3K27me3. Bottom panels, ATAC-seq showing increased chromatin accessibility in Six1 and Cdkn2a genes in Ezh12/2NPCEzh22/2 as
compared with control NPCs.D–I, section IF: gene dosage–dependent derepression of Six1 and p16 expression.
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indispensable for progenitor cell maintenance by sustaining
expression of stemness factors and tempering the developmen-
tal differentiation program. By comparison, the present study
demonstrates that in the developing kidney, Ezh2 inactivation
predominantly affects progenitor renewal potential, whereas
tempering the differentiation program requires the concerted
actions of Ezh1 and Ezh2.
The finding that deletion of Ezh2 in NPCs and progeny

results in a relatively mild phenotype (25% reduction in neph-
ron number) was somewhat surprising. We do not believe this
is due to residual H3K27me3 because of the striking reduction
if not loss of H3K27me3 in NPCs and descendants in the Ezh2
mutants as seen in Fig. 1 Our strategy deleted the histonemeth-
yltransferase domain of Ezh2, so one speculation is that the rest
of the Ezh2 protein may have methyltransferase-independent
functions in NPCs. This is purely speculative, and we do not
have any data to support this hypothesis. Additionally, our pre-
liminary observations using Hoxb7-cre to inactivate Ezh2 in
the ureteric bud lineage showed that loss of H3K27me3 alone
resulted in a severe phenotype,3 suggesting that Ezh2 functions
are lineage-dependent.
Six2-mediated repression of Wnt4 is a principal mechanism

for maintenance of NPC stemness. Indeed, genetic ablation of
Six2 results in ectopic Wnt4 expression and premature epithe-
lial differentiation (1, 7). In the present study, NPC-specific
Ezh2 inactivation (and loss of H3K27me3) failed to significantly

alter Wnt4 expression. In contrast, dual inactivation of Ezh1
and Ezh2 led to down-regulation of Six2 and ectopic Wnt4
expression provoking unscheduledmesenchyme-to-epithelium
differentiation. In vitro assays in cultured NPCs also support
the idea that loss of Ezh1/2-mediated repression facilitates
NPC differentiation. The mechanisms of Six2 down-regulation
in Ezh1/2 double-mutant NPCs are likely multifactorial,
including reduced expression of activators (e.g. Pax2, Wt1,
Sall1) but also up-regulation of transcriptional repressors such
as Hey1. Mice in which Notch2 is overexpressed under the Six2
regulatory elements exhibit Six2 repression and aberrant up-
regulation of Hey1, a transcriptional repressor and a central
transducer of Notch signaling (26). Interestingly, Zhang et al.
(11) found up-regulation ofHey1 in Eed-mutant NPCs. In sum,
we surmise that loss of PRC2-mediated repression up-regulates
Hey1, which in turn represses Six2, leading to unscheduled
Wnt4 activation and premature epithelial differentiation.
A previous study carried out in epidermis stem cells has

shown that Ezh2 promotes the proliferative potential of pro-
genitors by repressing the Ink4 locus (encoding Cdkn2a/p16)
(29). In the present study, Ezh2 inactivation in NPCs did not
trigger Cdkn2a expression, whereas combined inactivation of
Ezh1 and Ezh2 did, which may have contributed further to loss
of growth potential of NPCs. Given the important role of
Cdkn2a/p16 in cell cycle arrest and senescence, further studies
are needed to determine whether Cdkn2a gene dosage reduc-
tion can rescue the growth impairment in Ezh1/2 mutant
progenitors.

Table 1
Top differentially expressed genes in NPCEzh22/2 and Ezh12/2NPCEzh22/2 by microarray analysis as compared with control Six2TGC NPCs
(n = 3 independent samples/genotype; p < 0.001). CNS, central nervous system; TF, transcription factor; SAM, sterile alpha motif

Molecules Fold change Comments

NPCEzh22/2 Lin28b 137.0 Repressor of Let-7 microRNAs; overexpressed in tumors
Slc25a37 110.5 Mitochondrial solute carrier and iron importer; erythropoiesis
Bcl11a 19.5 Transcriptional co-repressor; hematopoiesis and CNS development
Agt 19.5 Angiotensinogen; made in liver and mature proximal tubule; tubular differentiation
Six1 18.4 Homeobox TF; cardiac, ear, limb, and kidney development
Lypd1 18.2 Modulator of nicotinic receptors; CNS function
Nfia 17.8 TF; CNS and urinary tract development
Zc3hav11 14.6 Zinc finger protein; innate immune response
Vstm2l 14.0 Modulator of Wnt signaling
Nr1h5 225.5 Pseudogene
Ezh2 224.6 Enhancer of Zeste2
Hsd3b1 28.7 Steroid metabolism
Kyat3 24.1 Kynurenine aminotransferase1; metabolism of cysteine conjugates
Sac3 23.6 CNS development
Rprd2 23.4 Viral immune response
Tas2r3 23.3 G protein–coupled receptor expressed in taste buds
Dcx 22.9 Doublecortin; CNS development

Ezh12/2 NPCEzh22/2 Cdkn2a/p16 1220 Cell cycle inhibitor; senescence
Hoxd13 159.9 Homeobox TF; limb patterning
Six1 142.7 Homeobox TF; cardiac, ear, limb, and kidney development
Foxa2 122.8 Forkhead Box TF; endoderm differentiation
Hoxa13 120.2 Homeobox TF; hand, foot, and genital patterning
FoxG1 119.3 Forkhead Box TF; CNS development
Bcl11a 118.5 Transcriptional co-repressor; hematopoiesis and CNS development.
Foxa1 117.9 Pioneer factor; tissue-specific gene expression during development
Ezh1 236.6 Enhancer of Zeste 1
Ezh2 223.0 Enhancer of Zeste 2
Nr1h5 221.0 Pseudogene
ARL16 213.7 ADP-ribosylation factor; immune signaling
Hsd3b1 27.3 Steroid metabolism
Rsad2 23.7 Radical SAM domain-2; immune signaling
OCM 23.0 oncodevelopmental protein found in early embryonic cells in the placenta and also in tumors
Dcx 22.9 Doublecortin; CNS development

3H. Liu and S. S. El-Dahr, unpublished observations.
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ChIP-seq analysis in epidermis stem cells revealed that
Ezh2 prevents the recruitment of the AP-1 transcriptional ac-
tivator complex to structural genes necessary for epidermal
differentiation and that stimulation or inhibition of AP-1 ac-
tivity can modulate the proliferative and differentiation
responses in Ezh2-deficient epidermis (29). In the present
study, we found that Ezh1/2 inactivation induces c-Fos, c-Jun,
and Junb in NPCs. Moreover, using ATAC-seq to uncover ac-
cessible regulatory genomic regions, we found that Ezh1/2
cooperate to restrict chromatin accessibility to AP-1–binding
motifs. In a previous study, we reported increased chromatin
accessibility to AP-1 in older differentiation-prone NPCs
(16). AP-1 complexes are implicated in balancing NPC main-
tenance in response to niche growth factors: Fgf9 stimulates
c-fos, whereas Bmp7 stimulates c-jun expression (27). How-
ever, the composition of AP-1 complex determines the cell
fate: in this study both c-jun and junb were induced in Ezh1/2
mutant NPCs. It is conceivable that c-jun–junb complexes
promote differentiation and/or cell cycle arrest, thereby
antagonizing the growth promoting effects of c-fos:c-jun.
Indeed, Junb–AP-1 complexes are known to induce cell cycle
arrest and senescence through induction of Cdkn2a/p16 (39).
In the future, it will be important to determine the composi-
tion of the AP-1 complex induced by Ezh1/2 deficiency in
NPCs and to test whether Junb/AP-1 links growth factor sig-
naling to the epigenome to mediate or facilitate the effects of
PRC2 on NPCmaintenance.
Considering that Ezh1-mediated H3K27 methylation is neg-

ligible in NPCs, an important question that ensues is how does
Ezh1 accomplish its epigenetic regulation of NPC fate? Mar-
gueron et al. (20) shed some lights on this issue: these investiga-
tors found that Ezh1 inactivation in stem cells had minimal
effects on global H3K27me2/3 levels, whereas Ezh2 inactivation
markedly affected global H3K27me2/3 levels. They further
demonstrated using nucleosomal templates that Ezh1 is capa-
ble of compacting nucleosomes in the absence of methyl group
donors and independently of Ezh1 methyltransferase activity.
Thus, we reason that Ezh1 and Ezh2 likely act via distinct epige-
netic mechanisms to maintain NPC stemness. Future studies
investigating the dynamic genomic occupancy of Ezh1 and
Ezh2 during NPC maturation will be required to test this
hypothesis.
O’Brien et al. (40) demonstrated that unlike mouse NPCs,

which express Six2, human NPCs express both SIX1 and SIX2;
O’Brien et al. proposed that this may be important to accom-
modate generation of hundreds of thousands of nephrons over
a more extended period of nephrogenesis in humans as
opposed tomice. Intriguingly, we found that Six1 up-regulation
in Ezh1/2-mutant NPCs is ineffective in sustaining Six2 expres-
sion. We considered that the high Six1 levels may act as domi-
nant-negative to repress Six2; however, tempering Six1 expres-
sion failed to restore Six2 expression. It is also conceivable that
Six1 lacks the necessary modifications and/or partners to bind/
activate the Six2 enhancer in mouse NPCs. Regardless of the
mechanism, our findings provide conclusive evidence that
PRC2mediates repression of Six1 in mouse NPCs.
In this study, we used single-cell RNA-Seq to better under-

stand how interference with repressive epigenetic mechanisms

mediated by PRC2 in nephron progenitors can lead to morpho-
logic and developmental defects. Assessment of chromatin
accessibility added a new dimension to the overall analysis by
showing how PRC2 inactivation affects the regulatory land-
scape governing the NPC fate. The combination of single-cell
RNA analysis with ATAC-seq therefore offers a powerful tool
to assess the developmental basis of congenital defects in orga-
nogenesis. Our results support a hypothesis in the epigenetic
regulation of NPC maintenance by PRC2 through co-regula-
tion of growth and differentiation signals (Fig. 9).

Experimental procedures

Mice

All mouse studies were performed and approved in accord-
ance with the guidance of the Institutional Animal Care
and Use Committee at Tulane University School of Medicine.
Ezh2 floxed allele mice (41) and germline Ezh1 KO mice were
obtained fromDr. Alexander Tarakhovsky (Rockefeller Univer-
sity, NY). R26R-tdTomatomice were purchased from the Jack-
son Laboratory (catalog no. 007909), and BAC transgenic Six2-
TGC mice (1) were obtained from Andrew McMahon (for-
merly Harvard University). Germline Six1Lacz(knock-in) mice
were obtained from Drs. Sean Li and Ruirong Tan (Harvard
University).

Antibodies and reagents

The antibodies and reagents used in the study were as
follows: anti-cytokeratin (1:200, catalog no. C2562, Sigma–
Aldrich), anti-Six2 (1:200, catalog no. 11562, Proteintech), anti-
Pax2 (1:200, catalog no. 616000, Invitrogen), anti-cleaved cas-
pase 3 (1:100, catalog no. 9661s, Cell Signaling Technology),
anti-Jag1 (H-114; 1:100, catalog no. sc-8303, Santa Cruz Bio-
technology), Lhx1 (1:100, catalog no. 4F2-C, Developmental
Studies Hybridoma Bank), anti-Lef1 (1:100, catalog no. 2230s,
Cell Signaling Technology), anti-GFP (1:100, catalog no.
ab13970, Abcam), anti–E-cadherin (1:100, catalog no. 610181,
BD Biosciences), anti-WT1 (1:100, catalog no. ab15247, Abcam),
anti-laminin (1:100, catalog no. L9393, Sigma–Aldrich), anti-
H3K27me2/3 (1:200, catalog no. 39535, Active Motif), and anti-
H3K27ac (1:200, catalog no. ab4729, Abcam).

Histology and immunohistochemistry

The kidneys were fixed in 10% buffered formalin, embedded
in paraffin, and sectioned at 4 mM. Histological analyses were
performed by standard hematoxylin and eosin staining. Section
IF was performed as previously described (42). Antigen re-
trieval was accomplished by placing slides in 10 mM boiling so-
dium citrate, pH 6.0, for 20 min. In negative controls, the pri-
mary antibody was omitted or replaced by nonimmune serum.
For IF, the secondary antibodies were Alexa Fluor 488–conju-
gated anti-rabbit and Alexa Fluor 594–conjugated anti-rabbit
(1:2000, Invitrogen) and anti-mouse FITC (1:200, Sigma–
Aldrich). In addition, FITC-conjugated Lotus tetragonolobus
lectin agglutinin (1:100, Vector Laboratories) was used to label
the apical brush border of proximal tubules. The nuclei were
counterstained by 49,6-diamidino-2-phenylindole (1:500, D1306,
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Invitrogen). The immunofluorescent images were captured
using a 3D or deconvolution microscope (Leica DMRXA2).
Numbers of glomeruli were quantified at P30 by counting total
glomeruli in a single histological section from the widest diame-
ter of the kidney that includes themedulla. At least three kidneys
from littermate individual mice were analyzed.

Section in situ hybridization (ISH)

ISH was performed using digoxigenin-labeled antisense
probes on kidney tissue fixed with 4% paraformaldehyde (PFA)
as previously described (10). The kidney tissues were collected
in diethyl pyrocarbonate–treated PBS, fixed in 4% PFA in
diethyl pyrocarbonate–treated PBS overnight at 4 °C, dehy-
drated in a series of alcohol, cleared in xylene, and embedded in
paraffin wax. Sections were cut to 10-mm thickness. After rehy-
dration in 0.1% Tween in PBS, the samples were digested with
proteinase K and then refixed in 4% PFA, followed by 0.2% glu-
taraldehyde, followed by three washes in PBS. After a 3-h incu-
bation in hybridization solution, the explants were hybridized
with the digoxigenin-labeled antisense probes (;1 mg of probe/
vial) overnight at 65 °C. The next day, the samples were sequen-
tially washed with hybridization solution, 23 saline sodium ci-
trate, pH 4.5, 23 saline sodium citrate, pH 7.0, 0.1% CHAPS,
maleic acid buffer, and PBS at room temperature. The slides
were incubated with preblocked antibody (1:10,000, anti-Dig
alkaline phosphatase, Roche Applied Science) at 4 °C overnight.
The following day, after sequential washes of 0.1% BSA in PBS,
PBS, and AP-1 buffer at room temperature, the samples were
stained by BM Purple (Roche Applied Science) at 4 °C. When
the desired level of staining was reached, the reaction was
stopped by twowashes of stop solution for 15min each. The ex-

perimental and control samples were put in the same reaction
vessel to allow for proper comparison. All the experiments,
including ISH and immunostaining, were repeated at least
three times.

Cell culture

Metanephric mesenchyme isolated from E13.5 Six2TGC and
Ezh12/2NPCEzh22/2mice were digested with collagenase/pan-
creatin at 37 °C for 5 min and cultured on Transwell membrane
in knockout Dulbecco’s modified Eagle’s medium/F-12 me-
dium (Thermo Fisher catalog no. 12660012). The cells were
stained with anti–E-cadherin (1:200) and anti-Six2 (1:200)
antibodies.

Assay for transposase-accessible chromatin-sequencing
(ATAC-seq)

We followed the procedures we previously described (16).
For sample library preparation, we followed the Omni-ATAC
method outlined in Refs. 43 and 44). Briefly 50,000 nuclei from
FACS-sorted cells were processed for Tn5 transposase-medi-
ated tagmentation and adaptor incorporation at sites of accessi-
ble chromatin. This reaction was carried out using the Nextera
DNA library prep kit (catalog no. FC-121-1030, Illumina) at 37°
C for 30min. Following tagmentation the DNA fragments were
purified using the Zymo DNA clean and concentrator kit (cata-
log no. D4014, ZYMO Research). Library amplification was
performed using the Ad1 and any of Ad2.1 through Ad2.12 bar-
coded primers (44). The quality of the purified DNA library
was assessed on 6% Tris-Borate-EDTA (TBE) gels as well as on
a Bioanalyzer (2100 Expert software, Agilent Technologies)
using high-sensitivity DNA chips (catalog no. 5067-4626, Agi-
lent Technologies Inc.). The appropriate concentration of sam-
ple was determined using the Qubit fluorometer (Molecular
Probes). 4 nM samples were pooled and run on a NextSeq 500/
550 high-output kit (catalog no. 20024907, Illumina, Inc. San
Diego, CA) and the NextSeq 500 Illumina Sequencer to obtain
paired end reads of 75 bp. Three to four independent biological
replicates were sequenced per sample. The paired-end reads
for each sample run across four lanes of the flow cell (catalog
no. 20022408, Illumina) were concatenated to obtain one for-
ward and one reverse fastq.gz files each. The quality of the reads
was assessed using FASTQC (v0.11.7). The paired end reads
were aligned to themouse reference genomemm10 using Bow-
tie 2. The properly aligned reads were filtered formitochondrial
reads (Sam tools) and cleared of duplicates (Picard-tools, ver-
sion 1.77). Only paired reads with high mapping quality (.30)
were included in the downstream analysis. The narrow peaks
were called using MACS2 using the following parameters
(effective genome size = 1.87e 1 09; no model p = 0.001, no
lambda; bandwidth = 300, d = 200; p values cutoff = 1.00e-03).
Normalized bigwig files were generated using bedtools. Anno-
tation and Known, as well as de novo Motif, discovery was
achieved with HOMER. Gene ontology analysis was performed
using GREAT analysis 3.0.

Figure 9. Schematic depicting a working model for the role of PRC2
in nephron progenitor maintenance. PRC2-Ezh1/Ezh2 complexes restrict
chromatin access to AP-1 motifs. This action prevents unscheduled/un-
wanted activation of genes that disrupt the balance between NPC stemness
and differentiation. Note: the composition of the AP-1 complex is based on
gene expression results and thus should be considered hypothetical at this
point.
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Single-cell RNA-seq

The single-cell suspensions of FACS-sorted NPCs from the
four genotypes (ranging from 6574 to 11,382 cells, total of
44,339 cells) were processed into barcoded scRNA-seq libraries
using the Chromium single-cell 39 library kit (103 Genomics)
according to the manufacturer’s protocol. Indexed libraries
were sequenced on an Illumina HiSeq4000 and mapped to
the mouse genome (build mm10) using CellRanger (103
Genomics, version 2.1.1), resulting in a postnormalization aver-
age 12,728 reads/cell and amedian of 1,669 genes/cell and a satu-
ration rate of 89.8% on average. We then used Cell Seurat suite
version 3.1 and Monocle 3.0 for downstream analysis. Filtering
was performed to remove multiplets and broken cells, and unin-
teresting sources of variation were regressed out. Variable genes
were determined by iterative selection based on the dispersion
versus average expression of the gene. For clustering, principal-
component analysis was performed for dimension reduction.
The top 10 principal components were selected by using a per-
mutation-based test implemented in Seurat and passed to t-SNE
for visualization of clusters. Genes expressed by ,50 cells, cells
that had either ,200 or .5000 genes, or .5% of UMIs derived
from themitochondrial genomewere removed.

Microarray analysis

Fluorescently labeled cRNA was generated from 0.5 mg of
total RNA in each reaction using a fluorescent direct label kit
(Agilent) and 1.0 mM cyanine 39- or 59-labeled dCTP (Perki-
nElmer). Hybridization was performed using an oligonucleo-
tide microarray hybridization and in situ hybridization plus kit
(Agilent). The labeled cRNA was hybridized to Agilent 44K
whole mouse genome oligonucleotide microarray (containing
;41,000 probes) as previously described (45). The arrays were
scanned using a dual-laser DNA microarray scanner (Agilent).
The data were then extracted from images using feature extrac-
tion software 6.1 (Agilent). MultiExperiment Viewer version
4.9 software was used to generate lists of genes differentially
expressed between control and mutant kidneys, using p ,
0.001 and a minimum 2.3-fold change in gene expression.
Genes were classified according to their function using IPA
software.

Statistics

All data are presented as means 6 S.E. Unpaired two-tailed
Student’s t test was used for data presented in Fig. 3 to deter-
mine statistical significance. p values of,0.05 were considered
to be statistically significant.

Data availability

Microarray data, scRNA-seq, and ATAC-seq data are avail-
able at the Gene Expression Omnibus repository under acces-
sion numbers GSE110925 and GSE144384. All other data are
found within the article.
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