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The metanephric mesenchyme (MM) gives rise to nephrons, the filtering units of the mature kidney. The MM is composed
of uninduced (Six2"9"/Lhx1°*) and induced (Wnt-stimulated, Six2°°*/Lhx1"") cells. The global epigenetic state of MM cells is
unknown, partly due to technical difficulty in isolating sufficient numbers of homogenous cell populations. We therefore
took advantage of two mouse clonal cell lines representing the uninduced (mK3) and induced (mK4) metanephric
mesenchyme (based on gene expression profiles and ability to induce branching of ureteric bud). ChIP-Seq revealed
that whereas H3K4me3 active region “peaks” are enriched in metabolic genes, H3K27me3 peaks decorate mesenchyme
and epithelial cell fate commitment genes. In uninduced mK3 cells, promoters of “stemness” genes (e.g., Six2, Osr1)
are enriched with H3K4me3 peaks; these are lost in induced mK4 cells. ChIP-gPCR confirmed this finding and further
demonstrated that G9a/H3K9me2 occupy the promoter region of Six2 in induced cells, consistent with the inactive state
of transcription. Conversely, genes that mark the induced epithelialized state (e.g., Lhx1, Pax8), transition from a non-
permissive to an active chromatin signature in mK3 vs. mK4 cells, respectively. Importantly, stimulation of Wnt signaling
in uninduced mK3 cells provokes an active chromatin state (high H3K4me3, low H3K27me3), recruitment of B-catenin,
and loss of pre-bound histone methyltransferase Ezh2 in silent induced genes followed by activation of transcription.
We conclude that the chromatin signature of uninduced and induced cells correlates strongly with their gene expression

states, suggesting a role of chromatin-based mechanisms in MM cell fate.

Introduction

Histone methylation on lysine or arginine is a key mechanism in
regulation of gene expression in development and disease. Among
the most important and well-studied nucleosomal modifications
are H3K4me3 and H3K27me3. These two histone marks are rec-
ognized by distinct sets of transcriptional regulatory complexes
and are associated with either activation or repression of gene
transcription, respectively.”? Interestingly, in the early embryo,
bivalent H3K4me3/H3K27me3 domains are frequently found
on the same or nearby nucleosomes of silent developmental regu-
lators that are poised for activation and have been implicated in
germ cell fate decisions and renewal or differentiation of progeni-

tor cells in developing organs.

Accordingly, there is intense sci-
entific interest in what role chromatin modifications might play
in progenitor cell self-renewal and commitment during organo-
genesis. This information is important in understanding the
molecular basis of congenital disease as well as mechanisms of
regeneration and repair after injury.

The kidney develops from the intermediate mesoderm via
reciprocal interactions between two cell lineages, the metaneph-

ric mesenchyme (MM) and the ureteric bud (UB).”” A group
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of MM cells condenses around the UB branch tips to form a
nephron progenitor niche, which gives rise to all cell types of
the nephron from the glomerulus to the connecting tubule.”
Uninduced nephron progenitors express “stemness” markers such
as Six2, Citedl, and Eyal and are resistant to Wnt-induced differ-
entiation.'!? In response to inductive Wnt signaling emanating
from the adjacent UB, Six2 interacts and cooperates with Lef/
Tcf factors and B-catenin to initiate mesenchyme-to-epithelium
transition (MET)"! and expression of nephrogenic genes such
as Wnt4, Lhx1, Pax8, and Fgf8.!>1>16

The present study interrogated the chromatin platform of two
clonal mouse cell lines representing the uninduced and induced
MM. Whole genome ChIP-Seq and targeted ChIP-qPCR
revealed that promoters of silent nephrogenic genes undergo loss
of the repressive histone mark, H3K27me3, and/or gain of the
active mark, H3K4me3, during differentiation. In contrast, chro-
matin of identity/renewal genes is depleted of H3K4me3 with
reciprocal gain of repressive histone marks. Moreover, stimula-
tion of Wnt/B-catenin signaling in uninduced cells results in a
transcriptionally permissive chromatin signature in promoters of
nephrogenic genes. Our findings provide new insights into the
epigenetic landscape of MM cells.
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Figure 1. ChIP-Seq analysis of H3K4me3 and H3K27me3 in uninduced (mK3, yellow) and induced (mK4, blue) metanephric mesenchyme cells.
(A and B) Genomatix analysis of the relative distance of H3K4me3 and H3K27me3 active regions (peaks) to the transcription start sites (TSS) of actively
transcribed genes in a 20 Kb window. (C and D) Top 5 GO Biological terms determined by GREAT analysis of categorized H3K4me and H3K27me3 ac-

tive regions (yellow, mK3 unique; blue, mK4; red, shared).

Results

Genome-wide ChIP-Seq of mK3 and mK4 cell lines. Epigenetic
analysis of primary nephron progenitor cells using ChIP tech-
nology is a difficult task due to at least two technical reasons:
(1) the requirement for a relatively large number of cells; and
more importantly, (2) the difficulty in separating the progenitor
cells into uninduced and induced populations prior to analysis.
Accordingly, we took advantage of two mouse clonal cell lines
with gene expression and functional profiles resembling the early
uninduced (mK3) and late induced MM (mK4).” mK3 cells
have a spindle-shaped, fibroblast morphology and express genes
characteristic of early mesenchyme, including Hoxall, Hoxdll,
collagen I, Twistl, and vimentin, but not epithelial progenitor
genes such as Pax2, Wnt4, Pax8, and LhxI1. Moreover, mK3 cells
express the nephron stem cell marker Six2, and in organ co-culture
experiments they are able to induce growth and branching of the
UB. mK4 cells, on the other hand, resemble induced MM under-
going epithelial conversion. These cells are polygonal in shape
and express genes characteristic of mesenchyme-to-epithelium
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transition such as Fgf8, Pax8, Wnt4, Lhxl, HNFIB, E-cadherin
and Cadberin-6.

Genome wide ChIP-Seq was performed on mK3 and mK4
cells using specific antibodies to H3K4me3 and H3K27me3,
as well as no-antibody control “input.” In all 6 groups, >15 x
10° unique sequence reads were obtained. To determine areas of
significant tag enrichment over background (active regions or
peaks), the peak-calling program MACS was used using a P value
of 107, The results revealed ~11 000 peaks associated with 10000
genes (Tables S1 and S2). Genomatix analysis and correlating
the number of peaks with distance to the transcription start site
(TSS) demonstrates significant enrichment of H3K4me3 and to
a lesser extent H3K27me3 around the TSS (Fig. 1A and B). In
mK4 cells, the greater the distance from the TSS, the higher the
frequency of observed H3K27me3 correlations (Fig. 1B).

GO Biological Function clustering was performed using the
Genomic Regions Enrichment of Annotations (GREAT)' on all
intervals from mK3 and mK4 cells. An amount of 55-65% of
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H3K4me3 intervals are unique to either cell type and 40-50%
are shared (Fig. 1C). Not surprisingly, since H3K4me3 is found
on the promoters of actively transcribed genes, the top catego-
ries for all groups contain genes enriched in metabolic function
(Fig. 1C). In contrast, >90% of the H3K27me3 intervals are
unique to mK3 or mK4 cells. GREAT analysis of these groups
found the top categories to be developmental in nature (Fig. 1D).
Interestingly, mesenchyme migration and epithelial differentia-
tion are among these pathways in mK3 cells in keeping with the
biological functions of these cells. The top 5 of each category in
GREAT analysis is given in Tables S3—S8, classified by intervals
unique to mK3 cells, mK4 cells or common to both.

Distinct chromatin signatures of progenitor and neph-
rogenic genes. Analysis of ChIP-Seq tracks of more than 100
randomly selected genes as well as of known MM markers dif-
ferentially expressed in mK3 or mK4 cells was performed using
the Integrated Genome Browser (IGB).” Osz/ and Six2 mark the
undifferentiated MM and are not expressed in nascent nephrons;
accordingly, they are expressed in mK3 but not mK4 cells. In
mK3 cells, Six2 and OsrI harbor peaks of H3K4me3 around
the TSS and broad H3K27me3 intervals. In mK4 cells, these
genes are silent and this is associated with loss of H3K4me3 (Fig.
2A and B). ChIP-qPCR was performed on the Six2 5'-regula-
tory region and confirmed depletion of H3K4me3 as this gene
is silenced in mK4 cells (Fig. 3A). This was associated with
increased occupancy of the H3K4 demethylase Kdm5b and
enhanced occupancy of H3K9me2 and its methyltransferase G9a
(Fig. 3A and B). Promoter-associated H3K4me3 depletion is a
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Figure 2. Chromatin platform of nephron progenitor renewal genes.
Snapshots of H3K4me3 (green) and H3K27me3 (red) ChIP-Seq tracks
of the progenitor genes Osr1 (A) and Six2 (B) in uninduced (mK3) and
induced (mK4) cells. Differentiation is marked by loss of promoter
H3K4me3 occupancy.
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Figure 3. Six2 silencing in induced mK4 cells correlates with acquisition of a repressive chromatin signature. Six2 is expressed in uninduced mK3 but
not induced mK4 cells. On the left side, low and high power snapshots of ChIP-Seq H3K4me3 (green) and H3K27me3 (red) tracks are shown. The right
panel depicts ChIP-gPCR in the yellow-boxed region. Silencing of Six2 in mK4 cells is associated with loss of H3K4me3, gain of H3K4 demethylase,
Kdm5b, and gain of H3K9me2 and methyltrasnferase G9a. Fold occupancy normalized to input and isotype-specific IgG controls. mK3 ChIP value is
given a value of 1. n = 3 ChIP experiments per antibody. *P < 0.05 mK4 vs. mK3.
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Figure 4. Chromatin platform of nephrogenic genes. Snapshots of H3K4me3 (green) and H3K27me3 (red) ChIP-Seq tracks of genes activated during
differentiation. Two major chromatin patterns emerge during differentiation-associated gene activation: (1) loss of repressive H3K27me3 and gain of
active H3K4me3 (A, C, and D); or (2) predominant gain of H3K4me3 (B, E, and F).

feature shared by most if not all examined progenitor genes that
are silenced in mK4 cells.

ChIP-Seq analysis revealed that promoters of nephrogenic
genes (e.g., Pax8, Jagl, Lefl, Ccndl) harbor a bivalent chroma-
tin signature in mK3 cells (Fig. 4). In mK4 cells, expression of
these genes correlates with gain of H3K4me3, and in some cases,
gain of H3K4me3 and loss of H3K27me3 (e.g., Pax2 and LhxI)
(Fig. 4). However, this is not a universal rule; there are examples
(e.g., Wnt4, Notch2) where these reciprocal chromatin changes
are not so obvious (data not shown), suggesting that other active
or repressive marks may be at play. ChIP-qPCR of Pax2 and LhxI
5'-upstream region in mK3 and mK4 cells confirmed the recipro-
cal changes occurring in H3K4me3/K27me3 (Fig. 5A and B).
This is accompanied by enhanced occupancy of the H3K4 meth-
yltransferase M113/4 and reciprocal loss of H3K27 methyltrans-
ferase Ezh2. Thus, in general, promoters of nephrogenic genes
acquire an active chromatin signature in mK4 cells.

In addition to known kidney developmental genes, we iden-
tified a subset of novel progenitor and differentiation genes in
mK3 and mK4 cells, respectively, that exhibit a transition in

www.landesbioscience.com

chromatin signature in the silent vs. transcriptionally active
state (Fig. 6A—H). Furthermore, we searched the literature for
new candidate genes linked to Congenital Anomalies of the
Kidney and Urinary Tract (CAKUT)? and genes associated
with glomerular filtration rate.?! Figure 7 shows that the ChIP
tracks of these genes conform to one of four patterns in mK3
vs. mK4 cells: high-H3K4me3 in both cell lines (e.g., Hoxall,
Fgfrll), loss of H3K27me3/gain of H3K4me3 (Blk, Wnt7b),
Loss of H3K4me3 (Hoxal3, Tsc2), or gain of H3K4me3 (Lrp2,
Setdbl).

Stimulation of Wnt/[3-catenin signaling promotes a permis-
sive chromatin signature in nephrogenic genes. Wnt signaling
is the driving force for progenitor cell differentiation in vivo.
We examined whether exogenous activation of Wnt signaling in
uninduced mK3 cells recapitulates the chromatin changes seen
in nephrogenic genes in mK4 cells. mK3 cells were treated with
Wnt3a (50 ng/ml) or vehicle (DMSO); RNA was isolated at
6 h and the promoter occupancy was assessed by ChIP-qPCR at
2—4 h. Table 1 shows that Wnt treatment stimulates expression
of nephrogenic genes in mK3 cells and this effect is preceded
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Figure 5. Nephrogenic gene expression correlates with acquisition of active chromatin signatures. On the left side of each panel, low (upper) and high
(bottom) power snapshots of ChIP-Seq tracks. The right side of each panel depicts ChIP-gPCR of H3K4me3, H3K9me2 and H3K27me3 and respec-
tive modifiers around the yellow-boxed region. In each case, gene activation in mK4 cells is marked by gain of H3K4me3, loss of H3K9me2 and/or
H3K27me3 and respective methyltransferases. Fold occupancy normalized to input and isotype-specific IgG controls. ChIP-PCR in mK3 was assigned a

by enhanced promoter occupancy of H3K4me3 and a reciprocal
decrease in H3K27me3. Importantly, these changes in chroma-
tin occupancy correlate with promoter enrichment in 3-catenin
and a reciprocal decline in Ezh2 occupancy in the same chroma-
tin region (Table 1). Thus, we find that promoter recruitment of
B-catenin downstream of Wnt signaling to the Tcf/lef binding
site is accompanied by loss of pre-bound of Ezh2.

Discussion

Strong evidence indicates that chromatin states can be predic-
tive of gene expression patterns and cell behavior, such as seen
in prostate cancer progression®” and during germ cell differen-
tiation.”> Genome-wide analysis has revealed that in pluripotent
cells, critical genes involved in differentiation, despite remaining
silent, have a permissive chromatin structure that makes them
sensitive to differentiation-inducing signals.”?** This permis-
sive chromatin environment is characterized by the presence
of large H3K27me3 domains harboring peaks of H3K4me3

974 Epigenetics

around the transcriptional start site. Importantly, genes marked
with bivalent domains often encode master transcriptional regu-
lators, usually in a lineage-restricted manner, and that are able to
orchestrate whole programs of gene expression in differentiated
cells.>2¢

Our ChIP studies revealed several interesting aspects related
to the chromatin states of uninduced and induced MM cells. For
example, silencing of the nephron progenitor regulator, Six2, in
induced cells correlates not only with loss of promoter H3K4me3
occupancy but also with acquisition of the repressive mark
H3K9me2. Moreover, nephrogenic genes undergo dynamic gain
and/or loss of activating and repressive chromatin marks, respec-
tively, during differentiation. Interestingly, in developmentally
arrested Wilm’s tumor cells, Six2 harbors predominantly the
active mark, H3K4me3, whereas LhxI is bivalent and silent.?”
We also found that activation of Wnt/B-catenin signaling in
uninduced cells cells favors a permissive chromatin state on
promoters of nephrogenic genes that is characteristic of more
differentiated cells, including reciprocal changes in H3K4me3/
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Figure 6. Chromatin signature of novel developmental genes expressed in mK3 or mK4 cells. (A-D) Genes expressed in mK3 cells are coated with the
active histone mark H3K4me3 around the transcription start site. H3K4me3 peaks are absent when these genes are silent in mK4 cells. (E-H) Genes
expressed in mK4 cells are coated with H3K4me3 peaks around the transcription start site. H3K4me3 peaks are absent when these genes are silent in
mK3 cells. In the case of Myb (F), there is a net loss of H3K27me3 in mK4 vs. mK3.

K27me3, loss of Ezh2, and gain of B-catenin. The bulk of evi-
dence suggests that, depending on the context, H3K27 meth-
ylation is a central mechanism to either maintain progenitor
cell identity and/or to ensure proper cell renewal and timely
differentiation.®*** Our findings agree with a previous report

in adipocytes whereby Ezh2 inhibits Wnt signaling.?” Finally,
the ChIP-Seq data showed that the majority of candidate genes
involved in CAKUT and those linked to GFR exhibit an active
chromatin state in mK4 cells (Fig. 7), consistent with a role in
mesenchyme-to-epithelium transition. It must be emphasized
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Figure 7. Chromatin signature of candidate developmental genes involved in human CAKUT and in regulation of renal function (see text for details).
Transition from mK3 to mK4 cells correlates with gene expression and is associated with several patterns including retention of H3K4me3, loss of
H3K27me3/gain of H3K4me3, or gain of H3K4me3 peaks. Loss of H3K4me3 (E and F) correlates with gene repression.

that our data was derived from two clonal cell lines. Future stud- Materials and Methods
ies should help confirm these findings in other cell lines and
more preferably in primary cells derived from the metanephric ~ Cell culture. Mouse metanephric mesenchyme cell lines (mK3
mesenchyme. Further understanding of the epigenetic mecha- and mK4 cells)"” were maintained in media supplemented with
nisms of nephron progenitor cell renewal and maintenance is of  10% fetal bovine serum, penicillin (100 units/ml), and strep-
great clinical importance since low nephron number predisposes  tomycin (100 pg/ml) at 37 °C in a humidified incubator with
to hypertension and chronic kidney disease later in life.? 5% CO,.
RNA isolation and quantitation of gene expression. Total
RNA was isolated using the RNAEasy kit per the manufacturer’s
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Table 1. Relative enrichment of histone marks, 3-catenin and Ezh2 on nephrogenic genes following stimulation of Wnt/B-catenin signaling in undif-
ferentiated MM cells

Fold change

Gene description Gene name mRNA H3K4me3 H3K27me3 B-catenin Ezh2

C1q domain containing 2 Clgdc2 +0.7 +5.0 -0.7 +3.0 -0.8

Ets variant gene 5* Etv5 +2.0 +14.0 -0.7 +13 ND

Glial cell line derived neurotrophic factor Gdnf +0.6 +4.0 -0.7 ND -0.8
Hepatocyte nuclear factor B HNF1(3 +0.7 +2.8 -0.5 +0.6 -0.8

Lim homeobox 1 Lhx1 +10 +3.0 -0.5 +1.5 -0.5

Paired box 8 Pax8 +2.0 +15 -0.7 ND ND

Single minded homolog 1* Sim1 +1.8 +9.0 -0.5 +6.0 ND

instructions (Qaigen). The concentration and purity were
determined using NanoDrop 1000/2000 (Thermo Scientific),
and diluted to 20 ng/pl. RNA transcripts were measured by
quantitative PCR using Tag-Man® primer/probe mixes (Life
Technologies Corporation).

ChIP-Seq. ChIP-Seq and input samples were prepared for
sequencing using Illumina’s protocol. Briefly, samples were
linked to adaptors, library is size-selected (200-250 bp) and
PCR-amplified. Sequencing was done on Genome Analyzer 2
(GAII), and the 35-nt sequence reads (“tags”) were mapped to
the mouse genome using the ELAND algorithm. The tags were
extended unidirectionally in silico at their 3'-ends to a length
of 110-200 bp, depending on the average fragment length in
the size-selected library. Only tags that map uniquely and have
no more than 2 mismatches were used for subsequent analy-
sis. The number of overlapping sequences mapped to a genomic
location was determined and visualized in the UCSC genome
browser (http://genome.ucsc.edu). H3K4me3 and H3K27me3-
enriched chromatin regions (peaks), as defined by MACS, were
subjected to GO and GREAT bioinformatics analysis (Tables
S1-88). Real-time quantitative RT-PCR was performed using
the TagMan Gene Expression Assay. Validation of ChIP-Seq
data was performed by ChIP-qPCR as described.’* mK3 cells
were treated with Wnt3a or vehicle (DMSO). ChIP assays for
H3K4me3, H3K27me3, B-catenin, and Ezh2 were performed
at 2—4 h and quantitative RT-PCR at 6 h post-treatment. Fold

change indicates Wnt3a/vehicle ratio. The nephrogenic genes
selected have been shown to respond to Wnt signaling®* and are
either silent or expressed at very low levels in mK3 cells but are
expressed in mK4. *The values are an average of n = 3 experi-
ments for all genes except Etv5 and Sim1 n = 2.
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