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p53 enables metabolic fitness and self-renewal of nephron
progenitor cells
Yuwen Li1,*, Jiao Liu1,2,*, Wencheng Li3, Aaron Brown4, Melody Baddoo5, Marilyn Li6, Thomas Carroll7,
Leif Oxburgh4, Yumei Feng3 and Zubaida Saifudeen1,2,‡

ABSTRACT
Contrary to its classic role in restraining cell proliferation, we demonstrate
here a divergent function of p53 in themaintenanceof self-renewal of the
nephron progenitor pool in the embryonic mouse kidney. Nephron
endowment is regulated by progenitor availability and differentiation
potential. Conditional deletion of p53 in nephron progenitor cells
(Six2Cre+;p53fl/fl) induces progressive depletion of Cited1+/Six2+ self-
renewing progenitors and loss of cap mesenchyme (CM) integrity. The
Six2(p53-null) CM is disorganized, with interspersed stromal cells
and an absence of a distinct CM-epithelia and CM-stroma interface.
Impaired cell adhesion and epithelialization are indicated by
decreased E-cadherin and NCAM expression and by ineffective
differentiation in response to Wnt induction. The Six2Cre+;p53fl/fl cap
has 30% fewer Six2(GFP+) cells. Apoptotic index is unchanged,
whereas proliferation index is significantly reduced in accordancewith
cell cycle analysis showing disproportionately fewer Six2Cre+;p53fl/fl

cells in the S and G2/M phases compared with Six2Cre+;p53+/+ cells.
Mutant kidneys are hypoplastic with fewer generations of nascent
nephrons. A significant increase inmean arterial pressure is observed
in early adulthood in both germline and conditional Six2(p53-null)
mice, linking p53-mediated defects in kidney development to
hypertension. RNA-Seq analyses of FACS-isolated wild-type and
Six2(GFP+) CM cells revealed that the top downregulated genes in
Six2Cre+;p53fl/flCMbelong to glucosemetabolism and adhesion and/
or migration pathways. Mutant cells exhibit a ∼50% decrease in ATP
levels and a 30% decrease in levels of reactive oxygen species,
indicating energy metabolism dysfunction. In summary, our data
indicate a novel role for p53 in enabling the metabolic fitness and self-
renewal of nephron progenitors.
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INTRODUCTION
Congenital or acquired nephron deficit results in hypertension
and chronic kidney disease (Brenner et al., 1988; Hoy et al.,
2008), a major health problem worldwide. Nephron endowment
at birth is determined, in part, by the availability of the nephron
progenitor cells (NPCs) and their efficient differentiation into

nephrons. Nephron abundance varies amongst individuals and
populations, with a demonstrated influence of genetics and
maternal nutritional status on nephron number in humans (Benz
and Amann, 2010; Hoy et al., 2006; Luyckx and Brenner, 2010;
Wlodek et al., 2008). Self-renewal of NPCs ensures a supply of
cells for nephrogenesis until the cessation of nephrogenesis at
postnatal day 4 in mice and at 35 weeks of gestation in humans
(Hartman et al., 2007; Rumballe et al., 2011). The nephron
progenitor niche includes the cap mesenchyme (CM), in which
the NPCs reside, and provides extrinsic cues, such as nutrients
and morphogens that drive cell intrinsic signaling and metabolic
pathways, to promote the availability of NPCs for subsequent
nephrogenesis. Renewal of the NPC pool is dependent upon
ureteric bud (UB) secreted Wnt9b-β-catenin signaling to Six2+/
Cited1+ NPCs, as well as FGF, EGF and BMP signaling
pathways, with their genetic inactivation resulting in defects in
NPC renewal and differentiation (Brown et al., 2011, 2013;
Karner et al., 2011).

Fate mapping studies with Cited1-CreERT2 and Six2-
GFPCreERT (Six2GCE) mice have demonstrated that the
Cited1+/Six2+ subcompartment marks the definitive self-
renewing nephron progenitor domain that will differentiate to
the inducible Cited1−/Six2+ and Wnt4+/β-catenin+/Lef1+ cells
to form nascent nephrons (Boyle et al., 2008; Kobayashi et al.,
2008; Mugford et al., 2009). Expression of Six2 is essential to
maintain the progenitor state (Self et al., 2006). Loss of self-
renewal, proliferative or survival capacity in the Cited1+/Six2+

CM will result in a diminished cap and a smaller NPC pool.
In its canonical role as a tumor suppressor, p53 (Tp53 – Mouse

Genome Informatics) plays a key role in cell fate regulation by
transcriptionally regulating genes that control cell cycle arrest,
DNA repair, apoptosis or senescence, thus limiting the
propagation of cells with damaged genomes (Amariglio et al.,
1997; Asker et al., 1999; Aylon and Oren, 2007; Vousden and
Prives, 2009). p53 also regulates genes in metabolic pathways
such as oxidative respiration and glycolysis for energy generation
and glucose homeostasis, genes in cell adhesion and migration
via Rho signaling pathways, genes regulating polarity of cell
division, and autophagy (Armata et al., 2010; Balaburski et al.,
2010; Buchakjian and Kornbluth, 2010; Cicalese et al., 2009;
Gadea et al., 2007; Olovnikov et al., 2009; Tasdemir et al.,
2008). Recent studies in hematopoietic, mammary and neuronal
stem cells link p53 with the regulation of self-renewal potential
(Cicalese et al., 2009; Liu et al., 2009; Meletis et al., 2006).
Although data from some tissue lineages indicates that p53
restricts self-renewal capacity and the size of the stem and/or
progenitor pool, data from mouse embryonic stem cells suggest
that p53 serves as a positive regulator of self-renewal, by
maintaining strict genome integrity quality-control that is
essential in proliferative self-renewing progenitor populationsReceived 16 April 2014; Accepted 12 February 2015
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(Lee et al., 2010; Schoppy et al., 2010; Xu, 2005). Therefore, the
requirement of p53 in the renewal or differentiation of stem cells
and lineage-committed progenitors is clearly cell type and tissue
dependent.
Integrative analysis of differential gene expression data from

p53-null embryonic kidneys with p53 ChIP-Seq data has
identified nearly 10% of the possible p53 target genes as
enriched in the CM and nascent nephrons, indicating a substantial
involvement of p53-mediated transcription in nephrogenesis (Li
et al., 2013). To directly assess the contribution of p53 to NPC
renewal and differentiation, we conditionally deleted p53 from
the Six2+ CM. Six2Cre+;p53fl/fl mice have hypoplastic kidneys
and a nephron deficit (Saifudeen et al., 2012). Here, we show that
the Six2(p53-null) CM exhibits a diminished NPC pool size and
marked disorganization of the mesenchymal cells around the
ureteric tip. The Cited1+ domain is completely lost by the time of
birth. Further, adult mutant animals exhibit high blood pressure.
RNA-Seq analysis of wild-type and mutant embryonic CM cells
revealed that p53 is critically involved in regulation of cellular
energy metabolism and cell adhesion pathways. These novel
physiological functions of p53 on progenitor cell renewal,
metabolism and adhesion have hitherto not been reported in a
developing organ system.

RESULTS
A cell-autonomous requirement for p53 in self-renewal of the
Cited1+/Six2+ population
To determine the functional significance of p53 in the CM, we
conditionally deleted p53 from the Six2+ mesenchyme by crossing
Six2-GFPCre [Six2GC (Kobayashi et al., 2008; Park et al., 2007)] to
p53loxP/loxP mice to generate Six2GC+;p53loxP/loxP mice (hereafter
referred to as Six2Cre+;p53fl/fl). The breeding strategy used produced
mutant and wild-type littermates of genotype Six2GC+;p53loxP/loxP or
Six2GC−;p53loxP/loxP (Six2Cre−;p53fl/fl), respectively. Crosses of
Six2GC+;p53+/+mice were performed to enable fluorescence
activated cell sorting (FACS)-mediated isolation of p53-wild-type
Six2(GFP+) cells. Loss of p53 expression in theCMwas confirmedby
using real-time (RT)-PCR analysis (Fig. 1A) and subsequent RNA-
Seq (below) (supplementary material Fig. S1).

The Six2Cre+;p53fl/fl kidneys are hypoplastic as early as E13.5,
with sparse, disorganized CM and UB-branching defects (Fig. 1B).
This can also be visualized by using GFP fluorescence in Six2Cre+;
p53+/+ and Six2Cre+;p53fl/fl kidneys (Fig. 2A,B). Histological
examination after Hematoxylin and Eosin staining draws attention
to the absence of a clearly defined nephrogenic zone and a marked
deficiency of differentiating nephrons in postnatal day 0 (P0) kidney
sections (Fig. 1C), as well as an increase in interstitial stroma. Of

Fig. 1. Conditional deletion of p53 from the Six2+

mesenchyme. (A) RT-PCR was performed on RNA isolated
from E15.5Six2Cre+;p53fl/fl kidneys orSix2Cre+;p53fl/fl FACS-
isolated cells to measure p53 expression. RNA from wild-type
kidney was used as control. PCR primers spanned exon 9 to
exon 10. (B) Hematoxylin and Eosin (H&E) staining of kidney
sections at E13.5. Note hypoplasia, branching defects,
dysmorphic CM and a paucity of nascent nephrons in mutant
kidneys. (C) H&E staining of P0 kidney sections: note lack of a
robust nephrogenic zone, nephron deficit and increased
interstitial stroma (in 20× and 40× images). (D) PAS staining of
P0 kidney sections: note the proteinaceous PAS-positive
material in Bowman’s space. Error bars represent s.e.m.;
*P<0.001, **P<0.001 (two-tailed t-test).
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note are the glomeruli in PAS-stained P0 kidneys that display
proteinaceous and/or hyaline material in Bowman’s space, indicative
of glomerular dysfunction (Fig. 1D). Immunofluorescent staining
against the CM markers amphiphysin and Six2 accentuates the
substantially diminished and less compact CM at E14.5-15.5
(Fig. 2C-F). Amphiphysin is a cell surface marker of the CM. The
functional impact of a decrease of amphiphysin in a subset of

Six2Cre+;p53fl/fl GFP+ cells is not known at this time. GFP is
expressed as a fusion protein with Cre and localizes to the nucleus and
cytoplasm (Park et al., 2007). The diminished Cited1 domain is
completely lost by P0 in Six2Cre+;p53fl/fl kidneys (Fig. 2G-J).
Despite the loss of the Cited1+ domain, Six2+ cells persist at P0,
when a markedly smaller Six2+ CM is observed (Fig. 2K,L). In the
absence of increased apoptosis (details below), an alternative

Fig. 2. DiminishedCM and depletion of Cited1+ progenitors inSix2Cre+;p53fl/fl kidneys.Wild-type andmutant littermate kidneys were examined. Genotypes
are as shown. (A,B) GFP fluorescence highlights the Six2 cap. Hypoplasia is apparent at E13.5 in mutant kidneys. (C,D) Decreased expression of cap
marker amphiphysin in mutant kidneys at E14.5. Note the disorganization of the mutant GFP-stained CM. Markers: UB (cytokeratin – cyto, white) and CM
(amphiphysin – amphi, green); nuclear stain – DAPI, blue. (E-H) Diminished CM at E15.5 is demonstrated by Six2 (E,F) and Cited1 (G,H) immunofluorescence.
Markers show epithelial structures (E-cadherin – Ecad, white) and nascent nephrons (Lhx1). (I-L) Cited1 marker is completely lost at P0 (I,J), whereas the Six2+

domain is present but is greatly reduced (K,L). (M) Quantitation of Six2(GFP+) cells from Six2Cre+;p53+/+ and Six2Cre+;p53fl/fl kidneys at E15.5. Mutant
kidneys have 30% fewer Six2(GFP+) cells. FACS and quantitation was performed in three separate experiments, on embryos from three litters for each genotype.
Bars in the graph show average cell count, with error bars denoting s.e.m. (N) Apoptosis, measured by immunostaining of PARP1 in kidney sections at
E13.5-15.5, is lower in Six2+ cells in Six2Cre+;p53fl/fl kidneys and does not contribute to the decrease in cap size in these kidneys. (O,P) Proliferative index
measured by BrdU administration and immunostaining. BrdU incorporation was significantly lower in Six2+ cells in Six2Cre+;p53fl/fl kidneys at E13.5 (P<0.001).
BrdUwas detectedmostly in lateral section of the Six2+ cap of themutant kidney (solid yellowarrowheads), whereas themedial Six2+ cells dorsal to the ureteric tip
had fewBrdU+ cells (empty arrowheads). By contrast, wild-type kidney showed BrdU incorporation in all areas of the Six2+ cap (yellow arrowheads). (Q) Cell cycle
analysis of FACS-isolated GFP+ cap cells demonstrates a decrease in the number of Six2Cre+;p53fl/fl cells in proliferative (S/G2/M) phases of the cell cycle
compared with wild-type Six2Cre+;p53+/+ cells. See Table 1 for quantitation (n=3, each genotype).
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explanation for the presence of a smaller (but not absent) Cited1−/
Six2+ population could be diminished self-renewal and premature
exit of the Cited1+ self-renewing cells to the transit, non-self-
renewing pool (Cited1−/Six2+).
Flow cytometry analyses showed a significant (30%) decrease in

Six2+ cell number from mutant kidneys (n=3, P<0.05) (Fig. 2M).
As stated above, this decrease is not due to increased apoptosis, as
the apoptotic index (staining of PARP1) in the E13.5 CM was not
different between Six2Cre+;p53fl/fl and Six2Cre−;p53fl/fl littermate
kidneys (Fig. 2N). Paradoxically, p53 loss results in a significantly
lower proliferative index of Six2 cells (Fig. 2O,P). Unlike in
the wild-type CM, the S-phase marker BrdU was present
predominantly in laterally located Six2+ cells in Six2Cre+;p53fl/fl

kidneys, as opposed to the cells ventral to the ureteric tip (Fig. 2O).
Cell cycle analysis showed that more Six2Cre+;p53fl/fl cells were in
the G1 phase, with a significantly smaller fraction in the S, G2 orM
phases in comparison with the Six2Cre+;p53+/+ cells (Fig. 2Q,
Table 1). Of note, the branching defect in themutant kidneys affects
niche number and, thereby, impacts the total Six2+ cell number in
these kidneys and, alongside the compromised proliferative
capacity, is expected to contribute to the decreased count of
mutant cells.

Six2Cre+;p53fl/flCM forms a less cohesive nephrogenic niche
with loss of CM-stroma demarcation
In contrast to the compact aggregates of cap cells around the ureteric
tip in wild-type kidneys, cells of the Six2Cre+;p53fl/fl CM are
dispersed and loosely organized around the ureteric tip (Fig. 3B,D).
Immunostaining of neural cell adhesion molecule (NCAM1, referred
to here as NCAM), which decorates the intercellular domains of
CM and nascent nephrons, is greatly decreased in the mutant CM
(Fig. 3C,D). NCAM is required for cell-cell and cell-matrix

interactions during development and differentiation (Shin et al.,
2002). The transcription factor Pax2 is expressed in both
mesenchymal and UB lineages (Dressler et al., 1990); here, Pax2
expression was decreased in CM but not UB of Six2Cre+;p53fl/fl

kidneys (Fig. 3C,D), as described previously (Saifudeen et al., 2012).
Another intriguing feature of the Six2Cre+;p53fl/fl phenotype is the
loss of demarcation between the CM and surroundingMeis1+ cortical
stroma, resulting in gaps between adjacent cap cells and between cap
and UB cells, as well as the presence of stromal cells in close
apposition to the UB tip (Fig. 3F, Fig. 2D), instead of a smooth
uninterrupted CM adjacent to the UB (Fig. 3E).

Defects in progenitor cell renewal and mesenchyme to
epithelial transition cause nephron deficit in Six2Cre+;p53fl/fl

kidneys
The Six2Cre+;p53fl/fl kidneys exhibited a noticeable deficit in renal
vesicles upon immunostaining for Lhx1+ at E13.5 (Fig. 4A,B).
Consequently, fewer LTA+ proximal tubules and WT1+ glomeruli
were evident in P0mutant kidneys (Fig. 4C,D). To determinewhether
nephron deficit in mutant kidneys was simply due to a decrease in
NPC number or due to a possible defect in nephrogenesis, we induced
canonicalWnt pathway-activatedmesenchyme to epithelial transition
(MET) in isolated Six2+ NPCs. FACS-isolated Six2(GFP+) cells from
Six2Cre+;p53+/+ and Six2Cre+;p53fl/fl kidneys were aggregated and
cultured for a total of 48 h in medium supplemented with glycogen
synthase kinase-3 inhibitor 6-bromoindirubin-3′-oxime (BIO) for the
first 24 h followed by medium with vehicle (DMSO) for the
subsequent 24 h, as described previously (Park et al., 2012). NPC
that have been induced to differentiate through transient activation of
the Wnt/β-catenin pathway express E-cadherin, indicative of MET.
Six2Cre+;p53+/+ cells, upon induction, expressed E-cadherin and
formed multicellular structures, as expected (Fig. 4G,I,K). By
contrast, Six2Cre+;p53fl/fl cells showed weak E-cadherin expression
and failed to form complex structures (Fig. 4H,J,L), supporting the
notion that defective MET is a contributor to the nephron deficit.
Altogether, our data demonstrate that the nephron deficit in Six2Cre+;
p53fl/fl kidneys is due to at least two developmental defects: (a)
impaired renewal of progenitor cells, and (b) a differentiation defect
that is downstream of Wnt signaling which disrupts proper MET.

Therefore, next, we examined the expression of genes that are
the earliest markers of nephrogenesis and are essential for MET.
In situ hybridization analyses showed a clear decrease in Fgf8

Table 1. Six2+ CM cell cycle analysis

Average±s.e. (%)

Phase p53 WT cap p53 KO cap P-value

G1/G0 50±2 58±3 0.014
G2/M 8±1 6±1 0.324
S 42±3 37±3 0.156
G2/S 50±2 42±3 0.014

KO, knockout; WT, wild type.

Fig. 3. Loss of CM integrity and disruption of the CM-stroma
interface in Six2Cre+;p53fl/fl kidneys. (A,B) Six2Cre+;p53fl/fl

cells are dispersed and loosely organized (empty arrowhead)
around the ureteric tip, in contrast with Six2Cre+;p53+/+ cells,
which are arranged compactly around the ureteric tip (solid
white arrowhead). (C,D) Reduced NCAM expression in
Six2Cre+;p53fl/fl CM (empty arrowheads), in contrast to intense
staining in wild-type CM (solid arrowheads). Pax2 expression is
decreased in mutant CM. (E,F) Disruption of CM-UB and CM-
stroma interfaces in Six2Cre+;p53fl/fl kidneys. Immunostaining of
Meis1 shows stromal cells infiltrating the p53−/− cap, and these
cells are adjacent to the UB in mutant kidneys (empty
arrowhead). Immunostaining of laminin demarcates the UB from
the CM (white dotted line). The CM-stroma interface is shown
with orange dotted line – this is disrupted in mutant kidneys.
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mRNA in nascent nephrons in mutant kidneys (Fig. 4M,N).
Decreased Fgf8 expression was also observed by using RT-PCR
analyses of RNA from mutant kidneys (data not shown).
Surprisingly, however, expression of the tubulogenic factors
Pax8 and Wnt4 did not show a marked change in expression
(supplementary material Fig. S2). Expression of Fgf8 and Wnt4
has been shown to be concordant in the induced mesenchyme,
and these factors function downstream of the inductive signal
from Wnt9b (Carroll et al., 2005; Grieshammer et al., 2005;
Perantoni et al., 2005). Wnt4 and Lhx1 are not expressed in
Fgf8-null kidneys, and advanced epithelial structures do not
form. Fgf8 hypomorphs express Wnt4 and Lhx1 and progress
through nephrogenesis (Grieshammer et al., 2005). Despite
being Fgf8 hypomorphs and expressing Wnt4 at normal levels,
epithelialization occurs inefficiently in Six2Cre+;p53fl/fl kidneys,
indicating additional defects that impair differentiation of the
Six2Cre+;p53fl/fl CM. Indeed, addition of Fgf8-soaked beads to
E13.5 Six2Cre+;p53fl/fl kidneys did not facilitate even a partial
rescue of nephrogenesis (supplementary material Fig. S3). Thus,

whether defective MET in the mutant NPCs is a result of an
impaired ability to be induced or of impaired epithelialization
remains to be determined.

Elevated blood pressure in Six2Cre+;p53fl/fl mice
Reduced nephron number from birth is strongly associated with the
development of adult-onset diseases, such as hypertension (Brenner
et al., 1988). Because both germline and conditional p53−/− mice
exhibit impaired kidney development, renal hypoplasia and nephron
deficit (Saifudeen et al., 2009, 2012; this study), we sought to
determine the physiological impact of p53 loss on blood pressure.
Continuous ambulatory blood pressure was monitored for 6 or
7 days in 2-month-old wild-type or mutant mice. The average time
of tumor onset in p53−/− mice is ∼3-4 months of age (Donehower,
1996). Younger mice could not be used because the small size of the
mice increased the risk of death after implanting telemetry
transmitters. Daytime blood pressure was significantly higher in
p53−/− mice compared with that of wild-type mice (mean arterial
pressure: 109.4±2.3 versus 95.5±1.1 mmHg, P<0.05, n=6 per

Fig. 4. Nephron deficit in Six2Cre+;p53fl/fl

kidneys. (A,B) Decrease in number and generations
of Lhx1+ nascent nephrons in Six2Cre+;p53fl/fl

kidneys at E13.5 comparedwith littermate Six2Cre−;
p53fl/fl wild-type kidneys. UB branches and tips are
shown by immunostaining of E-cadherin. Inset –
low-power image. (C,D) Decrease in the number of
mature nephrons in Six2Cre+;p53fl/fl kidneys at P0
compared with littermate Six2Cre−;p53fl/fl wild-type
kidney. Inset – low-power image. Immunostaining
for the following markers was performed: WT1 (low
intensity staining in CM and nascent nephrons, and
more intense staining of mature glomeruli in deeper
cortex, white pseudocolor), LTA (proximal tubules,
green) and cytokeratin (UB and collecting ducts,
red). Hoechst (blue) was used to stain nuclei.
(E-L) Impaired MET in Six2Cre+;p53fl/fl kidneys.
FACS-isolated CM cells from wild-type and mutant
kidneys were pelleted and placed onto Transwell
membranes and induced to differentiate with
500 nM or 2 µM BIO, as described in Materials and
Methods. Wild-type cap cells upon induction
express E-cadherin and form complex structures
(G,I,K). Six2Cre+;p53fl/fl cells showed some
E-cadherin expression; however, they failed to form
complex structures (H,J,L). DMSO (control)-treated
cells never expressed E-cadherin. (M,N) Decreased
Fgf8 expression in nascent nephrons of mutant
kidneys at E15.5 (N), as visualized by using in situ
hybridization. Inset shows low-power image.
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genotype) (Fig. 5A), as it was in Six2Cre+;p53fl/fl mice (mean
arterial pressure: 110.0±0.97 versus 100.8±0.68 mmHg, P<0.005,
n=3 per genotype) (Fig. 5B). These data implicate developmental
defects in p53-deficient kidneys as an underlying cause of
hypertension early in life.

Transcription profiles of Six2Cre+;p53+/+ and Six2Cre+;p53fl/fl

CM
To obtain a global transcription profile of Six2Cre+;p53+/+ and
Six2Cre+;p53fl/fl cells at E15.5, we utilized the Illumina TruSeq
platform for paired-end RNA sequencing. Nearly 200 million total
reads were obtained for each wild type and mutant (supplementary
material Table S1). The expression of UB-specific genes (Ret and
Wnt9b) was not detected, validating the enrichment of CM cells
over UB lineage cells after FACS. Additionally, undetectable levels
of reads from p53 exon 2 to exon 10 confirmed efficient deletion of
this loxP-flanked fragment by Cre recombinase (supplementary
material Fig. S1). RNA-Seq data was analyzed to obtain differential

expression using GeneSpring, and confirmed by using EBSeq and
RSEM.

Six2 expression does not decrease in mutant CM (Table 2),
confirmed by using RT-PCR (Fig. 6A), as well as immunostaining
(Fig. 2F,L). A decrease in Cited1 mRNA (−1.3 fold), as detected
using RNA-Seq, in Six2Cre+;p53fl/fl cells (Table 2) confirmed the
decrease observed by using immunostaining (Fig. 2H). Decreased
expression of other known CM genes (GDNF, Sall1, Bmp7, Fgf20,
Mdm2, Meox1) (Table 2 and GEO accession GSE56253) was not
detected, implicating a previously unidentified p53-mediated
mechanism that is independent of these regulators in the
maintenance of nephron progenitor cell number.

The top most downregulated genes included phosphoenol
pyruvate carboxykinase 1 (Pck1, −14.3 fold), cytochrome P450
2D26 (Cyp2d26, −13.0 fold), meprin1a (Mep1a, −12.5 fold),
aldolase b (Aldob, −12.0 fold), Rec8 (−9.3 fold) and Tmem174
(−9.0 fold). The most upregulated genes included Fau (4.3 fold),
Trim25 (2.2 fold) andH2aZ (H2afz –Mouse Genome Informatics;
1.9 fold). Fau is a fusion protein of an N-terminal ubiquitin-like
protein Fubi fused to the ribosomal protein S30 at the C-terminal
(Rossman et al., 2003). Trim25 belongs to the tripartite motif
(TRIM) family and is an E3 ubiquitin ligase as well as a newly
identified RNA-binding protein in mouse embryonic stem cells,
suggesting a role in stem cell physiology (Kwon et al., 2013).
H2AZ is a highly conserved histone variant that is essential for

Fig. 5. Germline p53−/− and conditional Six2Cre+;p53fl/fl mice have high
blood pressure. (A) Daytime blood pressure is significantly higher in p53−/−

mice compared to wild-type mice [mean arterial pressure (MAP): 109.4±2.3
versus 95.5±1.1 mmHg, P<0.05]. (B) Six2Cre+;p53fl/fl mice have significantly
higher blood pressure than wild-type mice (MAP: 110.0±0.97 versus
100.8±0.68 mmHg, P<0.005). Error bars indicate s.e.m.

Fig. 6. Six2Cre+;p53fl/fl CM gene expression. (A) RT-PCR analyses of
mRNA from Six2Cre+;p53fl/fl FACS-isolated CM cells confirms RNA-Seq
expression data (Table 2) for Six2 and Meox1 expression (not decreased);
Cited1 and Osr1 mRNA are decreased by 17% and 30%, respectively. Gene
expression was normalized against mRNA levels for Gapdh. Error bars
indicate s.e.m. (B) GO analysis of differentially expressed genes places them
in six categories. IPA analysis predicted these categories to be substantially
altered in Six2Cre+;p53fl/fl cells.

Table 2. Expression of CM genes

Gene
Fold change
(mut versus WT) WT TPM p53 mut TPM

Six2 1.1 451.2 501.5
Cited1 −1.3 104.6 78.2
Osr1 −1.3 65.8 52.6
Eya1 1.3 153.1 202.5
Gdnf −1.04 51.5 49.4
Sall1 1.2 149.2 175.9
Meox1 −1.06 34.8 32.8
Wt1 −1.1 209.7 194.9
Crym 1.0 435.1 437.9

Mut, mutant; TPM, transcripts per million; WT, wild type.
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embryonic development in mice, and it might participate in
telomere maintenance and regulate chromatin dynamics (Morillo-
Huesca et al., 2010; Morrison and Shen, 2009).
Differentially expressed genes (supplementary material Table S2)

were subjected to Gene Ontology (GO) analysis using the Ingenuity
Pathway Analysis (IPA) software. Based on gene expression changes
between wild-type and Six2Cre+;p53fl/fl kidneys, IPA analysis

predicted a significant alteration of function in six categories –
development and morphology (39%), adhesion and migration (23%),
diseases and abnormalities (16%), cell survival (14%), metabolism
(6%) and ion transport (2%) (Fig. 6B). Enrichment analysis showed
the highest enrichment of differentially expressed genes for (a)
metabolic disorders; (b) cellular movement, growth and proliferation;
and (c) carbohydrate and lipid metabolism (Table 3). A complete list
of genes expressed in E15.5 Six2+ CM are posted on GEO under
accession GSE56253.

The expression of several genes from the differential expression
list were validated by using Nanostring nCounter digital gene
expression analysis (Kulkarni, 2011). As shown by using nCounter
quantification of mRNA expression in Fig. 7, a good correlation in
expression trends between the RNA-Seq and nCounter data was
obtained. The magnitude of fold change is higher with RNA-Seq,
possibly from sensitivity and data normalization differences that
exist between the two techniques.

Functional genomics implicate energy metabolism and cell
adhesion as the drivers of the renal phenotype
Energy metabolism
The mRNA profile of Six2Cre+;p53fl/fl cells revealed
dysregulation of genes involved in glucose metabolism, the
pentose phosphate pathway and the electron transport chain (ETC)
(Table 4). The expression of several genes involved in ATP
production, namely, components of the ETC or genes required to
maintain a proton gradient for ATP production during oxidative
respiration, was dysregulated. These are among the most
downregulated genes in RNA-Seq data (Table 4). The decreased
expression was confirmed by using quantitative nCounter

Table 3. Ingenuity pathway analysis

Top categories P-value

Diseases/
disorders

1. Metabolic
2. Cardiovascular
3. Cancer

8.46×10−30–2.87×10−8

7.07×10−29–1.62×10−7

3.82×10−26–1.74×10−7

Molecular and
cellular
functions

1. Cellular movement
2. Growth and

proliferation
3. Cell morphology
4. Cellular

development
5. Cell death and

survival

3.28×10−38–1.85×10−7

7.54×10−32–1.63×10−7

1.88×10−31–1.78×10−7

1.48×10−25–1.63×10−7

1.06×10−24–6.89×10−8

Networks 1. Carbohydrate
metabolism

2. Developmental,
skeletal/muscle
disorders

3. Connective tissue
disorders

4. Cell movement and
morphology

5. Lipid metabolism

Fig. 7. Expression levels of genes involved in
key energy metabolism and cell adhesion
pathways. (A) Quantification of gene expression
analysis by using Nanostring nCounter on mRNA
from FACS-isolated Six2Cre+;p53fl/fl CM cells.
This analysis confirms the trend of RNA-Seq
expression data for genes involved in energy
metabolism pathways (Table 4). Themagnitude of
change in gene expression is different between
the two techniques. Gm5506 codes for Eno1b.
Gene symbols: Aldob, aldolase b; Cox6b2,
cytochrome c oxidase subunit VIb polypeptide 2;
Fbp1, fructose bisphosphatase 1; Gapdh,
glyceraldehyde-3-phosphate dehydrogenase;
Gpd1, glycerol-3-phosphate dehydrogenase 1
(soluble); Gpd2, glycerol phosphate
dehydrogenase 2, mitochondrial; H6pd,
hexose-6-phosphate dehydrogenase (glucose
1-dehydrogenase); Idh1, isocitrate
dehydrogenase 1 (NADP+), soluble; Ndufs5,
NADH dehydrogenase (ubiquinone) Fe-S protein
5; Pck1, phosphoenolpyruvate carboxykinase 1,
cytosolic; Pck2, phosphoenolpyruvate
carboxykinase 2 (mitochondrial); Pfkl,
phosphofructokinase, liver, B-type; Pgk1,
phosphoglycerate kinase 1; Pgm1,
phosphoglucomutase 1. (B) Confirmation of
decreased expression of adhesion pathway
genes in Six2Cre+;p53fl/fl CM cells by using
Nanostring nCounter gene expression analysis.
Gene symbols: Col1a1, collagen, type I, α1;
Col1a2, collagen, type I, α2; Col6a1, collagen,
type VI, α1;Col6a2, collagen, type VI, α2;Col6a3,
collagen, type VI, α3.
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expression analysis (Fig. 7), although the decrease was not of the
same magnitude as that found by using RNA-Seq. Whether these
genes are direct p53 targets in the CM remains to be determined.
None of the tricarboxylic acid cycle (TCA) cycle enzymes showed
expression changes.
Because of the indicated repression of energy pathways in

Six2Cre+;p53fl/fl cells from the gene expression data, we compared
ATP levels between isolated E15.5 Six2Cre−;p53fl/fl and Six2Cre+;
p53fl/fl cells. Mutant cells exhibited a significant, nearly 2-fold
decrease in ATP levels than the wild-type cells (P<0.0001)
(Fig. 8A). Because this could reflect mitochondrial dysfunction in
Six2Cre+;p53fl/fl cells, and because mitochondria are the major
source of reactive oxygen species (ROS) (Holmström and Finkel,
2014), we measured ROS levels in these cells. ROS levels were
consistently lower by ∼30% in mutant cells (Fig. 8B). In summary,
these data clearly indicate energy metabolism differences between
wild-type and p53-deficient Six2+ cells and provide strong evidence
of metabolic dysregulation of the p53-null CM.

Cell cycle and senescence pathways donot explain theSix2Cre+;p53fl/fl

renal phenotype
Expression of cell cycle inhibitors p21 (Cdkn1a) and p57 (Cdkn1c)
was decreased and, thus, cannot account for the proliferation defect
of the Six2Cre+;p53fl/fl CM (supplementary material Table S3).
Decreased proliferation might result from the unavailability of
materials that are required for new cell synthesis, such as nucleotides,
lipids and ATP. The downregulation of genes regulating amino acid
metabolism, such as ornithine decarboxylase (Odc1, −1.6 fold) and
arginine decarboxylase (Adc; Azin2 – Mouse Genome Informatics;
−1.6 fold), and contributing to polyamine synthesis was also
observed. Polyamines are maintained within a very narrow range

because a decrease in their concentrations inhibits cell proliferation,
whereas excess appears to be toxic (Landau et al., 2012). Because
decreased polyamine synthesis is usually observed in aging cells
(Minois et al., 2011), we tested whether the Six2Cre+;p53fl/fl cells
were senescent. We found neither increased expression of cell cycle
inhibitor p21 nor positive staining for senescence-associated
β-galactosidase (SA-βgal) (supplementary material Fig. S4),
indicating that the Six2Cre+;p53fl/fl cells are not in replicative
senescence.

DISCUSSION
The ability of p53 to restrict cell proliferation is associated with its
well-characterized function as a tumor suppressor. Contrary to the
prototypical roles of p53 in cancer and embryonic stem cells, our data
point to a previously unknown role for p53 in enabling the renewal of
multipotent progenitors in the nephrogenic niche. Mechanistically,
our findings suggest that p53 is required to maintain energy
metabolism and cell-matrix interactions, and consequently niche
integrity. We propose that the absence of p53 triggers a ‘metabolic
crisis’, resulting in loss of niche architecture, depletion of the self-
renewing Cited1+ population and nephrogenesis defects that result in
disease early in adulthood.Nephronprogenitor loss in this conditional
p53-deletion model is independent of apoptosis, cell senescence or
impaired expression of known regulators of NPC maintenance and
survival (Six2, Fgf20, Bmp7, Sall1, WT1 and Mdm2) (Barak et al.,
2012; Basta et al., 2014; Blank et al., 2009; Hilliard et al., 2014;
Kobayashi et al., 2008; Self et al., 2006).

In accord with the loosely organized CM in Six2Cre+;p53fl/fl

kidneys, RNA-Seq showed a high enrichment of altered gene
expression in cell adhesion andmigration pathways (Fig. 7B). These
include genes encoding collagens, which contribute to the
extracellular matrix, as well as genes involved in cytoskeletal
remodeling (Table 5). Although the functions of many of the
products of these genes in the NPC are unknown, disruption of
biophysical and biomechanical cues from the extracellular matrix to
cells within the niche can influence renewal and differentiation
programs (Cox and Erler, 2011).

The Six2Cre+;p53fl/fl kidneys clearly harbor fewer generations of
nascent nephrons. However, unlike Six2, Fgf9, Fgf20 or Sall1
mutant kidneys (Barak et al., 2012; Basta et al., 2014; Self et al.,
2006), the loss of Cited1+/Six2+ progenitors in Six2Cre+;p53fl/fl

kidneys is not a result of precocious differentiation. No ectopic renal
vesicleswere visualized to suggest the smaller cap is due to advanced
differentiation of progenitors. Indeed, this was not anticipated
because Six2 expression is robust. The overall decrease in nephron
number is multifactorial: impaired progenitor cell renewal,
secondary UB branching defects and loss of the compact niche
architecture, which disrupts the CM microenvironment and the
signaling pathways between the CM and UB lineages and between
the CM and stroma lineages (Fig. 9A) that are crucial for NPC
renewal and differentiation (Das et al., 2013; Fetting et al., 2014). A
simple decrease in proliferation would also result in fewer Six2+

cells, but not in the progressive loss and premature absence of
Cited1+ cells observed here. The progressive loss of Cited1+ cells
suggests a decreased capacity for self-renewal because, as per our
current knowledge, Cited1 marks the self-renewing population.
Proliferation of Six2+ cells (see BrdU staining, Fig. 2O) explains
why Six2+ cells are not entirely lost by P0.

One of the most interesting findings of this study is that the top
dysregulated genes belong to energy metabolism pathways. Enzyme
deficiencies in metabolic pathways such as glycolysis, the TCA cycle
and the ETC result in embryonic lethality (Kane and Buckley, 1977;

Fig. 8. Energy differences between wild-type and p53-null Six2+ cells.
(A) ATP levels. mutant cells exhibit a significant, nearly 2-fold decrease in ATP
levels than the wild-type cells (P<0.0001, n=3). ATP levels were assayed
in duplicate from three independent pools, each of Six2Cre−;p53fl/fl and
Six2Cre+;p53fl/fl cells. (B) ROS levels. ROS levels were consistently lower by
∼30% in mutant cells. Cy5 intensity in GFP+ cells was measured in duplicate
from three independent pools, each of Six2Cre+;p53+/+ and Six2Cre+;p53fl/fl

cells. Error bars indicate s.e.m.
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Rahman et al., 2014). These pathways support the production of
intermediates that act as electroncarriers, and theyplayan essential role
in anabolic pathways, such as fatty acid and nucleotide biosynthesis,
which are required components for cells undergoing proliferation. The
balance of biomass synthesis versus energy production through
glycolysis and oxidative respiration, respectively, is crucial for cell
proliferation. Downregulation of TCA cycle genes blocks mitosis in
Caenorhabditis elegans embryos (Rahman et al., 2014), whereas
mitochondrial depolarization in HCT116 cells arrests cells in G1/S, as
does reduction of ATP levels inDrosophila cells (Mandal et al., 2005;
Mitra et al., 2009).
p53 counteracts aberrant proliferation via the inhibition of

glycolysis and the stimulation of oxidative phosphorylation through
direct regulation of TIGAR (also known as fructose-2,6-
bisphosphatase) and Sco2, respectively (Bensaad et al., 2006;
Matoba et al., 2006). p53 loss in cancer results in increased glucose
metabolism by means of glycolysis over oxidative phosphorylation
even under aerobic conditions, and is termed the Warburg effect
(Vander Heiden et al., 2009). Unlike in cancer cells, nephron
progenitors lacking p53 showed no alterations in expression of either
TIGAR or Sco2. Rather, our data show transcriptional repression of
mitochondrial respiration and glucosemetabolism pathways. A recent
study describes the ability of p53 to adaptively regulate mitochondrial
respiration in Drosophila cells and to maintain the supercompetitive
status of the Myc+ cells by enhancing the metabolic flux (de la Cova

et al., 2014). Interestingly, p53 loss in these cells reduces their viability
and results in impaired metabolism, as it does in Six2Cre+;p53fl/fl

cells, suggesting a cell context-dependent regulation of cellular
processes. p53-mediated stress-induced competition has also been
described in the mammalian hematopoietic system using a mosaic
mouse model with graded levels of p53 activity (Bondar and
Medzhitov, 2010). Here, competition did not involve apoptosis,
rather, the outcompeted cell did not contribute to clonal expansion by
dropping out of the proliferative pool. In this system, the outcompeted
‘loser’ cells undergo a permanent growth arrest and are refractory to
growth factors. Interestingly, genes that control interactions of the cell
with its environment, such as cell adhesion and migration, are
implicated in competitive interactions. p53 knock down in
hematopoietic stem cells (HSCs) demonstrates that p53 positively
regulates self-renewal independently of apoptosis (Milyavsky et al.,
2010). Self-renewal in the HSCs is dependent upon p53-mediated
genome stability and the maintenance of DNA damage response.
Although we did not observe an increase in foci of phosphorylated
γH2Ax inSix2Cre+;p53fl/flCM(datanot shown), an indicatorofDNA
damage, p53 might play a similar protective role in the nephron
progenitors by providingmetabolic stability to the NPCs under stress.

ATP is necessary to fuel cell proliferation, migration and
adhesion. Energy depletion resulting from decreased ATP
production provides a mechanistic link to the Six2Cre+;p53fl/fl
CM phenotype, as does a decrease in ROS, an essential regulator of

Table 4. Energy metabolism: gene expression in Six2Cre+;p53fl/fl CM

Gene
symbol

Fold
change

Process Function

Pck1 −14.3 Gluconeogenesis Catalyzes the conversion of oxaloacetate (OAA) to phosphoenolpyruvate
(PEP), the rate-limiting step in the metabolic pathway that produces glucose
from lactate (Yu et al., 1993)

H6pd −1.4 Pentose phosphate pathway (PPP) Catalyzes the first two reactions of the PPP, thus generating NADPH (Hewitt
et al., 2005); H6pd knockout mice have anomalies in glucose homeostasis
and endoplasmic reticulum stress (Zielinska et al., 2011)

Gpd1 −2.1 Glycolysis, glycerol phosphate shunt,
transfer of H+ to mitochondria

Forms the glycerol phosphate shuttle with mitochondrial GPD2, which
facilitates the transfer of reducing equivalents (H+) from the cytosol to
mitochondria to maintain the proton gradient across the mitochondrial
membrane (Ansell et al., 1997)

Pfkl −1.2 Glycolysis Key regulatory enzyme in glycolysis – catalyzes the irreversible conversion of
fructose-6-phosphate to fructose-1,6-bisphosphate (Sola-Penna et al.,
2010); encodes the liver isoform

Aldob −12.1 Catalyzes the conversion of fructose-1,6-bisphosphate to glyceraldehyde
3-phosphate and dihydroxyacetone phosphate and participates in
gluconeogenesis (Yañez et al., 2005)

Idh1 −1.4 Cytoplasmic NADPH production Catalyzes the oxidative decarboxylation of isocitrate into α-ketoglutarate used
in the TCA cycle, with NADP+ as the electron acceptor (Kloosterhof et al.,
2011)

Pdk1 −1.3 Pyruvate activation and consumption Reversibly inactivates the mitochondrial pyruvate dehydrogenase (PDH)
complex through phosphorylation; it might thereby alter the metabolite flux by
altering the activity of PDH, which converts pyruvate to acetyl-CoA (Kaplon
et al., 2013)

Dld 1.3 Component of the pyruvate dehydrogenase complex and the α-ketoglutarate
dehydrogenase complex (Brown et al., 1994)

Ndufs5 −1.5 Complex I (ETC) Belongs to first enzyme complex of the ETC
Ndufs6 −1.3
Uqcr11 −1.2 Complex III (ETC) Ubiquinol-cytochrome c reductase (Islam et al., 1997)
Cox5b −1.5 Complex IV (ETC) Belongs to the terminal enzyme complex IV of the ETC that transfers electrons

from reduced cytochrome c to oxygen thus generating a proton
electrochemical gradient across the inner mitochondrial membrane that is
crucial for ATP generation (Li et al., 2006)

Cox6b2 −1.9
Cox7c −1.2

Atp5e −1.3 Complex V (ETC, ATP synthase) Essential subunit in the biosynthesis and assembly of the F1 part of the
mitochondrial ATP synthase complex V that catalyzes ATP synthesis from
ADP, utilizing an electrochemical gradient of protons across the inner
membrane during oxidative phosphorylation (Mayr et al., 2010)

Bold indicates expression verified by using Nanostring.
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redox-dependent signaling that is crucial in neural and intestinal
stem cell self-renewal, hematopoietic progenitor maturation in
Drosophila and genomic stability (Holmström and Finkel, 2014).
We propose that a niche-defined change in energy metabolism
pathway usage would drive the Cited1+/Six2+ self-renewing cells to
Cited1−/Six2+ transit cells (Fig. 9B, purple energy sign). Untimely
alterations in energy metabolism pathways (Fig. 9B, yellow energy
sign) could impair self-renewal and promote an en masse transition
of Cited1+/Six2+ cells to non-renewing Cited1−/Six2+ cells,
gradually resulting in the complete loss of Cited1+ cells but
maintenance of Six2+ cells (expectedly fewer) (Fig. 9B). Indeed, the
significant decrease in the expression of glycolysis pathway genes
that has been reported in nephron progenitors at the end of
nephrogenesis emphasizes the involvement of metabolic regulation
in cell fate decisions (Brunskill et al., 2011), and whether p53 is
involved in these temporal metabolic and cell fate decisions remains
to be determined.
The energy metabolismmodel posits how the progenitor pool self-

renews while simultaneously contributing to the differentiation-
competent pool in the nephrogenic niche. p53 might play an adaptive
role in the self-renewing Cited1+ progenitors, assimilating multiple
external and internal cues into a homeostatic metabolic response in
order to maintain a robust cell that is capable of self-renewing.
Differences in cellular response might determine the continued
participation of the Cited1+/Six2+ cell in renewal or its exit to the
transit Cited1−/Six2+ population to undergo induction and
differentiate. In this scenario, a p53-null cell would be refractory to
external stimuli (positional, nutrient, mitogenic) and unable to
modulate an internal metabolic response in order to fit the needs of
the cells. Although this model points to a cell-intrinsic defect in the
proliferation of Six2Cre+;p53fl/fl cells, the defect might, in part, be cell
extrinsic – for example, limited growth factor availability at the cell
surface due to adhesion defects and inadequate or inappropriate cell-
cell interactions (Fig. 9A). Premature entry of less fit cells into the
non-renewing pool would result in a smaller pool of progenitors
being available for nephrogenesis, leading to nephron deficit.
However, this outcome protects the viability of the organism and
could be more homeostatic than death of the unfit cells that would

lead to either an extreme dearth or an absence of nephrons. Whether
adhesion defects precede or follow the altered metabolism status of
the mutant CM remains to be determined.

In summary, the present study demonstrates that p53 is required for
themetabolic fitness of nephron progenitors and explains the apparent
paradox of why p53 loss impeded rather than enhanced cell
proliferation. p53 fulfills a physiological function in development
and is required to maintain progenitor cell homeostasis. Further
mechanistic studies to define the roles of p53, energymetabolism and
cell adhesion and migration in self-renewal versus differentiation are
ongoing.

MATERIALS AND METHODS
Transgenic mice
The Six2GC transgenic mice express a GFP-fused Cre recombinase under the
control of a Six2 BAC transgene [a gift fromA.McMahon (Kobayashi et al.,
2008; Park et al., 2007)]. p53loxP/+ mice were obtained from Jackson
Laboratories. Six2GC;p53loxP/loxPmice were crossed to p53loxP/loxPmice and
embryonic kidneys harvested at desired time points. All animal protocols
utilized in this study were approved by and in strict adherence to guidelines
established by the Tulane University Institutional Animal Care and Use
Committee.

CM cell isolation and culture from E15.5 kidneys
FACS
GFP+ kidneys were processed enzymatically to single cell suspensions for
GFP-mediated FACS of p53-deleted Six2 cells (Six2Cre+;p53fl/fl). Wild-
type GFP+ cells were similarly sorted from Six2Cre+;p53+/+mice. Gating of
GFP+ cells was performed based on control GFP− cells. For quantification,
CM cells were counted from pooled E15.5 kidneys from at least three litters
of Six2Cre+;p53+/+ and Six2Cre+;p53fl/fl embryos.

CM differentiation assay
Treatments using 500 nM and 2 µM BIO were performed as described
previously (Park et al., 2012). Briefly, 1×105 FACS-isolated Six2Cre+;p53fl/fl

or Six2Cre+;p53+/+ cells were pelleted and placed on a Transwell filter.
DMEM/F12 medium with fetal bovine serum (FBS) was supplemented with
BIO orDMSO. After 24 h, BIOmediumwas replaced with completemedium
containing DMSO, for another 24 h. At this time, cells were fixed in 4%
paraformaldehyde for 10 min and stainedwith an antibody against E-cadherin

Table 5. Adhesion and migration gene expression in Six2Cre+;p53fl/fl CM

Gene
Fold
change

WT
TPM

KO
TPM Function

Ntn −4.5 19.0 4.2 Netrin is thought to be involved in axon guidance, cell adhesion and cell migration during
development (Sun et al., 2011)

Cdc42ep1 −2.5 5.5 2.2 Cdc42 effector proteins (Cdc42ep or CEPs) bind Cdc42 to induce cytoskeletal remodeling and
cell shape changes (Hirsch et al., 2001)Cdc42ep2 −2.0 2.2 1.1

Cdc42ep5 −2.1 8.6 4.1
Rock1 1.3 12.1 16.1 Protein serine/threonine kinases; key regulators of actin remodeling, cell polarity, focal

adhesion formation, cell adhesion and motility (Shimizu et al., 2005)Rock2 1.3 13.6 17.1
Twist1 −2.6 3.6 1.4 Transcription factors that regulate genes involved in epithelial mesenchymal transition (EMT),

mesenchymal cell lineage determination and differentiation (Ansieau et al., 2008)Twist2 −2.7 3.5 1.3
Dpp4 −4.1 6.6 1.6 Ubiquitous, membrane-bound enzyme that can modify growth regulators such as chemokines,

cytokines and colony-stimulating factors in hematopoietic stem/progenitor cells (Ou et al.,
2013)

Arhgap24 −1.9 10.5 5.6 A Rho GTPase-activating protein involved in actin remodeling, cell migration and cell polarity
(Lavelin and Geiger, 2005)

Gng11 −1.9 9.8 5.1 A G-protein, γ subunit; participates in signal transduction and regulation of enzymes and ion
channels (Ray et al., 1995)

Col1a1 −4.5 96.2 21.4 Component of the extracellular matrix (ECM) (Cox and Erler, 2011)
Col1a2 −3.5 104.5 29.7
Col6a3 −4.3 10.4 2.4
Col5a2 −2.1 13.3 6.3
Col3a1 −3.9 169.0 43.4

Bold indicates expression verified by using Nanostring. KO, knockout; TPM, transcripts per million; WT, wild type.
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(1:200, 610181, BD Biosciences). Treatments using BIO were performed on
three separate pools of FACS-isolated cells from three litters.

MACS
Manual magnetic-activated cell sorting (MACS) was used to sort Six2+ cells
from E15.5 kidneys. Depletion of stromal, endothelial and erythroid
cells was performed as previously described (Brown et al., 2013). Six2+

cells were isolated and plated in nephron progenitor expansion medium
(NPEM) (A.B. and L.O., unpublished formulation) for the measurement of
ATP levels.

Cell cycle analysis
Cell cycle analysis (n=3, each genotype) was performed on pools of 100,000
cells from embryos from multiple litters. FACS-isolated GFP+ Six2Cre+;
p53fl/fl or Six2Cre+;p53+/+ cells were fixed in ice-cold ethanol and stained
with propidium iodide and treated with RNase A. The stained cells were
loaded into the BD FACSArray bioanalyzer for DNA content-based cell
cycle analysis.

Immunofluorescence immunohistochemistry
Kidneys at E15.5 were fixed in 10% formalin and processed for paraffin
embedding and sectioning. Immunostaining was performed on 5 µm
sections as previously described (Saifudeen et al., 2009). See
supplementary material Methods for antibody information and image
capture details. Whole-mount staining was performed on E12.5-13.5
kidneys, as previously described (Saifudeen et al., 2009). Staining for

SA-βgal was performed on frozen tissue sections as per the manufacturer’s
protocol (BioVision). Hematoxylin and Eosin staining was performed on
5 µm paraffin-embedded tissue sections, as described previously (Cardiff
et al., 2014). Periodic acid-Schiff (PAS) staining was performed as
described previously (Saifudeen et al., 2009).

In situ hybridization
Section in situ hybridization was performed on paraffin-embedded kidney
sections as described previously (Hilliard et al., 2014). The following cDNA
probes were used: Pax8 (from A. McMahon), Wnt4 (from A. McMahon)
and Fgf8 (from Gail Martin and John Rubenstein).

Treatment with Fgf8 beads
PBS-washed Affigel Blue beads were soaked in recombinant Fgf8 (1 μg/ml,
R&D Systems) for 30 min at 37°C, washed in PBS and placed on kidneys at
E13.5 for 72 h. At this time, kidneys were fixed in 2% paraformaldehyde and
stained with an antibody against Lhx1. Bovine serum albumin (BSA)-
soaked beads were used as control.

Gene expression analysis
RNA-Seq
RNA was purified from Six2+ FACS-isolated cells from Six2Cre+;p53+/+

and Six2Cre+;p53fl/fl kidneys at E15.5. Poly(A) RNA was selected for
100 bp/read paired-end Illumina TruSeq RNA-Seq on the HiSeq 2000
system. Sequence aligner Novoalign v2.08.02 was used to align the raw
reads to mouse genome assembly GRCm38/mm10. The quality of raw reads
was tested by using FastQC (Babraham Bioinformatics). Before analyzing
differential gene expression between wild-type and mutant cells using the
GeneSpring 12.5 NGSmodule, the following parameters were applied to the
reads – ‘Benjamini Hochberg FDR Multiple Testing’ corrected P-value
(Audic Cleverie Test) <0.05, and FPKM cutoff ≥3 on wild-type samples.
FPKM reflects the normalized enrichment of a gene (Garber et al., 2011).
TPM represents Transcript Per Million, which measures the abundance of
gene transcripts (isoforms) according to RNA-Seq readout (Wagner et al.,
2012). Fold change (knockout divided by wild type) cutoff was set to 1.5 for
Ingenuity Pathway Analysis. Differential expression data was processed
using GeneSpring, EBSeq or RSEM. Predicted genes and pseudo-genes
were excluded to improve the accuracy of gene identification by IPA.
Processed datasets are available in Gene Expression Omnibus (GEO
accession number GSE56253). See supplementary material Methods for
quality codes.

Nanostring nCounter expression analysis
Direct, digital detection of mRNA was performed using the nCounter
Analysis System (Nanostring Technologies) as per the manufacturer’s
protocol (Geiss et al., 2008; Kulkarni, 2011). mRNA was pooled from
wild-type or mutant kidneys from multiple litters, and at least three
independent pools per genotype were processed for expression analysis.
RNA was loaded at 100 ng per sample, hybridized with a custom gene
expression codeset containing unique pairs of 35-50 bp reporter probes and
biotin-labeled capture probes, in addition to positive and negative controls.
Probe target sequences are listed in supplementary material Table S4. Three
housekeeping genes were used for normalization: B2m, Tbp and Pgk1. Data
analysis was performed using nSolver Analysis Software v2. All samples
passed quality control; no sample was flagged. All samples were normalized
to have the same geometric mean of counts of an nCounter-provided positive-
control probe,whichwas spiked into all reactions. See supplementarymaterial
Methods for hybridization and processing details.

Quantitative RT-PCR
RT-PCR was performed on RNA from FACS-isolated Six2Cre+;p53+/+ and
Six2Cre+;p53fl/fl cells at E15.5 to determine the expression of the genes
encodingp53,Cited1, Six2,Meox andOsr1.All primer probes for theTaqMan
gene expression assay were purchased from Applied Biosystems. For p53
expression, primer-probes spanning exon 9 to exon 10 (Mm01337166-mH)
were used. Reactions were prepared using the TaqMan RNA-to-CT 1-Step Kit
and amplified using Stratagene Mx3000P and Mx3005P instruments.

Fig. 9. Model for p53 function in NPC self-renewal and nephrogenesis.
(A) Loss of self-renewing cells in Six2Cre+;p53fl/fl CM. Cited1+ cells are lost
(green circles) in Six2Cre+;p53fl/flCM. ACited1−/Six2+ domain (gray circles) is
present, but with defects in organization and integrity loss. Stromal cells
(navy blue circles) are interspersed in between the Six2+ cap cells. Thus, a
distinct CM-stroma and CM-UB interface that is present in wild-type kidneys is
lost in the Six2-p53-null kidneys. Disorganization of the niche would result in
impaired signaling and cross-talk between the different lineages (denoted by
dashed arrows in the Six2Cre+;p53fl/fl CM). (B) A physiological change in
energy metabolism pathway usage to drive the Cited1+/Six2+ self-renewing
cells (dotted arrow) to Cited1−/Six2+ transit cells (purple energy flash sign) in
normal development. An untimely change, however, in cellular metabolism
of p53−/− Cited1+/Six2+ cells (orange energy flash sign) might result in
precocious arrest of self-renewal and an en masse transition to the
Cited1−/Six2+ non-renewing state. Adhesion defects could either precede or
follow an altered metabolism status, resulting in a loose, disorganized CM that
is unable to undergo efficient MET.
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Expression was normalized against endogenous Gapdh levels. Experimental
and biological triplicates were applied.

Measurement of ATP levels
ATPlite (Perkin Elmer) luminescent assay was performed as per the
manufacturer’s instructions. This assay is based on light produced by
conversion of Luciferin by Luciferase to Oxyluciferin in an ATP-dependent
reaction. The emitted light is proportional to ATP concentration in the cell
lysate. MACS-isolated Six2Cre+;p53fl/fl or Six2Cre−;p53fl/fl cells (2.5×104/
well) were seeded onto an ATP-free microplate. At 18-20 h after seeding,
cells were lysed in the well, and the luminescence was measured after the
addition of substrate. Values were normalized to cell number. Multiple
experiments were performed with cells isolated from different litters (n=3).

ROS measurement
5.0×104 FACS-isolated Six2Cre+;p53fl/fl or Six2Cre+;p53+/+ cells were
seeded per Transwell membrane. At 24 h after plating, Cyto-ROX reagent
(Invitrogen) with Cy5 label was added to the medium. After a 30 min uptake
period, cells were washed twice in PBS, trypsinized and counted by using
flow cytometry. GFP+ cells were counted and factored for Cy5 intensity.

Blood pressure measurements
Telemetry transmitters were implanted into the carotid arteries of 2-month-
old p53−/− (n=6) and p53+/+ (n=6) male mice on a C57BL/6 genetic
background, as described previously (Li et al., 2012). After a 2-week
recovery period post-surgery, blood pressure was recorded continuously for
7 days. Six2Cre+;p53fl/fl and wild-type mice (n=3 per genotype) were
monitored in a similar manner.
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Mayr, J. A., Havlıč́ková, V., Zimmermann, F., Magler, I., Kaplanová, V., Ješina,
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Supplementary Methods 

Immunofluorescence 

The following antibodies were used: Six2 (11562-1-AP7, Proteintech), γH2Ax (Ab11174, 

Abcam), GFP (ab13970, Abcam), Cited1 (RB9219P1, Neomarkers, 1:50), Pax2 (71-

6000, Invitrogen), Amphiphysin (13379-1-AP, Proteintech), BrdU (SC-32323, Santa 

Cruz), Meis1/2 (39795, Active Motif), Laminin (L9393, Sigma), cytokeratin (C2562, 

Sigma) and NCAM (C9672, Sigma); DAPI or Hoechst (Invitrogen) were used to stain 

nuclei. Primary antibodies were used at a 1:200 dilution. Whole-mount staining was 

done on E12.5-13.5 kidneys as previously described (Saifudeen et al, 2009). The 

immunofluorescent images were captured using a 3D or deconvolution scope (Leica 

DMRXA2) and staining intensity was quantified using Intelligent Imaging Innovations 

SlideBook software. 

RNA-Seq 

The read quality codes (SamFlag codes “83”, “99”, “147” and “163”) which identified the 

reads that were paired and mapped in proper pairs were applied to control the quality 

for paired reads. Read Quality of paired-end RNA-Seq on Hi-Seq system was 

determined by the FastQC report of the raw readouts. Paired-end sequencing for each 

sample had a Phred Q30 score over 87%, indicating that over 87% of reads having a 

99.9% base-calling accuracy (Table SI). Over x250 depth of coverage relative to 

GRCm38/mm10 transcriptome (61.4Mb, Illumina iGenome) was obtained. ~84% of 

~200M total reads were successfully aligned for both genotypes. SamFlag filters were 

applied to ensure that reads were paired and mapped in proper pairs. Only properly 

paired reads from both ends were included for further analysis. 
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Nanostring nCounter expression analysis 

Overnight hybridization occurred for 22 hours at 65°C. Removal of excess probes with 

magnetic bead purification was performed on the nCounter Prep Station (software 

v4.0.11.2) on the Standard assay. Briefly, the probe-mRNA structure was affinity 

purified by its 3’ end to remove excess reporter probes, then by its 5’ end to remove 

excess capture probes. Once unbound probes were washed away, the tripartite 

structure was bound to the streptavidin-coated cartridge by the biotin capture probe, 

aligned by an electric current and immobilized. Photobleaching and flurophore 

degradation was prevented with the addition of SlowFade. The cartridge containing 

immobilized samples was transferred to the nCounter Digital Analyzer (software 

v3.0.1.1) and scanned at 280 FOV. An epi-fluorescent microscope and CCD camera 

identified sets of fluorescent spots, which were tabulated for data output. Quality control 

metrics were recorded using the nSolver Analysis Software v1.1. 
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Figure S1. RNASeq shows loss of expression of exons 2-10 of p53 in Six2+ cells 

isolated from Six2Cre+;p53fl/fl kidneys. 
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Figure S2. Expression of nephrogenesis regulators Pax8 and Wnt4 in E15.5 

Six2Cre+;p53fl/fl kidneys is unchanged from that in littermate Six2Cre-;p53fl/fl wild-type 

kidneys. 
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Figure S3. Fgf8 treatment does not rescue nephrogenesis in Six2Cre+;p53fl/fl kidneys. 

Fgf8 induces Lhx1+ structures around the bead (white arrow) in the littermate Six2Cre-

;p53fl/fl wild-type kidney. No induction is observed around the control BSA-soaked bead. 

No induction of Lhx1+ nascent nephrons is observed around the Fgf8 bead in the 

mutant kidney. 
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Fig. S4. Senescence-associated–βgal staining is not increased in Six2 p53-null CM in 

E15.5 kidneys. 
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Table S1. RNA-Seq coverage and read quality 

p53 wild-type p53 conditional knockout

Paired Read 1 Paired Read 2 Paired Read 1 Paired Read 2

Read Quality (FastQC)

Phred Q>=30 88.93% 87.78% 89.36% 88.06%

Depth of Coverage X275 X257

Statistics of Reads

Aligned Reads 167,343,999 156,500,187

Total Reads 200,116,046 187,658,886

Aligned/Total 83.62% 83.40%
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Table S2. Differential expression of genes in Six2p53-/- CM determined by RNA-Seq 

    Gene Name FC Gene Name FC 

41705 1.420244 

41886 0.582736 

0610005C13Rik 0.486587 

0610010O12Rik 0.412917 

0610040J01Rik 0.559685 

1190007I07Rik 0.685226 

1200009I06Rik 0.461455 

1300014I06Rik 0.530526 

1700007K13Rik 0.309722 

1700009P17Rik 0.444861 

1700011H14Rik 0.25172 

1700019G17Rik 0.662864 

1700029I01Rik 2.088414 

1700047I17Rik2 0.585562 

1700048O20Rik 1.522537 

1700106J16Rik 0.366094 

1810013D15Rik 0.164123 

1810019D21Rik 0.096555 

1810019J16Rik 0.335371 

2200002D01Rik 0.286467 

2210404O07Rik 0.525108 

2310007B03Rik 0.138581 

2310014L17Rik 1.499262 

2410066E13Rik 1.472279 

2410127L17Rik 0.685248 

2610018G03Rik 1.593468 

2610021K21Rik 0.514458 

2610028E06Rik 0.694036 

2610035D17Rik 0.486011 

2610042L04Rik 8.418214 

2610301B20Rik 1.583862 

2610528J11Rik 0.148425 

2810008D09Rik 0.579027 

2900052L18Rik 0.510526 

3110047P20Rik 0.166722 

3632451O06Rik 2.333353 

4632428N05Rik 0.290443 

4930426D05Rik 1.476645 

4930481A15Rik 0.219831 

4930570G19Rik 2.16717 

4930578N16Rik 1.683792 

4933439C10Rik 0.581051 

5430407P10Rik 1.463373 

6030408B16Rik 0.554225 

6230427J02Rik 0.556519 

8430408G22Rik 0.096555 

8430419K02Rik 0.154966 

9030617O03Rik 0.230407 

9030624G23Rik 1.666503 

A1cf 0.171713 

A230056P14Rik 0.609644 

A430110N23Rik 0.521801 

A4galt 0.361717 

A530054K11Rik 1.44095 

A730015C16Rik 1.910716 

A830007P12Rik 0.483069 

A930015D03Rik 1.843482 

AA987161 1.481875 

Aadac 0.128328 

Aadat 0.170576 

Abcc2 0.126913 

Abcc9 0.492775 

Abhd1 1.771899 

Abhd14b 0.544077 

Abi3 0.218803 

AC027184.1 0.230935 

AC114588.1 15949.91 

AC122837.1 1.725297 

AC124113.1 7.81E-07 

AC125170.1 39772.54 

AC147549.1 0.000178 

AC151712.1 0.16152 

AC151712.4 1.415855 

AC158220.1 1.442914 

AC159308.1 2.494694 

AC159637.1 4285.82 
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AC159748.1 0.61808 

AC162391.1 7.719727 

AC175032.1 0.226203 

AC175831.1 0.080114 

AC214054.1 0.379746 

AC242398.1 0.200394 

Acaa1b 0.322874 

Acap1 0.196744 

Ace 0.142716 

Ace2 0.376628 

Acot3 0.323877 

Acot4 0.379518 

Acsm1 0.00027 

Acsm2 0.145645 

Acta2 0.289546 

Acvrl1 0.405725 

Acy3 0.517337 

Adam23 1.522263 

Adamts17 2.130809 

Adamts18 0.582717 

Adamts2 0.494441 

Adamts4 0.642124 

Adamts5 0.41089 

Adamts6 0.424333 

Adamtsl1 0.380561 

Adamtsl4 0.337455 

Adamtsl5 0.357444 

Adap2 0.088834 

Adarb2 1.97317 

Adat2 1.568749 

Adc 0.662555 

Adcy2 0.398618 

Adcy5 0.556695 

Adcyap1r1 0.395385 

Adh1 0.566101 

Adnp 1.38001 

Adra1d 0.196297 

Adra2b 0.196041 

Adssl1 0.369738 

Afm 0.125064 

Afp 0.131826 

Agmat 0.058712 

Agtr2 0.329282 

Agxt2 0.052147 

Ahcy 0.520814 

Ahnak 0.327126 

Ahr 1.659363 

AI314831 0.657616 

AI317395 0.06427 

AI480526 0.513133 

AI504432 1.617158 

AI593442 2.406154 

AI606181 0.625479 

AI607873 0.181018 

AI661453 0.496858 

Aim1 0.464726 

Ajap1 0.711667 

Ak1 0.686032 

Akap12 0.479368 

Akd1 0.339257 

Akr1b8 0.614084 

Akr1c19 0.151578 

Akr1c21 0.100942 

AL807777.1 2.913382 

Alas2 0.034809 

Alcam 0.680501 

Aldh1a7 0.261928 

Aldh1l1 0.271216 

Aldh3b1 0.550317 

Aldh8a1 0.037392 

Aldob 0.095223 

Aldoc 0.595111 

Alg10b 1.401737 

Alox5 0.113637 

Alx1 0.323073 

Ambp 0.000438 

Amd2 5.810391 

Amdhd1 0.061698 

Amn 0.187173 

Ang 0.319215 

Angpt2 0.445883 

Angptl4 0.682373 

Ankrd33b 0.397027 

Anks1b 2.362429 

Anks4b 0.280143 

Ano3 0.292722 
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Ano4 0.171046 

Anpep 0.35175 

Anxa1 0.210728 

Anxa2 0.386137 

Anxa6 0.707751 

Anxa7 0.670599 

Aoah 0.000362 

Aoc3 0.32529 

Aox3 0.292077 

Ap1m2 0.532172 

Ap4e1 1.388435 

Apba1 0.579156 

Apbb1ip 0.266313 

Aplnr 0.210044 

Apoe 0.503739 

Apom 0.451686 

Apoo-ps 0.000632 

Aqp1 0.15131 

Aqp11 0.53262 

Aqp2 0.239686 

Arap1 0.463131 

Arap3 0.590795 

Arhgap15 0.088834 

Arhgap24 0.550238 

Arhgap5 1.484783 

Arhgdib 0.519466 

Arhgef16 0.469289 

Arhgef19 0.545877 

Arid5b 1.797882 

Arsb 0.692416 

Arsi 0.517659 

Arsj 0.286737 

Art1 0.308246 

Art4 0.250177 

Asb4 0.437849 

Asb9 0.115451 

Aspa 0.138253 

Aspn 0.417494 

Ass1 0.131981 

Astn2 0.588495 

Atp11c 1.549265 

Atp13a3 1.401094 

Atp13a4 0.234038 

Atp1a2 1.409504 

Atp1b1 0.459165 

Atp6v0a4 0.170827 

Atp6v1b1 0.265506 

AW551984 0.596002 

AY036118 0.379026 

B230217C12Rik 0.588341 

B3gat2 0.513021 

B3gnt5 1.531558 

B3gnt8 0.552838 

B3gnt9-ps 0.488709 

B430203G13Rik 3.003008 

B4galnt1 0.576173 

B630005N14Rik 1.422563 

Baiap2l2 0.273696 

BC002163 50246.43 

BC007180 5.724659 

BC020535 0.154481 

BC021785 0.287069 

BC023719 0.000231 

BC025446 0.203977 

BC035947 1.953777 

BC049730 2419.426 

Bcl11a 2.098543 

Bcl11b 1.754652 

Bcl2l14 0.242894 

Bcl3 0.114536 

Bcl6 1.454214 

Bcl6b 0.439362 

Bglap-rs1 5.66054 

Bgn 0.349965 

Bhmt2 0.389305 

Bmi1 1.515573 

Bmp2 1.662084 

Bmp3 0.338027 

Bnc2 1.435832 

Brwd3 1.446577 

Bst2 0.410872 

Btbd17 0.512205 

Btg2 0.671052 

Btg3 0.649695 

C130050O18Rik 0.164123 

C130074G19Rik 0.238485 
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C1qa 0.13913 

C1qb 0.151624 

C1qc 0.107337 

C1qtnf2 0.27531 

C1qtnf3 0.456027 

C1qtnf5 0.150897 

C1ra 0.438363 

C1s 0.390301 

C230034O21Rik 1.666562 

C2cd4a 0.61151 

C3ar1 0.207479 

C530008M17Rik 1.386137 

C530028O21Rik 4.715738 

CAAA01064128.1 2.009603 

Cacna1c 0.383788 

Cacna1g 0.623255 

Cacna2d1 1.414279 

Cacna2d2 0.477912 

Cacna2d3 0.226777 

Cacnb4 1.450815 

Cacng7 0.647208 

Cadps2 1.41742 

Cage1 2.046642 

Calb1 0.571724 

Calml4 0.243147 

Capg 0.679281 

Car15 0.454054 

Car2 0.439774 

Car3 0.387017 

Car4 0.497071 

Car8 1.782047 

Card10 0.475526 

Casp12 0.342019 

Casq1 0.570041 

Cav1 0.577321 

Cbl 1.63482 

Cblb 1.704284 

Ccdc141 0.600008 

Ccdc3 0.32991 

Ccdc80 0.493755 

Cck 0.201278 

Cckar 0.293799 

Ccl11 0.280407 

Ccl21a 0.355142 

Ccl21b 0.197657 

Ccl24 0.000701 

Ccl3 0.145714 

Ccl6 0.092533 

Ccng1 0.587236 

Cd109 0.402081 

Cd248 0.266653 

Cd36 0.154877 

Cd44 1.940089 

Cd52 0.044645 

Cd53 0.130343 

Cd5l 0.000339 

Cd74 0.534004 

Cd82 0.654409 

Cd93 0.220396 

Cd97 0.492639 

Cdc42ep1 0.406277 

Cdc42ep2 0.498523 

Cdc42ep5 0.462653 

Cdca3 0.679387 

Cdcp1 0.522119 

Cdh1 0.482804 

Cdh16 0.329273 

Cdh22 0.667187 

Cdh5 0.172096 

Cdh9 0.000404 

Cdhr1 0.427592 

Cdhr2 0.14272 

Cdhr5 0.310083 

Cdkl1 0.437346 

Cdkn1a 0.609561 

Cdkn1c 0.597934 

Cds1 0.648749 

Cela1 0.244203 

Celf2 1.456435 

Celf4 0.594361 

Cep170 1.479832 

Cep290 1.639849 

Cfb 0.344737 

Cfh 0.296624 

Cfi 0.372366 

Cftr 0.677482 
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Chdh 0.167769 

Chml 1.561846 

Chn2 1.425813 

Chrd 0.566934 

Chrdl1 1.527899 

Chst11 1.392081 

Chst8 0.585351 

Cisd3 0.513622 

Cited4 0.409457 

Clca1 0.413244 

Clcnka 0.305968 

Clcnkb 0.336517 

Cldn1 0.398866 

Cldn10 0.32844 

Cldn19 0.337896 

Cldn2 0.113482 

Cldn4 0.440081 

Cldn5 0.555266 

Cldn6 0.467583 

Cldn7 0.401535 

Cldn8 0.473883 

Clec18a 0.584466 

Clec2d 0.393873 

Clec4n 0.100942 

Clec7a 0.000618 

Clic5 0.540265 

Clic6 0.357417 

Clock 1.50128 

Clrn3 0.128886 

Cmah 1.621424 

Cmbl 0.497169 

Cml1 0.318712 

Cmtm5 0.409569 

Cndp1 0.26551 

Cnksr1 0.529492 

Cnn2 0.525144 

Cntn4 0.427093 

Cntn6 0.093394 

Cntnap5b 0.03188 

Col12a1 0.409008 

Col14a1 0.383558 

Col15a1 0.271552 

Col16a1 0.26923 

Col1a1 0.222326 

Col1a2 0.281412 

Col23a1 0.368655 

Col24a1 0.653336 

Col25a1 0.586564 

Col2a1 1.469911 

Col3a1 0.258405 

Col4a4 0.544978 

Col5a1 0.66666 

Col5a2 0.461858 

Col5a3 0.209399 

Col6a1 0.337963 

Col6a2 0.301147 

Col6a3 0.319327 

Col6a5 0.145018 

Col6a6 0.581014 

Col7a1 0.661209 

Col8a2 0.419615 

Col9a2 0.483053 

Colq 0.678051 

Comt 0.610094 

Corin 0.517703 

Cox6b2 0.54963 

Cpa1 0.284412 

Cpa2 0.420253 

Cpb2 0.191263 

Cpn1 0.34796 

Cpne8 0.435993 

Cpt1c 0.707605 

Crabp1 0.597674 

Crb3 0.389979 

Creb3l1 0.339279 

Crhbp 23.71135 

Crip2 1.462117 

Crispld2 0.513495 

Cryab 0.552838 

Csdc2 0.606672 

Csf1r 0.159596 

Csf2rb 0.05921 

Csrnp3 0.507187 

Csrp1 0.506929 

CT030661.1 1.478381 

CT573034.1 1.510953 
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Ctgf 0.665549 

Cth 0.611235 

Ctsc 0.70331 

Ctse 0.13304 

Ctsh 0.215119 

Ctsk 0.294358 

Ctsl 0.702502 

Ctss 0.104925 

CU463325.1 22.23686 

Cubn 0.152785 

Cx3cr1 0.229794 

Cxcr2 2.33872 

Cyb561 0.694226 

Cyba 0.635399 

Cybb 0.188374 

Cygb 0.439456 

Cyp1b1 0.629375 

Cyp24a1 0.017437 

Cyp26b1 0.353235 

Cyp27a1 0.54612 

Cyp27b1 0.153601 

Cyp2d26 0.062814 

Cyp2j11 0.145714 

Cyp2j13 0.138307 

Cyp2j5 0.056174 

Cyp2j9 0.47729 

Cyp2s1 0.440397 

Cyp4a10 0.113518 

Cyp4a31 0.178409 

Cyp7b1 0.61106 

Cys1 0.335063 

Cyth4 0.242019 

D14Abb1e 1.43125 

D14Ertd449e 0.452665 

D430041D05Rik 1.72415 

D630003M21Rik 0.429293 

D630023F18Rik 0.201278 

D630042F21Rik 0.423937 

Daam2 0.498886 

Dach1 1.425868 

Dact1 0.663165 

Dact2 0.489904 

Dao 0.210299 

Dapp1 0.43586 

Dbc1 0.27178 

Dcdc2a 0.521637 

Dclk1 1.437842 

Dcn 0.316844 

Dctn3 0.683516 

Dcxr 0.627649 

Ddn 0.097111 

Ddr2 0.348327 

Ddx3x 1.437855 

Ddx3y 0.650675 

Dennd1c 0.417155 

Depdc1a 1.449802 

Depdc1b 1.860391 

Dkk1 0.539144 

Dkk3 0.689676 

Dlk1 0.384593 

Dll4 0.272917 

Dmxl1 1.382333 

Dnajb9 1.518211 

Dnm1 0.678286 

Dnm3os 0.325515 

Doc2g 0.681417 

Dock8 0.368602 

Dok2 0.576194 

Dpep1 0.167652 

Dpf3 1.405438 

Dpp4 0.244934 

Dpt 0.053123 

Dsel 1.419074 

Dusp14 0.537513 

Dusp15 0.504063 

Dusp23 0.632788 

Dusp5 1.55656 

Duxbl 0.532765 

Dynlt1-ps1 1.791898 

Dysf 0.434084 

Dzip3 1.383978 

E130203B14Rik 0.609874 

Ebf1 0.502832 

Ebf3 0.41739 

Echdc3 0.596649 

Ecm1 0.293921 
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Ecscr 0.266965 

Eda2r 0.197733 

Edil3 0.4202 

Edn3 0.578057 

Ednrb 0.533239 

Egfr 0.497674 

Egln3 0.550142 

Egr2 1.527387 

Egr3 1.570561 

Ehbp1l1 0.668276 

Ehd2 0.477317 

Ehf 0.456735 

Eif2s3y 0.668057 

Eif3j 0.70747 

Eif3s6-ps2 1588.749 

Elf4 0.685044 

Elmo1 0.57706 

Elmod1 0.489557 

Eln 0.413969 

Elovl7 0.340703 

Eltd1 0.289057 

Emcn 0.388693 

Emilin1 0.433936 

Emilin3 0.505704 

Emp1 0.363413 

Emp2 0.688964 

Emp3 0.625456 

Emr1 0.112915 

Emx2 0.618405 

Eng 0.34286 

Enho 0.688695 

Enpep 0.389558 

Enpp3 0.383372 

Enpp4 1.437831 

Entpd8 0.13184 

Epas1 0.589109 

Epb4.9 0.391818 

Epha1 0.489924 

Epha3 0.433593 

Ephx2 0.650044 

Eps8l1 0.344733 

Eps8l2 0.450048 

Erbb3 0.627815 

Erbb4 0.501343 

Esam 0.458467 

Esrp1 0.395562 

Esrp2 0.500717 

Esrrg 0.616486 

Exoc5 1.43221 

F13a1 0.236314 

F2r 1.425565 

F2rl1 0.224028 

Fa2h 1.655575 

Fabp3 0.219597 

Fabp4 0.285084 

Fads3 0.570796 

Fam107a 1.569504 

Fam126b 1.488882 

Fam129c 1.535244 

Fam176b 0.6417 

Fam198b 0.509042 

Fam199x 1.505068 

Fam19a4 2.061009 

Fam38b 0.595002 

Fam46a 1.731218 

Fam65c 0.320576 

Fam70a 0.337928 

Fam83h 0.680901 

Fam84a 0.279188 

Fap 0.210757 

Fat2 1.515105 

Fbln2 0.539665 

Fbln5 0.305788 

Fbp1 0.016281 

Fbp2 0.107434 

Fcer1g 0.121599 

Fcgr1 0.09504 

Fcgr3 0.075494 

Fcho2 1.528213 

Fcna 0.033812 

Fcrls 0.141523 

Fermt1 0.417717 

Fez1 0.503153 

Fga 0.100942 

Fgd5 0.65208 

Fgf1 0.720848 
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Fgfr4 0.512374 

Fggy 0.558625 

Fhl2 0.631347 

Fibin 0.496276 

Figf 0.251648 

Filip1l 0.442268 

Fli1 0.456222 

Flnc 0.660726 

Flt1 0.257802 

Fmo2 0.454005 

Fmod 0.28715 

Fmr1 1.387139 

Fn1 0.685793 

Folr1 0.204099 

Fosb 1.716378 

Foxd1 0.69756 

Foxp2 0.400269 

Frzb 1.462604 

Fut9 0.290558 

Fxyd2 0.112032 

Fxyd7 0.148191 

Fzd3 1.40013 

G0s2 0.539889 

G6pc 0.038474 

G6pc2 1.47734 

Gabra3 0.470505 

Gabrb2 1.606158 

Gal 5.744289 

Gal3st1 0.305968 

Galnt13 7.887014 

Galnt2 1.403524 

Galnt3 0.333581 

Galnt5 1.466516 

Galntl1 0.487603 

Gap43 0.436308 

Gapdh 0.545098 

Gas6 0.252574 

Gata2 0.469638 

Gata3 0.497851 

Gata5 0.471436 

Gata6 0.432456 

Gatm 0.476187 

Gbgt1 0.293406 

Gca 0.495047 

Gcnt2 1.482566 

Gcnt4 0.399954 

Gdf7 0.523423 

Gem 2.665016 

Gfra2 0.470258 

Ggt1 0.135326 

Ggt5 0.435026 

Gimap4 0.264868 

Gimap5 0.158263 

Gimap6 0.268746 

Gipc2 0.290347 

Gja4 0.245821 

Gjb1 0.12706 

Glb1l2 0.600775 

Glcci1 1.68267 

Gli1 0.720559 

Glipr2 0.534854 

Glt8d2 0.371499 

Glyat 0.23892 

Glyctk 0.423876 

Gm10020 2.179812 

Gm10039 0.000594 

Gm10073 1.861478 

Gm10093 16.59042 

Gm10138 1453.107 

Gm10159 1.41477 

Gm10171 5532.887 

Gm10184 4.978838 

Gm10221 1.454328 

Gm10243 536.0705 

Gm10254 0.221514 

Gm10263 3.261562 

Gm10282 1.587845 

Gm10340 3.473412 

Gm10393 0.199074 

Gm10394 0.532322 

Gm10395 0.623915 

Gm10409 1.920626 

Gm10433 3.908029 

Gm10476 3.048923 

Gm10479 2.401953 

Gm10593 0.222717 
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Gm10639 0.050984 

Gm10654 0.380502 

Gm10704 7.049909 

Gm10705 1.86927 

Gm10709 17.82323 

Gm11007 0.000526 

Gm11131 2.398637 

Gm11222 0.000619 

Gm11361 6.169029 

Gm11585 1844.261 

Gm11766 0.261159 

Gm11847 1.703767 

Gm11868 9.223152 

Gm12054 0.338934 

Gm12070 0.000162 

Gm12108 0.299726 

Gm12177 3.137365 

Gm12191 827454.9 

Gm12355 39.75356 

Gm12576 0.221308 

Gm12586 1954.668 

Gm12663 23304.11 

Gm12671 7.81E-07 

Gm12678 0.00035 

Gm12840 0.666147 

Gm12892 17.47805 

Gm13086 9.423475 

Gm13111 0.26024 

Gm13135 2.827393 

Gm13139 1.759266 

Gm13152 1.71967 

Gm13157 1.474231 

Gm13212 1.692822 

Gm13225 2.707573 

Gm13248 1.680571 

Gm13251 1.569269 

Gm13298 0.184518 

Gm13331 0.000229 

Gm13394 6.939504 

Gm13443 532.5634 

Gm13470 0.153807 

Gm13699 3.421018 

Gm13712 11.72961 

Gm13841 10.4507 

Gm13855 0.144408 

Gm13889 0.472166 

Gm14022 4.218421 

Gm14121 4429.874 

Gm14150 4.340172 

Gm14292 3.207734 

Gm14308 0.511144 

Gm14419 0.389721 

Gm14492 0.619879 

Gm14549 0.000183 

Gm14822 0.13284 

Gm15318 0.128322 

Gm15427 0.670909 

Gm15431 16.68832 

Gm15442 0.000707 

Gm15478 0.504782 

Gm15487 5.511118 

Gm15583 63.79762 

Gm15645 2.980428 

Gm15662 0.528569 

Gm15681 27.36355 

Gm15772 0.000702 

Gm15899 2213.334 

Gm15920 21.65356 

Gm15975 2.137834 

Gm15996 0.225805 

Gm16010 0.151366 

Gm16197 0.202364 

Gm16241 0.624955 

Gm16425 3.781926 

Gm16589 2184.944 

Gm17060 2.325035 

Gm17131 1.609378 

Gm17132 2.194174 

Gm17143 6.390233 

Gm17209 0.000633 

Gm17352 7.296088 

Gm17383 3.754819 

Gm17709 5.419666 

Gm18202 0.01376 

Gm2007 0.000526 

Gm20474 2.389438 
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Gm20486 2.139381 

Gm20689 1758.039 

Gm20708 0.194622 

Gm22 0.18907 

Gm221 0.36289 

Gm2223 2.117192 

Gm2237 0.585505 

Gm2574 9.221256 

Gm2897 2.317442 

Gm2974 2.044953 

Gm3005 4.096747 

Gm3020 1.921175 

Gm3095 3.87936 

Gm3149 4.362216 

Gm3173 5.186403 

Gm3200 7.81E-07 

Gm3298 50.6685 

Gm3376 0.000671 

Gm3468 0.430382 

Gm3512 0.588887 

Gm3555 2719.101 

Gm3558 4.747521 

Gm3591 2.420748 

Gm3604 1.835636 

Gm3608 7.721863 

Gm3629 8.626232 

Gm3636 0.509267 

Gm3667 1.825048 

Gm3739 3.528825 

Gm3752 0.349546 

Gm3892 0.222717 

Gm4294 0.000119 

Gm4353 0.000284 

Gm4433 3.832545 

Gm4459 5.115185 

Gm4737 2788.813 

Gm4788 0.228522 

Gm4875 8.242876 

Gm5077 2.817316 

Gm5506 3.637123 

Gm5514 42.5916 

Gm5537 8171.074 

Gm5665 1.911302 

Gm5776 21640.66 

Gm5784 1.608821 

Gm5796 3.203009 

Gm5806 45.26252 

Gm5812 5.116046 

Gm5819 9.53916 

Gm5828 3172.293 

Gm5859 0.084551 

Gm5874 13983.71 

Gm5887 0.340301 

Gm5898 133.0455 

Gm6061 0.000265 

Gm6136 21.31045 

Gm6158 0.196041 

Gm6206 2.462538 

Gm6257 7.746929 

Gm6356 6.416952 

Gm6505 7.77778 

Gm6594 12.76843 

Gm6645 63.5368 

Gm6685 11.53173 

Gm6838 2.181132 

Gm6851 0.491687 

Gm6969 21356.75 

Gm6984 0.698192 

Gm7092 0.138487 

Gm7125 1431.026 

Gm7224 2279.578 

Gm7278 5.885935 

Gm7293 6.82328 

Gm7332 1.838109 

Gm7334 1.700686 

Gm7340 2.899994 

Gm7367 2.218669 

Gm7666 0.282675 

Gm7809 2.114187 

Gm7879 52145.42 

Gm7887 32.97358 

Gm8108 6.347821 

Gm8113 0.55597 

Gm8116 7.686379 

Gm8159 2084.001 

Gm8203 0.000356 
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Gm8210 10.4507 

Gm872 4.104311 

Gm8778 6100.691 

Gm8841 17.49051 

Gm9008 1.937608 

Gm9531 1.379267 

Gm9746 0.623915 

Gm9747 0.511141 

Gm9755 0.288643 

Gm9766 1.636148 

Gm9770 16.91601 

Gm9781 1.746197 

Gm9800 1.667543 

Gm9855 38.68615 

Gm9885 0.30365 

Gm9887 1.82459 

Gm9923 17278.02 

Gm996 0.000173 

Gna14 0.474704 

Gnb3 0.569974 

Gng11 0.527134 

Gng8 0.254258 

Gpc4 0.544509 

Gpd1 0.457702 

Gpihbp1 0.227004 

Gpr116 0.467393 

Gpr160 0.351102 

Gpr56 0.606599 

Gprc5a 0.48266 

Gpsm3 0.621777 

Gpx3 0.702604 

Grap 0.333907 

Grb14 0.643038 

Grb7 0.659373 

Gria1 0.161853 

Gria4 0.352189 

Grik1 0.201278 

Grm7 0.209736 

Gsdmd 0.506775 

Gsn 0.669954 

Gsta2 0.035118 

Gsta4 0.720861 

Gstk1 0.66749 

Gstm6 0.167558 

Gstt1 0.297812 

Gstt3 0.473133 

Gvin1 0.054478 

Gypa 0.203889 

H2-Ab1 0.512622 

H2-Ea-ps 1367.936 

H2-Eb1 0.562578 

H6pd 0.688974 

Haao 0.038474 

Habp2 0.282639 

Hao2 0.14097 

Hapln1 0.379111 

Hba-a1 0.039933 

Hba-a2 0.039607 

Hba-x 0.000553 

Hbb-b1 0.040923 

Hbb-b2 0.029894 

Hbb-y 0.027426 

Hck 0.284359 

Hcls1 0.221228 

Hcn1 2.270663 

Hdc 0.123899 

Hddc3 2.325347 

Hemk1 1.453001 

Hey1 1.397292 

Hgd 0.076362 

Hhip 1.557706 

Hic1 0.379867 

Hist1h2ag 0.631001 

Hist1h2ah 2.265216 

Hist1h2an 3.592356 

Hist1h2ao 1352.164 

Hist1h2bj 0.540648 

Hist1h2bp 3.591706 

Hist1h4c 0.35713 

Hist1h4i 0.42808 

Hlx 0.208766 

Hmga1-rs1 960.1706 

Hmha1 0.621544 

Hmox1 0.646786 

Hnf1a 0.229968 

Hnf1b 0.558363 
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Hnf4a 0.21811 

Hoga1 0.42076 

Homer1 1.443376 

Hopx 0.36052 

Hoxc11 0.719582 

Hp 0.268109 

Hpn 0.227429 

Hsd17b2 0.000404 

Hsd17b7 1.711203 

Hsd3b4 0.034764 

Hsd3b7 0.694604 

Hspa12a 0.698473 

Hspb1 0.608527 

Hsph1 1.407901 

Htr2b 0.448739 

Ica1l 0.542215 

Icam1 0.272611 

Icam2 0.136974 

Ifi204 10.75492 

Ifi44 0.119904 

Ifih1 0.182461 

Ifit2 1.555983 

Ifitm1 0.428673 

Ifitm3 0.341906 

Ifltd1 0.071488 

Igf1 0.341854 

Igfbp3 0.539014 

Igfbp6 0.356933 

Igfbp7 0.296686 

Ihh 0.18282 

Ikbke 0.6229 

Ikzf3 1.711652 

Il11ra1 0.715898 

Il1r1 0.420015 

Il20rb 0.567464 

Il2rg 0.389664 

Inpp4b 1.683354 

Inpp5d 0.192376 

Iqgap2 1.663025 

Irgm2 0.280481 

Irx1 0.503156 

Irx3 0.451038 

Isg20 0.209398 

Islr 0.486194 

Itga1 0.593377 

Itgb6 0.200448 

Itm2a 0.67746 

Itpr3 0.461063 

Iyd 0.141979 

Izumo4 0.568078 

Jdp2 0.56126 

Jmy 1.428256 

Kalrn 1.41633 

Kank3 0.673909 

Kank4 0.633932 

Kcnd2 0.210355 

Kcne1 0.443909 

Kcnf1 1.802893 

Kcnh1 0.418941 

Kcnj15 0.100562 

Kcnj16 0.275423 

Kcnj2 0.389742 

Kcnj8 0.31656 

Kcnk6 0.47845 

Kcnq5 1.558065 

Kcnt2 0.443972 

Kctd14 0.399343 

Kdelr3 0.691137 

Kdm5d 0.579185 

Kdm6a 1.534633 

Kdr 0.249175 

Keg1 0.187799 

Kif12 0.223641 

Kif21a 1.489591 

Kif26a 0.631032 

Kif27 1.862277 

Kifc3 0.641657 

Kirrel3 0.277426 

Kitl 3.24938 

Kl 0.157108 

Klf11 1.446428 

Klf14 0.571004 

Klf2 0.659139 

Klf4 1.646098 

Klhdc4 0.707352 

Klhl11 1.437052 
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Klhl14 1.540971 

Klhl4 0.465339 

Klk8 0.627934 

Kng2 0.172295 

Kpna2 0.385024 

Krt15 0.582832 

Krt18 0.6262 

Krt7 0.358601 

Krt8 0.345516 

Kynu 0.195236 

Lactb2 0.444552 

Lad1 0.457265 

Lama2 0.496503 

Laptm5 0.511109 

Lbh 0.609496 

Lcor 1.407981 

Lcorl 1.425344 

Lcp1 0.32374 

Ldb2 0.422153 

Leprel1 0.470471 

Lfng 0.526307 

Lgals1 0.52151 

Lgals12 0.165991 

Lgals9 0.261397 

Lgi2 0.619102 

Lgi3 0.569936 

Lgr6 2.098297 

Lif 0.309033 

Lilrb4 0.000618 

Limch1 1.39016 

Lin7c 1.382191 

Lin9 1.421914 

Llgl2 0.709182 

Lmbrd2 1.441672 

Lmo2 0.467414 

Lnp 1.403424 

Lox 0.499428 

Loxl1 0.54205 

Loxl3 0.703795 

Loxl4 0.39383 

Lrfn5 0.527132 

Lrp1 0.724899 

Lrp2 0.317035 

Lrrc17 0.489106 

Lrrc25 0.123189 

Lrrc32 0.356996 

Lrrc4c 1.749794 

Lrrc8b 1.410053 

Lrrk2 0.645775 

Lrrtm1 0.350891 

Ltbp4 0.671764 

Lum 0.284989 

Ly6a 0.190116 

Ly6e 0.675821 

Ly6h 0.259693 

Ly86 0.248964 

Lyn 0.533447 

Lynx1 0.459603 

Lyplal1 1.445971 

Lysmd3 1.400981 

Lyve1 0.407419 

Lyz2 0.096655 

Madcam1 0.102548 

Mal 0.283407 

Manba 0.521509 

Map3k2 1.445587 

Mapkapk3 0.587247 

Mapt 0.511486 

Marco 0.000478 

Matn1 0.375444 

Matn2 0.272649 

Mbnl3 1.490899 

Mcam 0.658785 

Mcf2 0.321983 

Mdga2 1.463649 

Med1 1.410307 

Mef2c 1.61261 

Meg3 0.388097 

Megf11 0.426568 

Megf6 1.515947 

Megf9 1.375464 

Meis1 0.602673 

Mep1a 0.086893 

Mep1b 0.064516 

Mertk 0.51784 

Met 1.410368 
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Metap1d 0.656286 

Mettl7b 0.051982 

Mfap5 0.193004 

Mfng 0.4061 

Mgam 0.356709 

Mgll 0.502324 

Mid1 0.42863 

Miox 0.032195 

Mme 0.487551 

Mmp17 0.575316 

Mmp23 0.62849 

Mmp9 0.227749 

Mmrn2 0.492826 

Mn1 0.501732 

Mogat2 0.383104 

Mpeg1 0.375628 

Mrc1 0.275328 

Mrpl48-ps 6.462573 

Mrvi1 0.381029 

Ms4a6d 0.000457 

Ms4a7 0.076585 

Mst1r 0.534808 

Mt1 0.470057 

Mt2 0.401998 

Mtap1b 1.484257 

Mtap9 1.445692 

mt-Atp8 2.57382 

mt-Co2 0.665909 

mt-Co3 0.721 

mt-Nd3 1.712039 

Myadm 0.710139 

Myh11 0.389716 

Myh7b 1.724628 

Myl9 0.417315 

Mylk 0.595608 

Myo15b 0.248522 

Myo1f 0.16396 

Myo5b 0.661056 

Myo7a 0.324881 

Myo7b 0.482495 

N28178 0.248866 

Naa16 1.40571 

Naa30 1.405086 

Naa50 1.410801 

Naalad2 0.372366 

Nanp 0.629018 

Naprt1 0.549647 

Napsa 0.109251 

Nav2 1.476047 

Nav3 0.628389 

Ncald 0.524825 

Ncapd2 0.577265 

Ncf1 0.430836 

Nckap1l 0.276498 

Ncrna00085 0.70084 

Ndp 0.321969 

Ndrg1 0.525332 

Ndufa4l2 0.264868 

Neat1 0.195965 

Nefl 2.173514 

Neurl1b 0.638748 

Nfia 0.427533 

Nfib 0.398175 

Nfix 0.515393 

Nhlrc1 1.560536 

Nid1 0.502785 

Nkain4 0.590846 

Nmnat3 0.562668 

Nos3 0.354652 

Notch4 0.651789 

Nphs1 0.090248 

Nphs2 0.020926 

Npr1 0.477426 

Npr3 0.389328 

Nr1d2 1.429673 

Nr1h5 3891.511 

Nr2f1 0.700334 

Nrcam 0.5685 

Nrip2 0.639655 

Nrp2 0.65606 

Nsg2 0.492132 

Nt5c1b 8.174121 

Ntm 0.456748 

Ntn1 0.213233 

Ntrk1 0.558029 

Ntrk3 0.479373 
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Nts 0.172571 

Ntsr1 0.610931 

Nuak1 1.389598 

Nudt8 0.67936 

Nxph1 47.97987 

Oasl1 0.110875 

Oasl2 0.40349 

Ocln 0.486747 

Odz4 1.405986 

Ogn 0.382769 

Olfml2a 0.490716 

Olfml3 0.329528 

Ooep 0.423237 

Osgin1 0.056953 

Osr2 0.572302 

P2ry6 0.251458 

P4ha3 1.38675 

Pabpc1l2a-ps 0.147683 

Padi2 1.415719 

Pah 0.060031 

Pak1 1.439918 

Pak3 1.668871 

Palm3 0.603245 

Pappa 0.444448 

Paqr5 0.324858 

Paqr6 0.403304 

Paqr9 0.526203 

Park2 0.562963 

Pcdh12 0.365224 

Pcdh17 1.519127 

Pcdh9 0.260015 

Pcdhb11 2.119191 

Pcdhb13 2.013636 

Pcdhb14 1.681442 

Pcdhb16 1.501423 

Pcdhb6 1.709589 

Pcdhb7 1.515512 

Pck1 0.058793 

Pcolce 0.402722 

Pcolce2 4.92252 

Pcp4l1 12.59975 

Pcsk9 0.419583 

Pctp 0.364 

Pde1a 0.430861 

Pde3a 0.600259 

Pde3b 1.427612 

Pde4b 0.464393 

Pde4c 0.493329 

Pdgfb 0.164186 

Pdgfra 0.319062 

Pdgfrb 0.460361 

Pdk4 1.720191 

Pdlim2 0.481758 

Pdlim5 0.655672 

Pdyn 2.298188 

Pdzd3 0.389801 

Pdzk1 0.147575 

Pdzk1ip1 0.151021 

Pdzrn3 0.368455 

Pecam1 0.338289 

Peg10 0.688224 

Penk 0.336179 

Perp 0.398482 

Pf4 0.211492 

Pgbd1 1.506044 

Pggt1b 1.389947 

Pgm2 0.706056 

Phf15 0.384637 

Phf6 1.447921 

Phlda3 0.440431 

Phyhd1 0.278636 

Pi15 0.430023 

Pid1 0.6062 

Pik3c2a 1.417955 

Pik3cg 0.231599 

Pipox 0.212674 

Pisd-ps1 0.606374 

Pitx2 0.033658 

Pkhd1 0.291636 

Pklr 0.148596 

Pla1a 0.125339 

Pla2r1 0.615798 

Plac8 0.324007 

Plagl1 0.646777 

Plau 0.242627 

Plcb4 1.599046 
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Plcd4 0.492683 

Plcl1 0.536228 

Plcxd1 0.662154 

Plekha6 0.483053 

Pls1 1.502513 

Plscr2 0.35256 

Plvap 0.478507 

Plxna4 2.832738 

Plxnd1 0.672755 

Pmm1 0.666677 

Pmp22 0.638142 

Pnp2 2.83266 

Podn 0.147567 

Podxl 0.19051 

Pop4 0.671967 

Postn 0.194664 

Pou2f1 1.85788 

Pou3f1 1.530834 

Pou3f3 0.47882 

Ppargc1b 1.586663 

Ppp1r13b 0.691418 

Ppp1r14a 0.518857 

Ppp1r15a 1.383268 

Ppp1r1b 0.542207 

Ppp1r3b 0.640196 

Ppp1r3c 0.581656 

Ppp1r3e 0.514107 

Ppwd1 1.716686 

Prdm16 0.452329 

Prickle2 0.576953 

Prkcdbp 0.564064 

Prl8a1 0.63316 

Prlr 0.121684 

Procr 0.362305 

Prodh2 0.099947 

Prox1 2.06981 

Prr15l 0.199686 

Prrg1 1.557627 

Prss12 0.573311 

Prss8 0.403575 

Psg16 0.682999 

Pter 0.660031 

Ptgfr 0.277994 

Ptgis 0.440759 

Ptgs1 0.55446 

Ptk2b 0.287705 

Ptp4a1 1.387858 

Ptpn4 1.458396 

Ptprb 0.14431 

Ptrf 0.462713 

Ptx3 0.37678 

Pycard 0.635091 

Pyroxd2 0.400336 

Qprt 0.358606 

R3hdml 0.021568 

Rab17 0.427244 

Rab20 0.240622 

Rab32 0.298123 

Rab37 0.552834 

Rab3d 0.675836 

Rab6b 0.261596 

Rabggtb 1.431836 

Rac2 0.192115 

Radil 0.472098 

Rai2 1.476466 

Rapgef3 0.399269 

Rapgef6 1.417936 

Rarg 0.479359 

Rarres2 0.66837 

Rasgef1b 1.702018 

Rasgrp2 0.476906 

Rasgrp3 0.496211 

Rasip1 0.623976 

Rbm12b 1.892129 

Rbm41 1.540565 

Rbm47 0.491194 

Rbpsuh-rs3 0.112434 

Rdh19 0.059257 

Rdh9 32.27477 

Rec8 0.107474 

Reln 0.465194 

Ren1 0.113478 

Rfk 1.523279 

Rftn1 0.521786 

Rftn2 0.510525 

Rgl1 0.66162 
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Rgs1 0.173026 

Rgs5 0.272134 

Rhbdl3 0.388947 

Rhoj 0.399769 

Rif1 1.668781 

Rnase12 0.520468 

Rnf138 1.405967 

Rnf152 1.49251 

Robo4 0.181169 

Ror1 0.666489 

Rorc 0.558616 

RP23-388P16.2 0.000378 

RP23-71I22.6 1.999369 

RP23-97D14.5 3317.398 

Rpl29 0.654309 

Rpl30-ps9 0.000438 

Rpl34-ps1 1720.841 

Rpl35a 0.686417 

Rpl35a-ps2 536.0705 

Rpl35a-ps3 536.0705 

Rpl35a-ps4 536.0705 

Rpl35a-ps6 536.0705 

Rpl38-ps2 3714.861 

Rpl3-ps1 3929973 

Rprm 0.469461 

Rps13 0.694759 

Rps13-ps1 43.77014 

Rps18 0.656357 

Rps2 0.58335 

Rps27a-ps2 1937.844 

Rps2-ps13 2.290787 

Rps4y2 0.717697 

Rps6ka3 1.428395 

Rps7 0.509835 

Rpsa-ps10 0.22043 

Rras 0.581664 

Rsad2 0.134414 

Rtn2 0.636197 

Rtn4rl1 0.396923 

Rxfp2 0.297303 

S100a10 0.48036 

S100a16 0.63099 

S100a6 0.280642 

S1pr3 0.419117 

Samd4 0.637126 

Samd8 1.395227 

Samd9l 0.185349 

Sat1 0.685835 

Scai 1.425601 

Scarf1 0.620158 

Scarf2 0.680105 

Scd1 0.67438 

Scin 0.409569 

Scn8a 0.557412 

Scn9a 0.216498 

Scnn1g 0.292194 

Sdk1 0.662802 

Sdpr 0.223889 

Selm 0.514734 

Sema3a 0.456135 

Sema3e 0.40955 

Sema4a 0.557301 

Sema5b 0.445827 

Sepp1 0.582153 

Serpina1a 0.124325 

Serpina1b 0.105355 

Serpina3g 0.120063 

Serpinb6b 0.309711 

Serpinb9 0.580276 

Serpine2 0.560956 

Serpinf2 0.10385 

Serping1 0.50807 

Sertad4 0.537084 

Sesn2 0.670437 

Sfpi1 0.291086 

Sfrp1 0.650289 

Sgce 0.279516 

Sgk1 1.448187 

Sgk2 0.056511 

Sgpp2 0.560323 

Sh2d3c 0.511365 

Sh2d4a 0.535462 

Sh3bgrl 1.377109 

Sh3gl3 1.680586 

Sh3tc1 0.190903 

Sigirr 0.155611 
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Sim1 0.576258 

Sim2 0.47679 

Six4 1.398249 

Skap1 0.64905 

Skil 1.407185 

Slc10a5 0.074058 

Slc11a1 0.177845 

Slc12a1 0.477244 

Slc13a2 0.100841 

Slc13a3 0.085117 

Slc15a2 2.770441 

Slc16a12 0.476975 

Slc16a2 0.38557 

Slc16a4 0.339836 

Slc16a5 0.293482 

Slc17a1 0.054246 

Slc17a3 0.138317 

Slc17a8 0.210145 

Slc18a1 0.20215 

Slc22a1 0.105633 

Slc22a12 0.099001 

Slc22a13 0.043936 

Slc22a19 0.049195 

Slc22a2 0.131779 

Slc22a22 0.075605 

Slc22a3 0.225805 

Slc22a6 0.045032 

Slc22a8 0.081332 

Slc23a1 0.177017 

Slc25a45 0.161871 

Slc27a2 0.123336 

Slc2a2 0.200616 

Slc34a1 0.085867 

Slc35f4 1578.234 

Slc39a5 0.147433 

Slc3a1 0.174773 

Slc40a1 0.454733 

Slc44a3 0.207566 

Slc44a4 0.230085 

Slc47a1 0.181392 

Slc4a1 0.124708 

Slc4a7 1.559199 

Slc4a9 0.145714 

Slc52a3 0.294474 

Slc5a1 0.143427 

Slc5a11 0.281975 

Slc5a2 0.126466 

Slc5a3 1.671867 

Slc5a8 0.111492 

Slc5a9 0.13184 

Slc6a18 0.105116 

Slc6a20b 0.052196 

Slc7a11 2.365173 

Slc7a12 0.035992 

Slc7a13 0.117494 

Slc7a7 0.451875 

Slc7a8 0.251 

Slc7a9 0.337896 

Slc8a1 0.67015 

Slc8a2 0.711831 

Slc9a3r2 0.677579 

Slco1a4 0.370106 

Slco1a6 0.435774 

Slco2a1 0.402441 

Slco2b1 0.205796 

Slfn9 1.439356 

Slitrk5 0.276543 

Slitrk6 0.225969 

Smagp 0.361641 

Smarca1 0.711959 

Smoc1 0.310652 

Smoc2 0.381455 

Sned1 0.476436 

Snhg11 0.586139 

Sntb2 1.450047 

Snx32 0.518469 

Socs2 0.436408 

Sod3 0.156716 

Sorcs2 0.624537 

Sos1 1.45129 

Sostdc1 0.312483 

Sox11 1.40164 

Sox17 0.196297 

Sox18 0.395766 

Sp4 1.43524 

Sp5 1.469796 
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Sparcl1 0.443764 

Spink3 0.119777 

Spint1 0.480419 

Spint2 0.684321 

Spock1 0.596187 

Spon2 0.234359 

Spopl 1.988224 

Spp1 0.048119 

Spp2 0.063989 

Spry2 1.393867 

Spty2d1 1.42 

Srp54c 0.597931 

Srpx 0.489233 

Srpx2 0.29413 

Sstr1 2.155827 

St14 0.321507 

St8sia1 0.479926 

Stab1 0.241832 

Stab2 0.097835 

Stac2 1.912514 

Stard10 0.471581 

Stard8 0.450192 

Stbd1 0.538312 

Steap2 0.617073 

Stk32b 0.460834 

Stmn2 0.089563 

Stx3 0.53274 

Sucnr1 0.089775 

Sult1d1 0.160387 

Sult1e1 0.1582 

Sult5a1 0.500557 

Susd2 0.215702 

Susd3 0.188945 

Svop 0.260301 

Synm 2.03849 

Synpo 0.387996 

Synpo2 0.52871 

Syt13 0.405901 

Syt4 2.637069 

Sytl2 0.499563 

Tacstd2 0.433455 

Tagap 2.358344 

Tagln 0.279027 

Tagln2 0.634796 

Tap1 0.564384 

Tbk1 1.420587 

Tbx10 0.324547 

Tbx18 0.291622 

Tbx2 0.356062 

Tbx3 0.327296 

Tbxa2r 0.435596 

Tcea3 0.471298 

Tcerg1l 0.177074 

Tcf15 0.324187 

Tcf21 0.67356 

Tchh 0.459059 

Tcn2 0.665269 

Tdg 0.707539 

Tek 0.295462 

Tekt1 0.511966 

Tekt2 0.422392 

Tfap2b 0.415344 

Tfcp2l1 0.375437 

Tfec 0.127026 

Tgfb1 0.512055 

Tgfb1i1 0.535602 

Tgfbr3 0.622022 

Tgm1 0.36289 

Tgm2 0.310717 

Tgm5 0.253397 

Thbs2 0.407013 

Thnsl2 0.618407 

Thoc2 1.473461 

Thsd1 0.444708 

Thsd7a 0.313302 

Thy1 0.244127 

Tie1 0.188759 

Timp3 0.575016 

Tinag 0.109072 

Tinagl1 0.416637 

Tlr12 0.273746 

Tm4sf1 0.574085 

Tmem119 0.255156 

Tmem125 0.417751 

Tmem132e 0.26343 

Tmem150a 0.588138 
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Tmem171 0.411469 

Tmem174 0.108252 

Tmem204 0.479689 

Tmem229a 0.337996 

Tmem27 0.117955 

Tmem45a 0.600436 

Tmem45b 0.136435 

Tmem54 0.092401 

Tmem82 0.470097 

Tmem88 0.463177 

Tmf1 1.428854 

Tmigd1 0.08747 

Tmprss2 0.312934 

Tmsb4x 0.668622 

Tmtc1 0.312741 

Tnfaip6 1.843677 

Tnfrsf19 1.428597 

Tnfrsf1b 0.440162 

Tnfsf13b 0.314308 

Tnik 0.611163 

Tnni1 0.513067 

Tnnt1 0.440064 

Tnnt2 0.433639 

Tnxb 0.211805 

Tpd52l1 0.662608 

Traf1 0.662009 

Trf 0.158177 

Trh 0.344051 

Trib1 1.41565 

Trim10 0.061972 

Trim23 1.500682 

Trim25 2.129457 

Trim30a 0.000325 

Trim47 0.428136 

Trim61 0.442321 

Trove2 1.428028 

Trp53 0.083839 

Trpm5 0.278376 

Trpv2 0.31176 

Trpv4 0.515981 

Tshz3 0.367821 

Tsix 5.572138 

Tspan11 0.551842 

Tspan4 0.68639 

Tspan8 0.350102 

Ttc30b 1.520198 

Ttc36 0.153766 

Ttll10 0.256804 

Ttr 0.07078 

Ttyh2 0.623855 

Tuba1c 1.875959 

Tuba4a 0.261494 

Tubb2a 0.523931 

Tubb6 0.558864 

Twist1 0.375791 

Twist2 0.376421 

Tyrobp 0.186987 

Uba6 1.388395 

Ube2l6 0.528864 

Ube3a 1.532744 

Uggt2 1.412995 

Ugt1a10 0.139918 

Ugt1a2 0.133743 

Ugt1a6a 0.216477 

Ugt1a7c 0.268222 

Ugt1a9 0.125045 

Ugt2b34 0.17669 

Ugt2b37 0.071075 

Ugt2b5 0.073897 

Ugt8a 0.376455 

Ulbp1 4.209251 

Unc5a 0.455085 

Unc93b1 0.515615 

Ush1c 0.316664 

Ushbp1 0.401012 

Uty 0.64086 

Vamp5 0.373625 

Vav1 0.076585 

Vcam1 0.328185 

Vcp-rs 1390.018 

Veph1 0.407773 

Vil1 0.227654 

Vim 0.634358 

Vps13a 1.611094 

Vsig8 2.169307 

Vstm2b 0.463928 
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Vwc2 3.461467 

Wdr86 0.584216 

Wfdc2 0.678233 

Wisp1 0.520938 

Wnt2b 0.521706 

Wnt5a 0.567408 

Wnt7b 0.418057 

Wscd2 0.50695 

Xist 4.568266 

Xlr3a 1.723447 

Xlr3c 4.848238 

Xpnpep2 0.280703 

Xylt1 1.683866 

Ybx2 0.537671 

Zbtb7c 0.678776 

Zcchc5 0.327117 

Zdhhc2 1.429555 

Zfhx4 1.770981 

Zfp141 1.465079 

Zfp239 1.766179 

Zfp280d 1.446253 

Zfp322a 1.554896 

Zfp36 0.659788 

Zfp458 1.780415 

Zfp459 2.716278 

Zfp503 1.383221 

Zfp536 0.365049 

Zfp663 0.061972 

Zfp781 9911.289 

Zfp808 1.813655 

Zfp874a 0.625563 

Zfp934 1.686057 

Zfp942 1.637666 

Zfp949 1.559408 

Zfpm2 0.516776 

Zmat3 0.711961 

Zxdb 1.46981 
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Table S3. Expression of Cell Cycle genes in Six2p53-/- CM 

Gene 
Fold 

Change 

[WT] 

FPKM 

[KO] 

FPKM 
Function 

p21 (Cdkn1a) -1.7 22.5 12.7 G1/S regulation, Senescence 

p27 (Cdkn1b) 1.2 11.8 13.3 G1 arrest 

p57 (Cdkn1c) -1.6 291.3 170.4 G1 arrest 

p16 (Cdkn2a) / 0.1 0.0 Regulation of G1/S Transition 

p15 (Cdkn2b) / / / G1 arrest 

Cdc27 1.2 18.6 21.4 APC Complex, the exit of mitosis 

Ccnb1 1.4 13.0 17.3 G2/M transition 

Ccnd2 -1.3 51.9 38.1 G1/S Transition 

Ccng1 -1.7 15.3 8.8 G1 phase arrest 

Ccng2 1.2 18.2 20.9 G1/S arrest 
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Table S4. Nanostring nCounter probe target sequences 

Gene 

Name 

Accession Target 

Region 

Target Sequence 

Aldob NM_1449

03.2 

1307-

1406 

ttgaaacccaagaatgagcatgtcacccaatagtctctcaacacttccagttccctatgttccagaacattcatcca

agaaaagaacaggccacgactga 

B2m NM_0097

35.3 

178-

277 

ctgaactgctacgtaacacagttccacccgcctcacattgaaatccaaatgctgaagaacgggaaaaaaattcct

aaagtagagatgtcagatatgtcct 

Col1a1 NM_0077

42.3 

216-

315 

caatggtgagacgtggaaacccgaggtatgcttgatctgtatctgccacaatggcacggctgtgtgcgatgacgtg

caatgcaatgaagaactggactgt 

Col1a2 NM_0077

43.2 

4026-

4125 

gctgtgcttctgcagggttccaacgatgttgaacttgttgctgagggcaacagcaggttcacctactctgtcctagtc

gatggctgctccaaaaagacaa 

Col6a1 NM_0099

33.4 

2345-

2444 

acctctcagtgtgctctgtggtgcagacattcaggtagtttctgtgggaatcaaggatgtgtttggctttgtggcgggct

ccgaccagctcaatgtcatt 

Col6a2 NM_1460

07.2 

2059-

2158 

tggtcttcgtcatcgacagttctgagagtattggctacaccaacttcaccttggagaagaactttgtcatcaatgtggt

caacaggctaggtgccattgc 

Col6a3 NM_0012

43008.1 

4555-

4654 

tcgtctttctgattgacagctctgatgccgtcaagcccgatggcatcgctcatatccgagactttgtcagcaggatcgt

tcgcagactcaacattggtcc 

Fbp1 NM_0193

95.3 

1281-

1380 

agcagagctcaagtgacgctactccattctgcatgttgtacattcctagaaacaaacctaacagcgtggatagtttc

acagcttaatgctttgcaatgcc 

Gapdh NM_0080

84.1 

756-

855 

atgtgtccgtcgtggatctgacgtgccgcctggagaaacctgccaagtatgatgacatcaagaaggtggtgaagc

aggcatctgagggcccactgaaggg 

Gm5506 

(Eno1) 

NM_0010

25388.1 17-116 

acacagacactgctagaaactattgtggtttggtctaatgcttgaattatgttaatcgggttcctcaaattgcatgaga

atctgcatgtaagaagcgatc 

Gpd1 NM_0102

71.2 

2065-

2164 

gccctttccttttgcccaagtcgttctcacccagcctggaaggccacccggcatctgtaggcttagaactaaggagc

agctcaaaggttcagtaggtttc 

Gpd2 NM_0102

74.3 

559-

658 

tccagaaggctatcatgaacttggatgttgagcagtataggatggtgaaagaagcccttcacgaacgtgccaact

tactagaaatcgctcctcatttatc 

H6pd NM_1733

71.3 

825-

924 

tctcagcccagcagctggcttcagaacttgggagctttttccaggaggaggagatgtaccgtgtggatcattacctc

ggcaagcaggcggtggctcagat 

Ndufs5 NM_0010

30274.1 

111-

210 

tcagcctggaccggcactttatgttcctaagcgcagaacagccctataagaacgccgctcggtgccacgcatttg

aaaaagagtggatagagtgtgcaca 

Pck1 NM_0110

44.2 

2125-

2224 

gaaaagcaccttttaatagtcagttgagtagcacagagaacaggctaggggcaaataagattgggaggggaa

atcaccgcatagtctctgaagtttgcat 

Pck2 NM_0289

94.2 

1663-

1762 

tccactgccgctgcggagcacaaaggaaagaccattatgcatgatccctttgccatgcggcctttttttggctataac

tttggacgctacctggaacact 

Pfkl NM_0088

26.4 

3171-

3270 

agaggagactgtcattgtcagtatagtgttcttggctgattgctgcccttcaggaggttcttgaggtcgggacgttggc

tcctcagagaagtttatgaag 

Pgk1 NM_0088 37-136 
ccggcattctgcacgcttcaaaagcgcacgtctgccgcgctgttctcctcttcctcatctccgggcctttcgacctcac
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28.2 ggtgttgccaaaatgtcgctt 

Pgm1 NM_0257

00.2 

1149-

1248 

aagatcaaagtaacctcaaagacacatacatgctgtccagcactgtttcctccaaaatcttgcgggccatagccct

gaaggaaggctttcatttcgagga 

Pklr NM_0136

31.2 

2381-

2480 

tagtcttactttcttactgactccacaaaccatggagccgagcttacgagccactaatctggctgttctcttgcccact

gatctgctgggtcagatgaaa 

Tbp NM_0136

84.3 

7

1-170 

gtggcgggtatctgctggcggtttggctaggtttctgcggtcgcgtcattttctccgcagtgcccagcatcactatttcat

ggtgtgtgaagataaccca 

Trp53 NM_0116

40.3 

221-

320 

ttttcaggcttatggaaactacttcctccagaagatatcctgccatcacctcactgcatggacgatctgttgctgcccc

aggatgttgaggagttttttg 
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