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Bmp7 drives proximal tubule expansion and determines nephron

number in the developing kidney
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ABSTRACT

The mammalian kidney is composed of thousands of nephrons
that are formed through reiterative induction of a mesenchymal-to-
epithelial transformation by a population of nephron progenitor cells.
The number of nephrons in human kidneys ranges from several
hundred thousand to nearly a million, and low nephron number has
been implicated as a risk factor for kidney disease as an adult. Bmp7
is among a small number of growth factors required to support the
proliferation and self-renewal of nephron progenitor cells, in a process
that will largely determine the final nephron number. Once induced,
each nephron begins as a simple tubule that undergoes extensive
proliferation and segmental differentiation. Bmp7 is expressed both
by nephron progenitor cells and the ureteric bud derivative branches
that induce new nephrons. Here, we show that, in mice, Bmp7
expressed by progenitor cells has a major role in determining nephron
number; nephron number is reduced to one tenth its normal value in
its absence. Postnatally, Bmp7 also drives proliferation of the
proximal tubule cells, and these ultimately constitute the largest
segment of the nephron. Bmp7 appears to act through Smad 1,5,9(8),
p38 and JNK MAP kinase. In the absence of Bmp7, nephrons
undergo a hypertrophic process that involves p38. Following a global
inactivation of Bmp7, we also see evidence for Bmp7-driven growth of
the nephron postnatally. Thus, we identify a role for Bmp7 in
supporting the progenitor population and driving expansion of
nephrons to produce a mature kidney.

KEY WORDS: BMP7, SMAD, Kidney development, Nephron
progenitor cell, Proximal tubule, Mouse

INTRODUCTION

Nephron progenitor cells (NPCs) are a stem-like population in the
mammalian kidney that both self-renew and differentiate through a
complex process to ultimately form the functional filtration units
of the kidney known as nephrons. The human kidney has several
hundred thousand to nearly one million nephrons, and the mouse
kidney ~15,000 nephrons. The ultimate nephron number obtained
during the development of the kidney is important because of
increasing evidence that humans at the lower end of the spectrum for
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nephron number may be predisposed to kidney disease as adults
(Douglas-Denton et al., 2006; Hoy et al., 2008). Furthermore, the
mature mammalian kidney does not contain a stem cell population
able to replenish nephrons irreversibly damaged by various
pathological processes. The self-renewal and proliferation of NPCs
is supported by several growth factors, including BMP7, FGF9 and
FGF20 (Barak et al., 2012; Dudley et al., 1995; Luo et al., 1995).
These are produced both autogenously and by the adjacent ureteric
bud derivative branches. The latter are formed from branching
morphogenesis originating from the initial ureteric bud that grows out
from the Wolffian duct at the caudal end of the urogenital ridge. The
self-renewal versus differentiation choice of NPCs is also influenced
by Wnt signaling, as Wnt9b from the ureteric bud induces the NPCs
to form pretubular aggregates (PTAs), which are transit-amplifying
structures that are subsequently induced to undergo a mesenchymal-
to-epithelial transformation (MET) by autogenously produced Wnt4
(Carroll et al., 2005; Stark et al., 1994). Once a sufficient number of
nephrons are obtained, occurring in human fetuses during gestation
and in murine embryos by about postnatal day (P) 2, NPCs disappear
from the mammalian kidney and no additional nephrons may be
induced (Ryan et al., 2018; Short et al., 2014).

In mice carrying a null mutation of Bmp?7, there is early demise of
NPCs early in kidney development and only a small number of
nephrons are induced (Dudley et al., 1995; Luo et al., 1995). A
similar phenotype is present in mice carrying double mutations
of Fgf9 and 20 (Barak et al., 2012). The role of Bmp7 signaling
in nephrogenesis has been investigated in detail and there is
evidence that it signals through both the canonical SMAD pathway
and also through JNK and p38 MAP kinases (Blank et al., 2009,
2008; Brown et al., 2013; Hu et al., 2004; Kazama et al., 2008).
Bmp7-dependent signaling through JNK MAP kinase may be most
important for the self-renewal versus differentiation decision in
NPCs, whereas p38 and SMAD-dependent signals may be more
involved in nephron differentiation and proliferation (Blank et al.,
2009, 2008; Brown et al., 2013; Kazama et al., 2008). However,
questions still remain regarding how BMP and FGF signals are
integrated in the developing kidney. One possibility is that they
contribute to maintaining expression of transcription factors
such as SIX2, WT1, EYAL1 and others that regulate self-renewal,
proliferation and renewal decisions of NPCs (Kopan et al., 2014).

Less well understood is whether there are distinct signaling
pathways that maintain progenitor cells as the embryonic kidney
expands, and the signals that drive later stages of nephron
differentiation and postnatal nephron expansion. It is also
unknown whether there are signal transduction events that help
maintain nephrons once they are mature. Nephron formation is a
complex process that begins with the formation of a simple
polarized epithelial structure, the renal vesicle, which then begins a
process of segmentation, extension and acquisition of a highly
asymmetric three-dimensional structure. During this process there is
extensive proliferation and differentiation into many specialized
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epithelial cells that carry out filtration in the glomerulus and the
homeostatic functions that maintain fluid and electrolyte balance in
the tubular segments of the nephron. Several studies have suggested
that Bmp7 is expressed in various segments of the developing and
mature nephron, but these studies have obtained varying results, in
part because of the difficulty inherent in antibody staining of
diffusible growth factors (Wetzel et al., 2006).

We previously published a podocyte-specific knockout of Bmp7
(Kazama et al., 2008). Loss of Bmp7 in podocytes resulted in
decreased proliferation in the developing nephron and early loss of
NPCs, suggesting regulatory crosstalk between the developing
nephrons and the NPCs that give rise to them. In the present study,
we targeted a mutation to Bmp7 in NPCs, such that Bmp7 could not
be produced by NPCs or their descendant nephrons (although it
could still be produced by derivatives of the ureteric buds, a major
source of Bmp7 during nephrogenesis (Godin et al., 1998)). We
observed early loss of progenitors and decreased induction of
nascent nephrons during embryonic kidney development. We also
observed decreased proliferation in the proximal tubule
compartment, although there was hypertrophy of those nephrons
that were induced in mutant mice. In addition, we performed a
postnatal global inactivation of the Bmp7 gene that resulted in
decreased expansion of the proximal tubule compartment.
Therefore, although previous studies have demonstrated a crucial
role for Bmp7 in the self-renewal and differentiation of NPCs at the
early stages of kidney development (Blank et al., 2009, 2008;
Kazama et al., 2008), this study demonstrates a role for Bmp?7
throughout kidney development, including a role in driving
expansion of developing nephrons during postnatal development.

RESULTS

Bmp7 is expressed by NPCs, the ureteric bud and segments of the
developing nephron (Godin et al., 1998). Therefore, it becomes
important to understand whether Bmp7 produced by NPCs
themselves (as opposed to the ureteric bud) and their descendant
cell lineages in nephrons plays a major role in nephrogenesis and
maintenance of mature nephrons, especially once the ureteric bud
derivatives are no longer present. To determine the significance of
BMP7 produced by the NPC compartment or its descendant
nephrons to nephrogenesis, we targeted a mutation to the Bmp7
gene in NPCs using a previously reported BAC Six2-GFP/Cre
transgene (hereafter referred to as Six2-TGC) (Kobayashi et al.,
2008) that was crossed with mice carrying a conditional allele of
Bmp7 (Zouvelou et al., 2009) to obtain Six2-TGC; Bmp7 flox/flox
mice (hereafter referred to as Bmp7 mutants, and their respective
kidneys as Bmp7 mutant kidneys). Bmp7 mutant mice were viable
and born at normal Mendelian ratios, but became runted by P10 and
few survived beyond P25.

Nephron number and histology in Bmp7 mutant kidneys

Our initial histological analysis focused on embryonic day (E) 14
and E16 kidneys, by which time a discrete nephrogenic zone has
been established. A diminution in kidney size, quantified by
measuring the cross-sectional area at the widest diameter of the
kidney, was readily apparent in Bmp7 mutant kidneys by E16.5
(Fig. 1A,B; Fig. S1A,B,F,G). Six2-expressing NPCs were not
significantly reduced at E14.5, but by E16.5 their reduction
was significant (Fig. 1A,C; Fig. S2). Branching morphogenesis
in the kidney is primarily driven by GDNF expressed by NPCs. The
number of ureteric bud tips was quantified as a measure of
branching and was found to also be reduced in Bmp7 mutant
kidneys (Fig. 1D; Fig. S2).

In the murine kidney, NPCs are typically no longer present
(or nearly so) after P2, and are completely absent from the
adult kidney (Cebrian et al., 2004; Short et al., 2014). Nevertheless,
there is tremendous postnatal growth through proliferative
expansion of the tubular compartments. Therefore, we examined
the postnatal phenotype of Bmp7 mutant kidneys at successive
stages of development. At P2 there are abundant renal vesicles
in controls, and fewer immature differentiating structures in
Bmp7 mutants (Fig. SIC,H, green arrows). Histological analysis
at successive stages suggests that, at P2 and later stages, the cortex
is no longer growing in Bmp7 mutants (compare Fig. SIC-E with
H-K). We also examined kidneys at P21, by which time there are
cystic changes in Bmp7 mutants, evidence of proteinuria
and glomerular hypertrophy (Fig. S1K), providing further
evidence for the importance of Bmp7 in maintaining normal
kidney structure. Using glomerular counts to enumerate
numbers of maturing nephrons, it was apparent that there was a
major deficit in nephron number in Bmp7 mutant kidneys (Fig. 1E).
At E16.5, Bmp7 mutants had only about one third as many
glomeruli as controls, and by P2 about a tenth as many (Fig. 1E).
These data emphasize the previously documented tremendous
expansion of nephron number in postnatal murine kidneys
(Cebridn et al., 2004; Short et al., 2014), and demonstrate an early
cessation of nephron induction in Bmp7 mutant kidneys. Consistent
with the early loss of NPCs, there was a nearly complete absence
of Ki67 staining in the nephrogenic zone of PO Bmp7 mutant
kidneys (Fig. 2Aa,b), as evidence of greatly reduced proliferation
of NPCs.

Expression of Bmp7 in embryonic and postnatal kidneys

It is well established that Bmp7 is expressed by the ureteric bud
derivatives in the nephrogenic zone and by NPCs themselves, as
well as by immature podocytes (Blank et al., 2009, 2008; Kazama
et al., 2008) (Fig. 3Aa). In this study we also observed Bmp7
expression at P2 and P4 throughout the maturing nephrons of the
kidney cortex (Fig. 3Ab-Ac, compare with Af,Ag). Expression by
proximal tubules was detecting by co-imaging for Bmp7 mRNA
and Lotus tetragonolobus lectin (LTL) (Fig. S3). Expression
was reduced by P10 (Fig. 3Ad,Ah). Outside of the nephrogenic
zone, it has historically been more difficult to determine the
expression pattern of Bmp7, as lower levels of expression are
difficult to distinguish from background hybridization signals.
Therefore, it was useful to observe the nearly complete absence of
Bmp7 in mutant kidneys by mRNA in situ hybridization (ISH) at
E16.5, P2 and P4, except in rare collecting ducts and ureteric bud
structures (Fig. 3Ae-Ah). This served to demonstrate not only that
our conditional knockout was highly efficient, but also that the
hybridization signal outside the nephrogenic zone in control
kidneys (Fig. 3Ab-Ad), albeit weaker, was likely to be evidence
of continued Bmp?7 expression. Bmp7 expression detected by RT-
gPCR at P2 was also much greater in control versus Bmp7 mutant
kidney cortex (Fig. 3B), confirming differences detected by ISH. In
addition, the absence of Bmp7 expression in most collecting duct
structures in mutant kidneys suggests that gene expression in
collecting ducts is non-cell autonomously affected by Bmp7
expression in NPC-derived lineages.

Gene expression during nephron differentiation in

Bmp7 mutant kidneys

The greatly diminished nephron number in Bmp7 mutants suggested
an early cessation of nephrogenesis. We focused our further analysis
on P2 kidneys, because the histology indicated that nephrogenic

2

DEVELOPMENT


https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200773
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200773
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200773
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200773
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200773
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200773
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200773
https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200773

RESEARCH ARTICLE

Development (2022) 149, dev200773. doi:10.1242/dev.200773

o
S
=
S
by
S
=
Y
&n
X
s*okok *k *¥k
C 00 ——p ™ % e « E ™ — —
5000000 ki bsed ! 1T 1T !
- 1 r— . 200000 2 _ 5
£ 4000000+ E Z 100 5
1 < 150000 2 H
$ 3000000 o ° § 100
2 > S 100000 5 5
& 2000000 e $ = o
g ®
€ 1000000 50000 > ﬁ rll r]
0- 0 T T T 0
& < < x e‘o ¢ & & & & o & ¢ & & & & &
& o‘ o & 9 & &S & & LN N}
&\, \\\ & \\\(\ \\\&\ \‘\ le\&\ K\\\\ é\\% ‘Q\\ ‘\\ﬁ ‘\\(\ h@&\ ‘\\ ‘\\(\ ‘\\x\ ,\\\(\ (\\x\ u“\‘\‘ ‘\\Q 6\(\‘ ‘\\‘\ Q\\\\‘ ‘\\(\‘
A O L & & & A AR AR P P R

Fig. 1. NPCs and ureteric bud branching in Bmp7 mutant kidneys. (A) Time points at top of each column, genotypes at left of each row. Pink, Six2; green, DBA
lectin; red, synaptopodin. The olive-green color in the E16.5 and P2 panels is autofluorescence characteristic of kidney tubules in paraffin-embedded tissues.
Scale bar: 250 um. (B) Cross-sectional kidney area measured at equivalent sections through the papilla at the widest diameter of the kidney. (C) NPC area

measured by AF647 fluorescence. (D) Ureteric bud tips measured by counting green-stained tips within clusters of NPCs. (E) Glomerular number obtained by
counting structures stained for synaptopodin. Data are meants.d. *P<0.05, **P<0.01, ***P<0.001 (unpaired two-tailed t-test). Three biological replicate kidneys

were examined at each time point.

structures were diminished but still present in Bmp7 mutant kidneys.
Pax2, in a pattern similar to Bmp?7, is expressed by both ureteric bud
derived structures, including the inducing buds themselves and
collecting ducts (Fig. 4A, green and yellow arrows), as well as by
NPCs and early differentiating nephrons (Armstrong et al., 1993;
Dressler et al., 1990; Little et al., 1999) (Fig. 4A, red arrows). Pax2
expression was present in the few ureteric bud structures remaining
in Bmp7 mutant kidneys but was largely absent in nephron
structures (Fig. 4E). Pax2 expression was preserved in the
collecting ducts of mutant kidneys, serving as an internal positive
control (Fig. 4E, green arrows). In contrast to Pax2, Wilms tumor 1
(Wtl) is normally only expressed in NPCs and their descendant
structures, most prominently in glomerular podocytes (Armstrong
et al., 1993; Little et al., 1999) (Fig. 4B, yellow arrows). Wtl
was largely absent in Bmp7 mutant kidneys, even relative to Pax2
in the nephrogenic zone (Fig. 4F, yellow arrows), suggesting that
Bmp7-dependent signals dramatically affect expression levels of

key transcription factors in the nephrogenic zone. Moreover, Wt/
expression was reduced even in the glomeruli that were present
in Bmp7 mutants. Finally, Wnt4 was examined as a marker of
PTAs and renal vesicles (Stark et al., 1994) (Fig. 4C, yellow arrows).
Wnt4 expression was absent in the cortex of P2 mutant kidneys
(compare Fig. 4C,D with G,H, with the papillary expression serving
as an internal positive control, Fig. 4D,H). The complete absence
of Wnt4-expressing structures in mutant kidneys is striking as
histological analysis showed small areas of differentiating structures
present (Fig. S1H, green arrow). Thus, Bmp7 appears to have a
profound effect on the expression of several genes vital to nephron
differentiation.

Differentiation of loops of Henle and distal tubules

To assess the requirement for Bmp7 in differentiation of other
segments of the nephron, distal tubules and loops of Henle were
assessed by staining P2 kidneys for SLC12A3 and SLCI2A1,

3

DEVELOPMENT


https://journals.biologists.com/dev/article-lookup/DOI/10.1242/dev.200773

RESEARCH ARTICLE

Development (2022) 149, dev200773. doi:10.1242/dev.200773

A

Bmp7 fl/fl Six2-TGC Bmp7 fi/fl

P10

30 *HK >k

% Ki67(+) nuclei per total PT nuclei

Lol

g * < & o 0 .
N Qx\\“ & & qh&‘\‘ &

L
Fig. 2. Proliferation in proximal tubules. (A) Sections from P2 kidneys (Aa-
Ah) are stained for LTL (green), Ki67 (red) and DAPI (blue). Controls are shown
in left column, Bmp7 mutants in the right column. Postnatal day indicated at left
of each row. Double-headed arrows in (Aa,Ab) delimit nephrogenic zone.
Scale bar: 100 um. (B) Quantification of Ki67+ nuclei per nuclei of LTL-stained
tubules at each time point. Data are meanzs.d. ***P<0.001, **P<0.01
(unpaired two-tailed t-test). Three biological replicate kidneys were examined
at each time point.

respectively (Fig. S4). Both of these ion channels were present in
Bmp7 mutant kidneys, suggesting that epithelial cells of the loops of
Henle and distal tubules are able to differentiate in the absence
of Bmp7.

Nephron hypertrophy in Bmp7 mutant kidneys

Despite the great diminution of nephron number in Bmp7 mutant
kidneys, it was evident that they were increasing in size. Therefore,
we examined the dynamics of their growth.

Our analysis measured proliferation within the proximal
tubule compartment of the nephron, as this ultimately comprises the
largest compartment in the adult kidney. Proximal tubule mass was
initially quantified by counting numbers of cross sections stained with
LTL. This demonstrated a 2.5-fold increase in control kidneys
between PO and P4 (Fig. SSA). However, the number of LTL-stained
tubular cross sections in Bmp7 mutant kidneys was only half that of
controls at PO, and increased by less than 50% by P4, such that
numbers of cross sections were fivefold greater in controls than in
mutants by P4 (Fig. SSA).

Quantifying proximal tubule growth by counting LTL-stained
cross sections does not account for the great variation in size of cross
sections captured in histological sections. Therefore, to more
quantitatively evaluate proximal tubule mass, we computationally
measured the area covered by LTL staining at successive time points
in the postnatal kidney (Fig. 5A). This approach is useful for
comparing control and mutant kidneys at a specific developmental
time point. However, proximal tubules at PO have dilated lumina
and those in P4 kidneys are less dilated (Fig. 5C), rendering this
computational approach less effective for comparing kidneys across
different time points. Nevertheless, this approach also revealed
decreased proximal tubule area in Bmp7 mutants compared with
controls at both PO (Fig. 5Aa) and P4 (Fig. 5Ab). Therefore, both
these approaches demonstrate that overall proximal tubule mass is
greatly decreased in Bmp7 mutant kidneys. Staining P2 kidneys for
smooth muscle actin demonstrated an increase in interstitial tissue in
Bmp7 mutant kidneys (Fig. S6). Co-staining for Ki67 indicated that
there was ongoing proliferation in this interstitial compartment in
mutant kidneys.

Although nephrons were much fewer in number in the smaller
Bmp7 mutant kidneys, both approaches to quantifying proximal
tubule mass demonstrated that proximal tubule mass per nephron
was greater in mutants than in controls at PO and P4 (Fig. 5Ba and
Bb, respectively, and Fig. S5B). Indeed, by P4, proximal tubules
measured by area of LTL staining per glomerulus were nearly
fivefold higher in Bmp7 mutant kidneys (Fig. 5Bb). To further
understand why proximal tubule mass per nephron was greater in
Bmp7 mutants, we quantified proliferation by counting Ki67-
expressing cells within LTL-stained tubules. From PO through P10,
the number of Ki67+ nuclei per LTL+ tubule increased in control
kidneys, demonstrating that the proximal tubule compartment is
highly proliferative in the early postnatal kidney (Fig. 2A,B).
Interestingly, at P2 and P4, Ki67+ nuclei were more abundant per
LTL-stained tubule in Bmp7 mutants compared with control
kidneys (Fig. 2Ac-Af,B). By P10, Ki67+ nuclei were still present
in Bmp7 mutants, though by this point less abundant per LTL-
stained area than in controls (Fig. 2Ag,Ah,B). These results
demonstrate that there is a Bmp7-independent compensatory
mechanism in mutant hypoplastic kidneys that transiently drives
proliferation above normal levels in the proximal tubule
compartment.

BMP7 drives P38 MAPK and SMAD 1,5,9 signaling

BMP signaling during organogenesis drives proliferation and
differentiation via two major signal transduction pathways (Feng
and Derynck, 2005; Zhang, 2017). A ‘canonical’ pathway uses
SMADs 1,5 and 8/9 (Feng and Derynck, 2005). It is also known that
BMPs signal through MAP kinase pathways, including those that
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Fig. 3. Bmp7 in situ hybridization and RT-qPCR. (A) /n situ hybridization of controls (Aa-Ad) and Bmp7 mutants (Ae-Ah). Embryonic or postnatal day indicated
at top of each column. The arrows delimit the region of Bmp7 expression in maturing nephrons outside the nephrogenic zone. Scale bar: 100 ym. (B) RT-qPCR for
Bmp?7 in P2 kidneys. Data are meanzts.d. ***<0.0001 (unpaired two-tailed t-test). Three biological replicate kidneys were examined at each time point.

involve p38 and JNK (Zhang, 2017). Previous studies have
suggested that that the p38 or JNK pathways may be more
operative in determining progenitor cell self-renewal versus
differentiation and that the SMAD pathway is more involved in
nephron differentiation (Blank et al., 2009, 2008; Brown et al.,
2013). Detection of phospho-p38 (pp38) at successive time points
in postnatal kidneys revealed it to be widely present in the
nephrogenic zone and both epithelial and interstitial cells
throughout the cortex of control kidneys (Fig. 6Aa,Ac,Ae). At P1,
pp38 was largely absent in Bmp7 mutants (Fig. 6Aa,Ab), suggesting
that a p38-dependent signal is indeed a major pathway through
which Bmp7 signals during early postnatal kidney development.
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However, by P3 and P7, the abundance of pp38 increased in
Bmp7 mutants, to levels similar to that observed control kidneys
(Fig. 6Ac-Af). Interestingly, at P7 pp38 remains prominent in the
outermost cortex in both control and mutant kidneys (Fig. 6Ae,Af),
further supporting a role for p38-mediated signaling in the
maturation of nephrons. There are multiple isoforms of p38, all
of which are detected by immunohistological staining with anti-
pp38 antibodies. To determine whether there was an isoform shift
in Bmp7 mutants, we performed a western blot for pp38 using
tissue from P2 kidneys, a time point at which pp38 is starting
to become more prominent in Bmp7 mutant kidneys. In control
kidneys, there appeared to be a single major isoform phosphorylated
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Fig. 4. Gene expression in control and Bmp7 mutant P2 kidneys. (A-H) In situ hybridization of controls (A-D) and Bmp7 mutants (E-H). The gene is indicated at
the top of each column. (A,E) Yellow arrows, renal vesicles; red arrows, ureteric bud derivatives; green arrows, collecting ducts. (B,F) Yellow arrows, podocytes in
maturing glomeruli. (C) Yellow arrows, renal vesicles. (D,H) Green arrows, Wnt4 expression in papilla. Scale bars: 100 ym (A-C,E-G); 500 pm (D,H). Three

biological replicate kidneys were examined at each time point.
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Fig. 5. Proximal tubule analysis. (A) Quantification of area
of LTL staining in PO and P4 kidneys by pixel counts in PO
(Aa) and P4 (Ab) kidneys. The PO and P4 pixel counts

a b a b cannot be directly compared owing to differences in
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(Fig. 6B, black arrow). In contrast, two bands with approximately
equal stoichiometry were present at 38 kd in Bmp7 mutant
kidneys (Fig. 6B, black and red arrows). This doublet may
represent a band-shift of the isoform that predominates in control
kidneys or the activation of a second isoform. Although we
cannot exclude the possibility that an alternate isoform of p38
mediates the hypertrophic response, the detection of a single band
(using an anti-p38 antibody that should detect multiple isoforms),
suggests that a single isoform predominates in both control and
Bmp7 mutant kidneys. The amount of total p38 present was lower
in Bmp7 mutants, suggesting that, although present at lower
amounts, the proportion of p38 phosphorylated is higher in Bmp7
mutants. These results suggest that there is both Bmp7-dependent
and -independent p38 signaling in early postnatal kidney
development.

Phospho-SMAD 1,5,8 is also abundant in P2 postnatal kidneys,
both in the nephrogenic zone (Fig. 7A, green arrows), including
NPCs, capsular and interstitial cells, glomeruli and some tubular
epithelial cells. It is also abundant in the medullary region and
cortical collecting ducts (Fig. 7A, white arrow). In Bmp7 mutant
kidneys, pSMAD 1,5,9(8) is greatly reduced in the nephrogenic
zone and cortical epithelia, but still present in non-NPC-derived
lineages including collecting ducts and interstitial cells, as well
as in the medullary region (Fig 7B), consistent with Bmp7 having
been conditionally mutated in NPCs. By P10, pSMAD 1,5,9(8) is
most prominent in glomeruli and remains abundant in the
medulla of control kidneys, (Fig. 7C, yellow arrows), but is

largely absent in Bmp7 mutant kidneys (Fig 7D). These results
suggest that Bmp7 is the most prominent driver of SMAD 1,5,9
signaling in the postnatal kidney. They also suggest that loss of
Bmp7 in NPCs and their descendant cells affects SMAD 1,5,9(8)
signaling in the adjacent interstitium.

Postnatal role for Bmp7 in nephron expansion

As previously mentioned, there is tremendous postnatal growth of
the kidney. To distinguish the role of Bmp7 in driving postnatal
growth from its role in maintaining NPCs, we inactivated the Bmp7
gene at P7, when NPCs are no longer present and all nephrons
have been induced. A Rosa26-CreERT2 transgene was used to
broadly reduce levels of Bmp7, irrespective of its tissue of origin.
In the kidney, we were able to achieve a 50% reduction in the level
of Bmp7 mRNA (Fig. 8B). At P7, before inactivation, kidneys
of Bmp7™" and Bmp7"" Rosa26-CreERT2 mice (henceforth R26
Bmp7 mutants) were identical in all respects (Fig. 8C-H). Reduction
of Bmp7 did not affect the number of glomeruli, suggesting there
was not a reduction in nephron number (Fig. 8C). However, at P21,
14 days after inactivation of Bmp7, there was a significant
decrease in proximal tubule area and cross-sectional area of the
kidneys (Fig. 8A,D,E). There was also a decrease (albeit not
significant) in body and kidney weight of mutant mice (Fig. 8F,G).
Kidney-to-body weight ratios were similar in both control and
mutant mice (Fig. 8H). Examination of the activation status of
signaling pathways acting downstream of Bmp7 showed a
dramatic loss of pSmad 1,5,9(8) in mutant kidneys, both in
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Fig. 6. (A) Phospho-p38 staining in P2 kidneys. (A) Sections (Aa-Af) are stained for LTL (green), pp38 (red) and DAPI (blue). Controls are shown in the left
column, Bmp7 mutants in the right column. The double headed arrow delimits the extent of the nephrogenic zone containing immature structures. By P7 the
nephrogenic zone has disappeared. Yellow arrows (Ae,Af) indicate areas of pp38 in the more peripheral cortex. Scale bar: 100 um. (B) Western blot for pp38. The
black and red arrows indicate the doublet band in the mutant at 38 kd.

proximal tubules and glomeruli (Fig. 9A). In contrast, pp38 was littermates (Fig. 9B). pJNK appeared to be less abundant than
broadly present in the cortical epithelial and interstitial cells of pp38 and was generally excluded from LTL+ tubules. pJNK
P21 kidneys and was greatly reduced in R26 Bmp7 mutant was also diminished in R26 Bmp7 mutants (Fig. 9C). Thus,

Fig. 7. Phospho-Smad 1,5,8 staining in P2 kidneys. (A-D) Sections
are stained for LTL (green), pSmad 1,5,8 (red) and DAPI (blue). Green
arrow (A) indicates pSMAD present in nascent nephrons. Inset (Aa)
shows pSMAD in differentiating tubules. Pink arrow (B) indicates the
thin nephrogenic zone without pPSMAD present. Inset (Bb) shows the
few pSMAD+ cells in immature nephrons. Yellow arrows (C) indicate
pSMAD present in glomeruli. Inset (Cc) shows pSMAD in glomeruli.
White arrows (C,D) show pSMAD present in collecting ducts of
medulla and papilla. Little pPSMAD staining is seen in Bmp7 mutant
(D,Dd). Scale bars: 100 um. Three biological replicate kidneys were
examined at each time point.
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Fig. 8. Quantification of R26 Bmp7 mutant kidneys. (A) Representative LTL/synaptopodin images used for quantification shown in (B-E). Scale bars: 1 mm
(Aa,Ac); 250 um (Ab,Ad). (B-H) All analyses show multiple biological replicates comparing controls and R26 Bmp7 mutants at P7 and P21. (B) RT-qPCR for
Bmp7in P21 kidneys. (C) Glomerular quantification. (D) Proximal tubule area based on LTL stain. (E) Kidney cross-sectional diameter at widest diameter section
through papilla. (F) Body weight of mice. (G) Kidney weight. (H) Ratio of kidney to body weight. Data are meanzs.d. ***P<0.001, **P<0.01, *P<0.05 (unpaired
two-tailed t-test). At least three biological replicate kidneys were examined at each time point.
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Fig. 9. pSMAD, pp38 and pJNK localization in R26 Bmp7 mutants.

(A-C) All panels are from kidneys of P21 mice. Genotypes are shown on the
left. A low power (left) and high power (right) field is shown for each analysis.
(A) pSMAD 1,5,9 localization. (B) pp38 localization. (C) pJNK localization. All
images are representative of three biological replicates. Scale bars: 100 pm
(left-hand column); 25 pm (right-hand column). Three biological replicate
kidneys were examined at each time point.

Bmp7-dependent signaling, both through Smad 1,5,9(8) and p38
and JNK, remains highly operative during postnatal growth of the
kidney.

DISCUSSION

Several important conclusions about the role of Bmp7 in the
developing and postnatal kidney may be drawn from our results:
(1) although the ureteric bud is a major source of Bmp7 in the
embryonic kidney, Bmp?7 expressed by the Six2+ derived progenitor
population is a crucial determinant of nephron number in the adult
kidney; (2) Bmp7 continues to be expressed in the tubular
compartment of the postnatal kidney; (3) Bmp7 is at least
partially responsible for driving expansion of the proximal tubule
compartment in the postnatal kidney; (4) there is a Bmp7-
independent compensatory mechanism driving proliferation in
hypertrophic proximal tubules of hypoplastic kidneys; and
(5) pPSMAD 1,5,9(8) and p38 signaling appears to be largely
dependent on Bmp7 in the nephrogenic zone, whereas an alternate
isoform of p38 may mediate the compensatory postnatal response to
the absence of Bmp7.

The original Bmp7 null mutant mouse phenotype included
greatly hypoplastic kidneys that appeared to have undergone, at
most, a single round of nephron induction, after which the
remaining progenitors underwent apoptosis, demonstrating a
crucial role for Bmp7 in the self-renewal and proliferation of the
progenitor population (Dudley et al., 1995; Luo et al., 1995). By
using the Six2-TGC transgenic mouse, which expresses Cre
recombinase in the Six2-expressing cap mesenchyme (Kobayashi
et al., 2008), we explored the requirement for Bmp7 expression
specifically from progenitors and their descendant nephron
epithelial cells. The phenotype obtained demonstrates that Bmp7
expressed by ureteric bud-derived tissue is unable to maintain NPCs
in the embryonic kidney. Morphometric studies have shown that the
majority of the nephrons in the murine kidney are induced during
the last two days of embryogenesis and the first two days of
postnatal development (Cebrian et al., 2004; Short et al., 2014).
This massive expansion of nephron number is completely absent
from Bmp7 mutant mice. At PO there is an approximately threefold
difference in nephron number in Bmp7 mutants that increases to a
tenfold difference by P4, indicating that the deficit in the ability to
induce new nephrons is still evolving at PO.

The markedly lower nephron number in Bmp7 mutant kidneys, as
well as their overall architecture, is most consistent with decreased
proliferation and self-renewal of progenitor cells after E14.5. As
discussed above, there is normally an approximately tenfold
increase in nephron number between E16.5 and P2, which largely
fails to occur in Bmp7 mutant kidneys. On the other hand, during
normal kidney development there is typically a transition that occurs
between E15.5 and E17.5, during which a discrete nephrogenic
zone is established in the developing kidney. Although E16.5 Bmp7
mutant kidneys appear to be considerably less well developed than
control kidneys, by PO the overall architecture of mutant kidneys is
grossly correct, with collecting ducts projecting from a medulla to
the outermost cortex, and convolutions of proximal and distal
tubules in the cortex, underlying a nephrogenic zone containing less
differentiated structures. The understanding of how the kidney
develops very distinct cortical and medullary zones, as well as the
specific patterns found within each zone, is relatively limited.
Nevertheless, the histology of Bmp7 mutant kidneys suggests that
the overall architecture of the kidney is determined very early in its
formation and does not require continued induction of new
nephrons throughout embryogenesis. Moreover, the nephron
hypertrophy in Bmp7 mutants did not cause great distortions in
the patterning of the kidney.

The induction and differentiation of nephrons is dependent on
crucial reciprocal inductive interactions between the ureteric bud
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and the progenitor population. Most notably, Wnt9b expressed by
the ureteric bud induces the formation of PTAs, and GDNF
expressed by progenitors induces growth and branching of the
ureteric bud and its derivative branches (Carroll et al., 2005). Bmp7
is expressed by both the ureteric bud and progenitor compartments
(Oxburgh et al., 2011; Oxburgh and Robertson, 2002). Both sources
of Bmp7 appear to be vital to achieve the full developmental
potential of the kidney. Unexpectedly, as shown by the Bmp7 ISH in
Fig. 3Ae,Af, Bmp7 expression in Bmp7 mutant kidneys is not only
decreased in the progenitor and nephron compartments, but also in
ureteric bud-derived structures at E16.5 and P2. This suggests that
Bmp?7 expression in ureteric bud-derived structures may be non-
autonomously affected by Bmp7 expression in progenitors in
developing nephrons. In addition, greatly decreased Pax2 and Wnt4
expression in Bmp7 mutant kidneys also suggests that gene
expression is affected not only in developing nephrons but also
non-autonomously in ureteric bud derivatives and collecting ducts.
Together, these results suggest that the reciprocal interactions
between progenitor/nephron compartments and the ureteric bud-
derived compartments may be more profound than previously
recognized.

Nephron hypertrophy

The phenotype described here bears resemblance to the condition
of oligomeganephronia in humans. This is a rare condition
described as over 80% reduction in nephron number,
accompanied by hypertrophy of glomeruli and tubules (Carter and
Lirenman, 1970). Oligomeganephronia has been observed as a
component of several syndromes, including Renal Coloboma
syndrome and Wolf-Hirschhorn syndrome (Gatto et al., 2018;
Park and Chi, 1993; Salomon et al., 2001). As the former is caused
by mutations in the Pax2 gene, it is interesting that Pax2 expression
is greatly reduced in kidneys of Bmp 7 mutant mice. However, Bmp7
appears to be expressed more broadly in the developing nephrons
than Pax2, which is predominantly expressed in the cap
mesenchyme and renal vesicles, whereas we observe broad Bmp7
expression in much of the developing cortex. Therefore, although
Bmp7 may help maintain Pax2 expression in the early nephron,
Bmp7 may drive subsequent proximal tubule expansion
independently of Pax2. The etiology for the hypertrophy in
oligomeganephronia is not well understood. However, our results
suggest that it may involve activation of a p38 MAP kinase-
mediated pathway.

Postnatal role for Bmp7

The reduction in pSmad 1,5,9(8) observed after constitutive
inactivation of Bmp?7 provides evidence of a role for Bmp7 in the
differentiation and early growth of the nephron. However, the
nephron hypertrophy observed in these kidneys obscured whether
Bmp7 drives nephron expansion. This issue was addressed by
performing a postnatal inactivation of Bmp?7. Cross-sectional areas
of R26 Bmp7 mutant kidneys were reduced, as was pSMAD1,5,9(8)
and pJNK staining, all consistent with a direct role for Bmp7 in
postnatal expansion of the proximal tubule compartment. However,
the broad inactivation of Bmp7 led to some degree of decreased
growth of R26 Bmp7 mutant mice, such that kidney-to-body weight
ratios were unchanged. Therefore, although we cannot exclude the
possibility that reduction in kidney size is secondary to an overall
growth deficit resulting from systemic loss of Bmp7, the dramatic
reduction in pSMAD 1,5,9(8), pp38 and, to a lesser extent, pJNK
staining are more consistent with a direct effect of Bmp7 on the
kidney.

MATERIALS AND METHODS

Mice

All animal studies were carried out in accordance with the guidance of the
Institutional Animal Care and Use Committee at Boston Children’s
Hospital. Bmp7 floxed mice were as previously published (Kazama et al.,
2008; Zouvelou et al., 2009), and were originally obtained from Dr Aris
Economides (Regeneron Corp., NY, USA). BAC transgenic Six2-7GC mice
(Kobayashi et al., 2008) were obtained from Dr Andrew McMahon
(formerly Harvard University, MA, USA). Rosa26-CreERT2 mice are from
The Jackson Laboratory (strain #008463).

Antibodies and reagents

LTL-fluorescein (Vector Laboratories, #FL-1321, 1:200); DBA-fluorescein
(Vector Laboratories, #FL-1031, 1:200); anti-SLC12A1 (Proteintech,
#18970-1-AP, 1:400); anti-SLC12A3 (Sigma-Aldrich, #HPA(028748,
1:200); anti-synaptopodin (kindly provided by Dr Peter Mundel, Atlas
Venture, Cambridge, MA, USA; 1:200); anti-Ki67 (Vector Laboratories,
#VP-RMO04, 1:150); anti-SMA (Abcam, #ab5694, 1:300); anti-pp38 (Cell
Signaling Technology, #4511, 1:100); anti-p38 (Cell Signaling Technology,
#9212, 1:100); ProLong Gold Antifade Mountant with DAPI (Thermo
Fisher Scientific, #P36931), 1:1 dilution in Fluoro-Gel (Electron
Microscopy Sciences, #17985-10); anti-Six2 (Proteintech, #11562-1-AP,
1:250); anti-pSAPK/INK (Cell Signaling Technology, #9251, 1:100); anti-
pSmad 1/5/8 (kindly provided by Dr Malcolm Whitman, Harvard Medical
School, MA, USA; 1:80). All secondary antibodies were used at 1:1000
dilution. Goat anti- rabbit IgG (H+L) Alexa Fluor 568 (Thermo Fisher
Scientific, #A11036); goat anti-rabbit IgG (H+L) Alexa Fluor +647
(Thermo Fisher Scientific, #A32733); goat anti-mouse IgG1 Alexa Fluor
568 (Thermo Fisher Scientific, #A21124).

Proximal tubule quantification

Kidney sections were prepared in paraffin and stained with LTL-fluorescein
and anti-synaptopodin to visualize proximal tubules and glomeruli,
respectively. Using NIS-Elements AR software (Nikon), the area of LTL
staining was quantified as the number of green pixels detected. Intensity and
area thresholds were set to remove background signals or areas not
representative of proximal tubules, based on area, diameter, circularity and
location within the kidney. Using these settings as a basis for defining
proximal tubule cross sections, numbers of such structures were counted per
section using the software. Numbers of glomeruli were counted manually
using a software assist for tallying purposes. Data are presented both as area
of green pixels (LTL area) per glomerulus and number of proximal tubule
cross sections per glomerulus. For each time point, at least three control and
mutant biological replicate sections were examined.

Glomerular counts

Numbers of glomeruli were quantified by counting total glomeruli in a
single longitudinal histological section from the widest diameter of the
kidney. For each time point, at least three kidneys from littermate individual
mice were analyzed.

Immunohistochemistry

All Figures were prepared using paraffin-embedded sections except for
pSMAD 1,5,8 and SLC12A1, SLC12A3. For staining of paraffin-embedded
sections, after removal of paraffin, sections were treated with citrate buffer
for antigen retrieval, permeabilized with 0.025% Triton X-100 in Tris
buffered saline (TBS) for 10 min at room temperature and blocked with 10%
goat serum and 1% bovine serum albumin (BSA) for 2h at room
temperature. Sections were incubated with primary antibodies with 1:200-
1:1000 dilution in 1% BSA in TBS at 4°C overnight, then incubated in
secondary antibody (Alexa Fluor) at 1:1000 dilution in 1% BSA in TBS at
room temperature for 1 h and mounted with anti-fade reagent as above.
Kidneys were fixed with 4% paraformaldehyde/PBS overnight at 4°C,
cryoprotected in 30% sucrose/PBS overnight at 4°C, and then embedded/
frozen in OCT. Immunofluorescence staining carried out on kidney
cryosections (6 um, Leica CM3050S) were counterstained with Prolong
Gold Antifade Mountant with DAPI.
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RNA ISH

Kidneys were fixed in 4% paraformaldehyde in DEPC-treated PBS
overnight, cryoprotected in 30% sucrose/PBS overnight at 4°C, and then
embedded in OCT. We prepared 10 pm cryosections (Leica CM3050S) for
RNA ISH (as previously described; Kann et al., 2015). Probes have been
previously described (Hartwig et al., 2010; Kann et al., 2015). ISH probes
were prepared using the PureLink Plasmid Maxiprep Kit (Thermo Fisher
Scientific, #K210017) for plasmid isolation. Purification of linearized
plasmids was performed using the Qiagen MinElute PCR Purification Kit
(#28004). All restriction enzymes for plasmid linearizations were from New
England Biolabs. Synthesis of DIG-labeled RNA probes was performed
with the SP6/T7 Transcription Kit from Roche (#10999644001). Non-
incorporated nucleotides were removed using the Roche mini Quick Spin
RNA columns (#11814427001). Probe development and detection was
performed using anti-DIG-AP Fab fragments, Roche (#11093274910) and
BM Purple AP Substrate, Roche (#11442074001).

RT-qPCR

cDNA synthesis was carried out using SuperScript III first strand synthesis
system (Thermo Fisher Scientific, #18080051) and RT-qPCR was performed
using a SYBR Green PCR Master Mix (Thermo Fisher Scientific, #4364346)
and run on a QuantStudio 3 RT-PCR system (Applied Biosystems). Primer
pairs have been previously described (Hartwig et al., 2010; Kann et al., 2015).
The kidney cortex was microdissected apart from the medullary region before
preparation of mMRNA. The forward primer was ACGGACAGGGCTTCTCC-
TAC; the reverse primer was ATGGTGGTATCGAGGGTGGAA. The
primers are in exon 1 and 2 and do not detect a Bmp7 mRNA product from
the mutant allele (Zouvelou et al., 2009).

Statistics

All data are presented as means.d. and calculations were performed using
Microsoft Excel. Unpaired one-tailed Student’s f-test was used for
glomerular counts and unpaired two-tailed Student’s z-test was used for
all other data to determine statistical significance. P-value <0.05 was
considered to be statistically significant.
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