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Abstract

Nonhuman primates share many developmental similarities with humans, thus they provide an
important preclinical model for understanding the ontogeny of biomarkers of kidney development
and assessing new cell-based therapies to treat human disease. To identify morphological and
developmental changes in protein and RNA expression patterns during nephrogenesis,
immunohistochemistry and quantitative real-time PCR were used to assess temporal and spatial
expression of WT1, Pax2, Nestin, Synaptopodin, alpha-smooth muscle actin (a-SMA), CD31,
vascular endothelial growth factor (VEGF), and Gremlin. Pax2 was expressed in the condensed
mesenchyme surrounding the ureteric bud and in the early renal vesicle. WT1 and Nestin were
diffusely expressed in the metanephric mesenchyme, and expression increased as the Pax2-
positive condensed mesenchyme differentiated. The inner cleft of the tail of the S-shaped body
contained the podocyte progenitors (visceral epithelium) that were shown to express Pax2, Nestin,
and WT1 in the early second trimester. With maturation of the kidney, Pax2 expression
diminished in these structures, but was retained in cells of the parietal epithelium, and as WT1
expression was upregulated. Mature podocytes expressing WT1, Nestin, and Synaptopodin were
observed from the mid-third trimester through adulthood. The developing glomerulus was positive
for a-SMA (vascular smooth muscle) and Gremlin (mesangial cells), CD31 (glomerular
endothelium), and VEGF (endothelium), and showed loss of expression of these markers as
glomerular maturation was completed. These data form the basis for understanding nephrogenesis
in the rhesus monkey and will be useful in translational studies that focus on embryonic stem and
other progenitor cell populations for renal tissue engineering and repair.
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INTRODUCTION

Stem and progenitor cells hold the potential for new therapies for many chronic and
debilitating illnesses (Nirmalanandhan and Sittampalam, 2009). When coupled with
strategies for organ regeneration and repair, stem and progenitor cells may revolutionize
treatments for a wide variety of diseases some of which can be diagnosed prenatally
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(Tarantal et al., 2001; Rao and Palmer, 2009). Current treatment options for patients with
end-stage renal failure include dialysis, which involves severe lifestyle restrictions, or
kidney transplant with life-long immune suppression. Approximately 80% of all candidates
in need of replacement organs are waiting for a kidney, and limited organ availability
highlights the need to develop new strategies to treat these patients in need (Organ
Procurement and Transplantation Network, 2008). Diabetes, hypertension, obesity, and
cardiovascular disease can also have a negative impact on kidney function, and the
increasing prevalence of these health problems suggests that the current shortage of
available kidneys for transplant and the number of patients in need will continue to increase
(Coresh et al., 2007).

A thorough understanding of human development is vital for identifying new methods to
effectively differentiate, for example, human embryonic stem cells towards renal lineages
with the goal of using these precursors for organ regeneration and repair (Batchelder et al.,
2009). The identification of biomarkers and expression patterns important during ontogeny
provide essential clues for discovery of critical cell populations that may be useful for
therapeutic interventions. Animal models are essential to advance translational research and
provide the in vivo testing necessary to determine safety of these approaches prior to clinical
trials in humans. Nonhuman primates share many developmental similarities with humans
and thus they are an important model to advance new therapies for the treatment of human
diseases (Bontrop, 2001; Lee et al., 2001; Tarantal et al., 2001; Shively and Clarkson, 2009),
and can address questions that cannot be answered in other species (Little and Rae, 2009;
Mezquita et al., 2008).

The goals of the current study were to characterize kidney development in the rhesus
monkey to further assess the relevance to human development (Matsell and Tarantal, 2002),
and to provide a baseline for future studies focused on prenatal cell and gene-based therapies
to correct congenital disorders of the kidney, such as obstructive renal disease (Tarantal et
al., 2001; Matsell et al., 2002; Butt et al., 2007). These goals were accomplished by: (1)
morphologic analyses at a range of prenatal and postnatal ages; and (2) assessments of
protein (immunohistochemical) and gene expression (PCR) profiles for genes with dual
roles in development and disease (e.g., Wilm’s tumor, renal hypoplasia, fibrosis) including
Wilm’s tumor 1 (WT1) (Pritchard-Jones et al., 1991), paired box gene 2 (Pax2) (Dressler et
al., 1990), the intermediate filament Nestin (Chen et al., 2006), the podocyte marker
Synaptopodin (Mundel et al., 1991; 1997), alpha-smooth muscle actin (a-SMA)
(MacPherson et al., 1993), and Gremlin, a bone morphogenetic protein antagonist and
mesangial cell marker (McMahon et al., 2000).

MATERIALS AND METHODS

Animals

All animal procedures were approved prior to implementation by the Institutional Animal
Care and Use Committee at the University of California, Davis, and were consistent with the
requirements of the Animal Welfare Act. Activities related to animal care such as diet and
housing were performed as per standard operating procedures at the California National
Primate Research Center. Normally cycling, adult female rhesus monkeys with a history of
prior pregnancy were bred and identified as pregnant according to established methods
(Tarantal, 2005) to obtain fetal specimens (N=21). Fetal tissues were collected by
hysterotomy using aseptic techniques and established protocols (Tarantal et al., 2001) during
the first trimester (25 to 55 days gestation; N=7), second trimester (70 to 100 days gestation;
N=7), and third trimester (110 days gestation to tem; N=7) (term 165+10 days). All dams
were returned to the colony post-procedure. Postnatal (3-6 months; N=3) and adult (> 4
years; N=3) specimens previously collected were also included in the analysis. Tissues were
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placed in 10% buffered formalin, embedded in paraffin, and sectioned at 5-6 pum for
morphologic and immunohistochemical analyses, and cryopreserved sections were used for
molecular assessments.

Immunohistochemistry

Immunohistochemistry was performed as previously described (Batchelder et al., 2009).
Briefly, tissue sections were deparaffinized in xylene, rehydrated in a graded series of
ethanol, and washed in phosphate-buffered saline (PBS). Antigen retrieval was
accomplished with hot citrate buffer (pH 6.0) followed by gradual cooling and transfer to
PBS according to the manufacturer’s specifications (Decloaking Chamber, Biocare Medical,
Concord, CA, USA). Sections were washed twice in PBS for 5 min each and incubated for 1
hr in blocking buffer with 2% serum of the secondary antibody host species. After brief
washes in PBS (two washes, 2 min each), sections were incubated in primary antibody
overnight at 4°C and PBS wash steps repeated prior to incubation for 1 hr with secondary
antibody at room temperature in the dark. Primary antibodies included WT1 (Invitrogen,
Carlsbad, CA, USA), Pax2 (Invitrogen), Nestin (Millipore, Billerica, MA, USA),
Synaptopodin (Progen Biotechnik, Heidelberg, Germany), a-SMA (Millipore), CD 31
(Dako, Carpinteria, CA, USA), vascular endothelial growth factor (VEGF) (Millipore), and
Gremlin (Abcam, Cambridge, MA, USA). Sections were then washed again in PBS twice
and coverslips mounted with ProLong Gold® with Dapi (Invitrogen) and slides imaged with
an Olympus BX61 fluorescent microscope equipped with a Photometrics CoolSnap HAQ
black and white camera (Olympus, Center Valley PA, USA). Formalin-fixed sections were
also analyzed morphologically by staining with hemotoxylin and eosin (H&E) using
standard protocols.

Quantitative Real-time PCR

Tissue samples were collected in RNAlater® RNA Stabilization Reagent (Qiagen, Valencia,
CA, USA), snap frozen immediately in liquid nitrogen, and stored at <—80°C until
processing. Total RNA was extracted following the manufacturer’s instructions from 5-20
mg of tissue with the RNeasy Plus Mini Kit (Qiagen). cDNA was synthesized using random
primers and the Sensiscript® Reverse Transcription Kit (Qiagen) according to the
manufacturer’s protocol. Primers for PCR (Table 1) were designed to span an exon junction
and thus eliminate the possibility of amplifying genomic DNA templates remaining in the
RNA preparations. Real-time PCR was carried out in duplicate in 96-well optical plates
using the 7900® ABI Sequence Detection System (Applied Biosystems, Foster City, CA,
USA) and the QuantiTect™ SYBR® Green PCR Kit (Qiagen) according to the
manufacturer’s protocols as previously described (Batchelder et al., 2009). RNA expression
was quantified according to the Comparative Ct method described in User Bulletin #2
(Applied Biosystems, Foster City, CA, USA,; updated 2001) relative to the housekeeping
gene elongation factor 1-alpha (EF1-a). The relative changes in expression during ontogeny
were determined by comparison to adult mMRNA AC+ which was represented as 100%.

Data Analysis

Gene expression data are shown as mean + standard error mean (SEM) of Cy values from a
minimum of three animals per age group. Significance was determined by Student’s t-test
analysis at p < 0.05.

RESULTS

To identify morphological and developmental changes in protein and RNA expression
patterns during nephrogenesis in the rhesus monkey, immunohistochemistry and quantitative
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real-time PCR (gPCR) were utilized to analyze temporal and spatial expression of WT1,
Pax2, Nestin, Synaptopodin, a-SMA, CD31, VEGF, and Gremlin.

Kidney development in rhesus monkeys follows a pattern similar to humans as the
intermediate mesoderm differentiates to form the mesonephros and the definitive
metanephric kidney in the first trimester (Fig. 1A-E) (Matsell and Tarantal, 2002; Hiatt et
al., 2010). The nephrogenic zone comprises roughly half of the developing tissue in the late
first trimester and gradually decreases as gestation advances in human and nonhuman
primates. Mature glomeruli and proximal and distal tubules were noted as early as the late
first trimester in monkey kidneys (Fig. 1E) similar to humans (Saxen, 1987; Hiatt et al.,
2010). With the development of the medullary region in the mid-second trimester, glomeruli
begin maturation in the cortical region (Fig. 1F-K). Reciprocal inductive processes between
the ureteric bud and the metanephric mesenchyme (blastema) triggers branching and
elongation of the ureteric bud (future collecting system) and condensation and
differentiation of the mesenchyme (future excretory component) (Saxen, 1987). The
condensed mesenchyme was noted to form renal vesicles that differentiated into comma or
C- and S-shaped bodies. With migration of the vascular endothelial component into the cleft
of the S-shaped bodies, glomerular tuft formation begins and is followed by further
differentiation of the distal tail of the S-shaped body into parietal epithelium of the
glomerular capsule. The proximal epithelium of the S-shaped body then differentiates into a
columnar structural entity forming podocyte precursors in the visceral epithelium of the
glomerulus. Similar to humans, the nephrogenic zone disappears by the late third trimester
in rhesus monkeys (Fig. 1M-N). In contrast to the mouse (Saxen, 1987), postnatal kidneys
do not show evidence of nephrogenesis in human or nonhuman primates (Fig. 10-Q; Fig. 2)
(Matsell and Tarantal, 2002).

Early first trimester expression of WT1 was noted in the anterior-medial border of the neural
crest, and in a region between the dorsal aorta and the mesonephros (Figs. 3A, 4A). Diffuse
WT1 expression was observed in the metanephric mesenchyme, but not the ureteric bud, in
the mid-first trimester (Fig. 3B). WT1 staining, while not apparent in the early renal vesicle,
intensified as the renal vesicle differentiated into the C- and S-shaped bodies (Figs. 3C, 4C).
In the second trimester, strong WT1 expression was noted in the tall columnar visceral
epithelium of the developing glomerular tuft and the simple squamous parietal epithelium of
the capsule (Figs. 3D-E, 4C-D) where it was co-expressed with Pax2 from the late-second
trimester until Pax2 expression diminished in the mid-third trimester (Fig. 3F-G). Co-
expression of WT1 with Nestin on glomerular tuft endothelium was noted in the second
trimester (Fig. 4C-D). By the late third trimester and continuing into the postnatal period and
adulthood, WT1 immunoreactivity was evident only in the podocytes of the glomerulus and
in the arteriole endothelium (Fig. 3H-1) where it was co-expressed with Nestin (Fig. 4F-G).

Pax2 was expressed in some cells of the mesonephros of the early first trimester embryo
(Fig. 3A), and in the ureteric bud in mid-first trimester (Fig. 3B) where expression continued
throughout the second trimester. Additional structures with Pax2 immunoreactivity in the
late first trimester included the condensed mesenchyme surrounding the ureteric bud, the
renal vesicle, and the developing C-shaped body (Fig. 3C). By the late second trimester,
strong Pax2 staining was noted in the visceral and parietal epithelium (Fig. 3E) followed by
Pax2 expression in the visceral epithelial layer of the glomerular tuft as podocyte
differentiation proceeded (Fig. 3E-G). Postnatal expression of Pax2 was noted only in the
parietal epithelial layer of the Bowman’s capsule near the vascular or urinary poles and in
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isolated groups of cells just beneath the cortex, and in some, but not all, cells of the
collecting ducts (Fig. 3H-I).

Early first trimester expression of Nestin was noted in the neural crest (Figs. 4A, 5A) and in
some cells in the mesonephros. The diffuse pattern of Nestin expression noted in the
metanephric mesenchyme in the mid-first trimester largely disappeared by the end of the
first trimester as Nestin expression was noted only in the induced blastema surrounding the
ureteric bud tips (Figs. 4B, 5B). Although Nestin was not expressed in the renal vesicles,
strong Nestin expression was noted in early glomerular tuft formation (Fig. 4C-E) and on the
bordering surface of WT1-positive visceral epithelium of the glomerulus. Mature glomeruli
located deep in the kidney cortex were noted with Nestin-positive cells, which were likely
podocytes. With advancing gestational age, the location of Nestin-positive glomeruli
expanded peripherally towards the outer cortex (Figs. 4F, 5C-F). From the mid-third
trimester through early postnatal life, Nestin expression was noted solely on the glomerular
podocytes (Fig. 4F-G) and vasculature including arcuate arteries and afferent arterioles (Fig.
4F-G). Podocyte co-expression of Nestin, WT1, and Synaptopodin was evident from the
mid-third trimester to the adult (Figs. 4, 5F). The early visceral epithelial layer (developing
podocytes) was noted with strong cytoplasmic expression of WT1 while Nestin expression
was localized on the developing endothelium and/or the bordering surface of the visceral
epithelium. As glomerular maturation progressed, Nestin expression was reduced in the
glomerular endothelium but increased in the visceral epithelium of the glomerulus. By the
late third trimester, Nestin was co-expressed with Synaptopodin in podocytes (Fig. 5F)
although Synaptopodin immunoreactivity in maturing glomeruli was noted to be greater than
Nestin immunoreactivity.

Synaptopodin

Some, but not all, of the tubule-shaped structures located below the metanephric zone of
differentiation were immunoreactive for Synaptopodin in the late first trimester (Fig. 5A-B).
The location and morphology of these Synaptopodin-positive structures suggests association
with the ureteric bud. Synaptopodin staining was also noted in the region surrounding the
notochord. In the early second trimester, limited Synaptopodin expression was observed on
the membrane of visceral epithelial cells in contact with the glomerular capillary tuft (Fig.
5C-D). Co-expression with Nestin was noted at this stage of development. This pattern
intensified with differentiation and, by the late third trimester, Synaptopodin expression was
noted solely on podocytes (Fig. 5F).

Markers of Glomerular Development

Gremlin and a-SMA were included as markers in first and second trimester fetal kidneys to
visualize early glomerular tuft development (Fig. 6A-B). In the late first trimester and into
the second trimester Gremlin staining was observed on the luminal surface of the ureteric
bud and developing glomerular tuft endothelium where it was co-expressed with CD31.
High levels of Gremlin expression were noted in the early third trimester (Fig. 6C) in a
pattern consistent with endothelial or mesangial cells, and was co-localized with CD31 on
the luminal surface of developing glomerular endothelium. As expression of these markers
was diminished in the third trimester, additional markers were studied including VEGF.
Expression of a-SMA was observed in vascular smooth muscle (Fig. 6D) of arcuate arteries,
afferent arterioles, and occasionally in developing glomerular endothelium although co-
expression with VEGF was not noted (Fig. 6E).
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Transcriptional Expression of Renal Developmental Markers

The transcriptional activity of key developmental genes was studied by quantitative RT-PCR
analysis of expression patterns across gestation (Fig. 7). In general, patterns of transcript
expression were similar to protein expression noted in the immunchistochemical analysis.
Expression of WT1, Pax2, and a-SMA transcripts did not show any significant differences
across gestation. In accordance with protein immunoreactivity described above, Nestin
transcript expression declined 38% from the first to second trimesters (p=0.03) before
increasing with podocyte maturation near term (relative copy number 8.8 in the second
trimester compared with 17.5 at term; p=0.01). Likewise, Synaptopodin transcript
expression was low in the first and second trimesters (1.0 and 0.7 relative copy numbers,
respectively) before increasing with podocyte maturation in the third trimester (relative
expression 2.2; p<0.05) and at term (relative expression 4.5; p<0.001). Expression of
Gremlin mRNA increased more than two-fold from the first and second trimesters (16.1 and
21.5 relative copy numbers, respectively) to the third trimester (42.9 relative copy number;
p<0.05) before declining sharply at term (relative expression 13.1; p<0.01).

Summary of Renal Markers by Structure and Gestational Age

A summary of expression of markers by structure and gestational age is provided in Table 2.
Of the markers studied, Pax2 and Synaptopodin were expressed in the ureteric bud in the
first trimester kidney with dim Gremlin expression noted at the branching tips. Pax2 was
also expressed in the condensed mesenchyme surrounding the ureteric bud and in the early
renal vesicle. WT1 and Nestin were diffusely expressed in the metanephric mesenchyme,
but intensified as the Pax2-positive condensed mesenchyme differentiated into C- and S-
shaped bodies. The inner cleft of the tail of the S-shaped body contained the podocyte
progenitors (visceral epithelium) expressing Pax2, Nestin, and WT1 from the early second
trimester. As kidney maturation progressed, Pax2 expression was lost in these structures and
concurrent with an increase in Synaptopodin expression. Mature podocytes were observed
from the mid-third trimester through adulthood, and expression of WT1, Nestin, and
Synaptopodin was also shown. Early renal vasculature and glomerular endothelium were
CD31, a-SMA, and Gremlin-positive. As the glomerular structures matured, Gremlin
expression was restricted to mesangial cells and afferent arterioles in the mid-third trimester
only. a-SMA immunoreactivity was noted in renal vascular smooth muscle postnatally and
into adulthood (see Fig. 2).

DISCUSSION

This study represents the first detailed analysis of the protein and gene expression patterns
for WT1, Pax2, Nestin, Synaptopodin, a-SMA, and Gremlin during renal ontogeny in the
rhesus monkey. These data also indicate the timing of appearance of important nephrogenic
structures (e.g., mesonephros, metanephric blastema, mesenchyme, renal vesicles, C- and S-
shaped bodies, maturing nephrons), and highlight temporal similarities to humans which
differ when compared to the mouse (Fig. 2) (Matsell and Tarantal, 2002). These studies
provide a valuable reference for normal development in this species and for future
translational studies of cell-based therapies for kidney repair (Tarantal et al., 2001; Butt et
al., 2007; Batchelder et al., 2009; Leapley et al., 2009). In addition to localizing renal
developmental markers to specific cell types, studies demonstrated that some markers (e.g.,
Pax2, WT1) continue to be expressed in the visceral epithelium of the glomerular tuft or the
parietal epithelial layers of Bowman’s capsule postnatally suggesting this location may be
an important niche for less differentiated cells in the kidney. The first evidence of Gremlin
immunoreactivity in developing mesangial cells was also shown during nephrogenesis in the
rhesus monkey.
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WT1 expression in the developing kidney of rhesus monkeys follows a pattern previously
described in humans (Pritchard-Jones et al., 1990; Mundlos et al., 1993) and the mouse
(Pelletier et al., 1991; Armstrong et al., 1992; Rackley et al., 1993; Georgas et al., 2008)
with the strongest levels of expression observed in differentiating podocytes, in C- and S-
shaped bodies, and in mature podocytes. These results show that cells that differentiate
towards a podocyte lineage first express Pax2 (C- and S-shaped bodies), followed by strong
WT1 expression as the visceral and parietal epithelial layers differentiate, and later by
increased Nestin and Synaptopodin expression as podocyte maturation is completed. In
agreement with the immunohistochemical analysis shown here and in previous reports in
rodents (Sharma et al., 1992) and humans (Pritchard-Jones, et al., 1990), the greatest level of
expression of WT1 was noted in podocytes in the third trimester, as terminal differentiation
is completed. The gene expression data presented for WT1 suggest no changes in expression
of this gene across gestation, but may be indicative of additional RNA regulation by small
interfering RNAs (siRNAs) and microRNA’s in some cell types (Perara, 2007; Agrawal et
al., 2008; 2009).

The identification of renal multipotent progenitors has remained elusive and controversial,
perhaps due in part to the complexity and variety of cell types found in the mature kidney.
Fate-mapping experiments in mice have established that Osrl expression in the intermediate
mesoderm marks a nephrogenic progenitor population (Mugford et al., 2008) and that cap
mesenchyme induced by the branching ureteric bud has populations of Six2 (Kobayashi et
al., 2008) and Cited1 (Boyle et al., 2008) positive cells with self-renewal characteristics and
multipotentiality. Stem cell markers CD24 and CD133 were studied in normal human fetal
kidneys and localized to the renal vesicle and C- and S-shaped nephron (CD24) or the
ureteric bud and uninduced metanephric blastema prior to induction (CD133) (lvanova et
al., 2010). In normal adult human kidney, these stem cell markers were co-expressed in cells
of the macula densa. A population of CD24+CD133+ cells in embryeonic (Lazzeri et al.,
2007) and adult (Sagrinati et al., 2006) human kidneys has also been identified, shown to
restore renal function for induced acute renal failure in mice, and demonstrated to comprise
hierarchical populations of progenitors in Bowman’s capsule capable of regenerating tubules
or podocytes depending on spatial location (Ronconi et al., 2009). Genetic tracing studies in
mice demonstrated regeneration of podocytes from parietal epithelial cells (Appel et al.,
2009). In accordance with these findings, the Pax2 and WT1 immunohistochemical analysis
presented here demonstrates the persistence of these developmental markers in the parietal
epithelium of Bowman’s capsule in rhesus monkeys.

Studies to identify and characterize kidney progenitors for potential use for regenerative
medicine will require surface markers to allow sorting of specific cell populations. Many of
the nephrogenic progenitor markers identified, to date, are transcription factors such as Osr1,
Six2, and Cited1 which limits the use of these markers for flow cytometric analysis.
Similarly, the developmental markers included in this study are transcription factors with
limited applications for sorting of the less-differentiated cell populations in fetal kidneys.
Cell surface markers CD24 and CD133 have shown regenerative potential in human and
mouse studies, but studies with these markers in nonhuman primates is limited because
reactive antibodies are not currently available.

The spatial expression of Pax2 in early nephrogenic stages in the developing monkey kidney
was similar to reports in human (Tellier et al., 2000) and mouse (Dressler et al., 1990)
although the temporal development of the metanephric kidney begins earlier in human and
nonhuman primates (first trimester) when compared to mouse (mid-gestation). The present
study with rhesus monkey kidneys suggests expression of Pax2 follows a pattern in monkeys
similar to humans with expression evident in the mesonephros and ureteric bud prior to
condensation of induced mesenchyme in the late first trimester. The highest level of Pax2
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expression was noted in the ureteric bud tips, the condensing mesenchyme, and the
developing renal vesicle although expression was shown to be downregulated after the S-
shaped body phase as noted in the mouse (Dressler and Douglass, 1992). Importantly, Pax2
appears to be downregulated in podocyte progenitors as WT1 expression increases (Ryan et
al., 1995) as reported in the mouse suggesting regulatory control by WT1. Small, isolated
groups of Pax2-positive cells remained in the outer cortex just under the kidney capsule until
birth in mice (Dressler et al., 1990), and similar findings were noted in the early postnatal
period in rhesus monkeys. Some cells of the parietal epithelium of Bowman’s capsule
continued to express Pax2 postnatally. These Pax2-positive cells, along with occasional cells
expressing Pax2 in tubules in infants and adults, may represent a renal progenitor population
with the potential to contribute to repair of glomeruli or tubules of the postnatal kidney.

This study has explored the expression of important renal developmental markers in rhesus
monkeys across gestation, early postnatal life, and into adulthood. In parallel with
quantitative RT-PCR, the spatial and temporal sequence of expression of these genes and
localized expression to specific cell types and developmental structures has been identified.
These studies form the basis for enhancing our understanding of nephrogenesis in the rhesus
monkey, and will be important for translational studies where recapitulating early
development will be necessary to repair kidneys damaged by congenital renal disease
(Tarantal et al., 2001; Matsell et al., 2002; Butt et al., 2007).
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Figure 1. Hematoxylin and Eosin (H&E) staining of sequential stages of kidney development
Sections of first trimester rhesus monkey embryos highlight development of the intermediate
mesoderm (IM) (Fig. 1A, early first trimester transverse section), mesonephros (Fig. 1B;
mid-first trimester transverse section), and definitive kidney or metanephros (Fig. 1D,
sagittal section, and 1E; late first trimester). These developmental findings for nephrogenic
structures were similar when compared to human fetal kidneys (8 weeks) (Fig. 1C) (courtesy
of Dr. Douglas Matsell; collected in accordance with the Human Ethics Guidelines of the
University of British Columbia). Second trimester images illustrate active nephrogenesis in
the outer cortex in both human (Fig. 1F, I; 18 and 26 weeks, respectively; courtesy of D.
Matsell) and monkey (Fig. 1G-H; early second trimester and Fig. 1J-K; mid-second
trimester). Third trimester fetal kidney sections demonstrated nephrogenesis is nearing
completion with restriction of the nephrogenic zone in human (Fig. 1L; 36 weeks; courtesy
of D. Matsell) and monkey (Fig. 1LM-N; mid-third trimester). Postnatal human (Fig. 10; 5
years; courtesy of D. Matsell) and monkey kidneys (Fig. 1P-Q; 6 months) are shown.
Abbreviations: CB, C-shaped body; DA, dorsal aorta; DT, distal tubule; IC, intraembryonic
coelom; g, glomerulus; LM, lateral mesoderm; PM, paraxial mesoderm; NC, notochord; NT,
neural tube; PT, proximal tubule; RV, renal vesicle; SB, S-shaped body; UB, ureteric bud.
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Figure 2. Time course of nephrogenesis and expression of renal developmental markers in
human, monkey, and mouse

Nephrogenesis begins in human and nonhuman primates in the late first trimester and
continues throughout the mid-third trimester (term 165+10 days). In contrast, mouse
nephrogenesis begins in mid-gestation and concludes postnatally (Saxen, 1987) (term 20
days). (1Tellier et al., 2000; 2Dressler et al., 1990; 3Charles et al., 1997; *Armstrong et al.,
1992; SRackley et al., 1993; SBertelli et al., 2007; "Wagner et al., 2006; 8Chen et al.,
2006, °Nagata et al., 1998; 19Barisoni et al., 2000; 1IMundel et al., 1991; 12Naruse et al.,
2000).
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Figure 3. WT1 and Pax2 staining of sequential stages of kidney development in rhesus monkeys
Pax2 expression was noted from the early first trimester through the late third trimester in
the mesonephros (Fig. 3A), ureteric bud (UB) (Fig. 3B), condensed mesenchyme (CM) (Fig.
3C-H), and renal vesicle (RV) (Fig. 3C) of the nephrogenic zone. Isolated collecting duct
(CD) cells (Fig. 31) continued to express Pax2 postnatally; this marker was also noted in
widely scattered pockets of cells under the cortical capsule (Fig. 31-J; 3-6 months postnatal
WT1/Pax2 composite images). WT1 was expressed in the genital ridge between the aorta
(A) and the mesonephros (Fig. 3A) and in the metanephric mesenchyme (MM) (Fig. 3B) in
the mid-first trimester, followed by the C- and S-shaped bodies (CB and SB, respectively)
(Fig. 3C-G), arterioles (a), and the visceral epithelium (VE) of the glomerulus where it was
co-expressed with Pax2. The parietal epithelial layer (PE) did not express WT1 but showed
isolated Pax2-positive cells that were closely associated with the vascular or urinary pole of
the glomerulus (g) (Fig. 3E-G). Images oriented with the cortex to the upper left (Fig. 3C-
K). NT, neural tube; NC, notochord; PT, proximal tubule.

Anat Rec (Hoboken). Author manuscript; available in PMC 2011 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Batchelder et al.

Page 15

First Timester
Earh

Trimester
™

Third Trimestor
m iy

Figure 4. WT1 and Nestin expression in sequential stages of kidney development in rhesus
monkeys

In the early first trimester, WT1 was localized between the dorsal aorta (DA) and the
mesonephros (Fig. 4A) while Nestin was expressed in the mesonephros. Dim expression of
these markers was noted in the mid to late-first trimester metanephric kidney (Fig. 4B).
Neither marker was expressed in the ureteric bud (UB). Faint WT1 expression was noted as
the renal vesicle (RV) differentiated in the tail of the comma or C-shaped body. In the
second trimester (Fig. 4C-D) and early third trimester (Fig. 4F), WT1 was strongly
expressed on the visceral epithelium (VE) of the glomerulus with Nestin expression noted
surrounding the developing glomerular endothelium (GE). The parietal epithelium (PE) of
Bowman’s capsule was negative for both markers. By the mid-third trimester and continuing
postnatally (Fig. 4F-G), these markers were expressed in the podocytes (P) of the glomeruli
(9) and the afferent arterioles (a). Images oriented with cortex to the upper left. SB, S-
shaped body. Postnatal (Fig. 4G) images are presented as a composite of WT1/Nestin.
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Figure 5. Synaptopodin (SYN) and Nestin expression in sequential stages of kidney development
in rhesus monkeys

In the early first trimester, Synaptopodin expression was noted in the notochord (NC) and
surrounding region between the dorsal aorta (DA) and the neural tube (NT) (Fig. 5A).
Nestin was localized to the mesonephros and the neural crest (arrows). Synaptopodin
expression was observed in the ureteric bud (UB) in the late first trimester (Fig. 5B). Early
second trimester expression of these markers was found in the visceral epithelial layer (VE)
of mature glomeruli (g) deep in the medulla (Fig. 5C). Both markers were absent in the
parietal epithelium (PE) of Bowman’s capsule. Synaptopodin expression in the outer cortical
region was noted in late second trimester (Fig. 5D) on developing podocytes. This staining
pattern intensified throughout the third trimester (Fig. 5E-F) where Synaptopodin and Nestin
were co-expressed on podocytes (P). Images oriented with cortex to upper left. DT, distal
tubule; MD, macula densa; RV, renal vesicle.
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Figure 6. Markers of glomerular tuft development including CD31, Gremlin, alpha-smooth
muscle actin (e-SMA), and vascular endothelial growth factor (VEGF) in sequential stages of
nephrogenesis in rhesus monkeys

Dim CD31 immunoreactivity was observed on capillaries (c) in the metanephric blastema
(Fig. 6A) while Gremlin staining was observed on the luminal surface of the ureteric bud
(UB). Gremlin staining was stronger on the developing glomerular endothelium (ge) where
it was co-expressed with CD31 in the second (Fig. 6B) and early third trimesters (Fig. 6C).
By the mid-third trimester, only dim Gremlin expression was observed in a pattern
consistent with endothelial or mesangial cells, and on the luminal surface of a-SMA-positive
vasculature (Fig. 6D). Bright a-SMA expression was noted in vascular smooth muscle of
arcuate arteries (not shown) and afferent arterioles (a). In the mid-second trimester, dim
VEGF staining was noted followed by bright VEGF expression in third trimester glomerular
endothelium (Fig. 6E). Images oriented with the cortex to upper left. PE, parietal epithelium;
RV, renal vesicle; SB, S-shaped body; VE, visceral epithelium.
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Figure 7. Quantitative RT-PCR analysis of expression patterns of a-SMA, Gremlin, Nestin,
Pax2, Synaptopodin, and WT1 across gestation

RNA expression was quantified according to the comparative Ct method with EF1-a as the
housekeeping gene and relative changes in expression determined by comparison to adult
MRNA taken as 100% (see text); *p<0.05, **p<0.01, ***p<0.001. An N=3 was included for
each age group.
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Table 1

Primer sequences for renal developmental markers

Reverse Primer

Gene Primer Sequence

WT1 Forward Primer | 5-CTTCAGAGGCATTCAGGATGTG-3'
Reverse Primer | 5-TCTCAGATGCCGACCGTACA-3’

Pax2 Forward Primer | 5-GCTTTGGATCGGGTCTTTGA -3’
Reverse Primer | 5'-CTCGTTCCCCTGTTCTGATTTG-3'

Nestin Forward Primer | 5-TGGCAAGAGGCCGGTACA-3’

5-CCGTATTTGTCCTTCACCTTC-3'

Synaptopodin

Forward Primer
Reverse Primer

5-CAGATTGGGCCAGAGCACTAG-3'
5-TTGGACGCCACGGGAAT-3’

a-SMA

Forward Primer
Reverse Primer

5-GGGACGACATGGAAAAGATCTG-3'
5-GCAGGGTGGGATGCTCTTC-3’

Gremlin

Forward Primer
Reverse Primer

5-ATGTGACCGAGCGCAAATAC-3'
5-TGGATATGCAACGACACTGC-3'

EFl-a

Forward Primer
Reverse Primer

5-GACCCACCAATGGAAGCAG-3'
5-TGTGGCAATCCAATACAGGG-3'

Page 19

WT1=Wilm’s tumor 1; Pax2=paired box 2; a-SMA; a-SMA=alpha-smooth muscle actin; EF1-a=housekeeping gene elongation factor 1-alpha

Anat Rec (Hoboken). Author manuscript; available in PMC 2011 November 1.



Page 20

Batchelder et al.

‘(uoissaldxa ou) — ‘(uoissaidxa ajqerien) —/+ ‘(uoissaidxa Buons) +++ ‘(uoissaldxa ayesspow) ++ ‘(Uoissaidxa wip) + Aq paiuassidal Jeytew yoes Jo uoissaidxa sanelend)

*3]9SNW YJOOWIS JB|NISBA=IA'S ‘S]|80 [e1BuBSaW=|Al ‘WNI|aY10pua Jejniawo|B=N3 ‘ss|oLIaLIE Jualale=\yY ‘s81koopod=d ‘wnijayids |e1ered=34 ‘wnijaynds [e10sIA=I A

‘Win1ayIopus Jejniawof Buipnjoxa ainyeinasea ‘A onp Buos)jod ‘@D BWAYIUSSaL PasUSPUOI=IAID pNg dLBIBIN=gN ‘aWAYdUasaW d1ydaurlaW=|AN

“unoe 8]asnwW yioows-eyd[e=\yINS-P 'z Xoq paired=gxed ‘T Jown) s, WjIM=T LM

— — — N+ ‘NI+ + — — - —/+ — urjwalg
WS+ | - - W+ ‘NI—/+ + - - - - + VINS-P

- - d+ d++ + - - - —/+ - uipodoydeuAs
v+ | - d+ d++ + - - - - ++ unsaN

IN -+
- —/+ ‘Id—/+ IA+'3d+ + + +++ ++ ++ - xed
d+++
vV+ — d++ ‘IA+H+ + ++ — - — ++ TLM
snintawolb | sniniswolb | padeys | padeys | ajoIsan
AN as |ereulsod |ereus.id -S -0 leusy | WO | dn | ININ

NIH-PA Author Manuscript

SAa)UOW SNSaUJ [18) Ul S1xJew [eluswdojaAap [eual Jo uonngLisip Jo Alewwns

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Anat Rec (Hoboken). Author manuscript; available in PMC 2011 November 1.



