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Abstract

The very limited ability of adult podocytes to proliferate in vivo is clinically significant because:

podocytes form a vascular barrier which is functionally critical to the nephron; podocyte

hypoplasia is a characteristic of disease; and inadequate regeneration of podocytes is a major

cause of persistent podocyte hypoplasia. Excessive podocyte loss or inadequate replacement leads

to glomerulosclerosis in many progressive kidney diseases. Thus, restoration of podocyte cell

density is almost certainly reliant on regeneration by podocyte progenitors. However such putative

progenitors have remained elusive until recently. In this review we describe the developmental

processes leading to podocyte and parietal epithelial cell (PEC) formation during

glomerulogenesis. We compare evidence that in normal human kidneys PECs expressing

‘progenitor’ markers CD133 and CD24 can differentiate into podocytes in vitro and in vivo with

evidence from animal models suggesting a more limited role of PEC-capacity to serve as podocyte

progenitors in adults. We will highlight tantalizing new evidence that specialized vascular wall

cells of afferent arterioles including those which produce renin in healthy kidney, provide a novel

local progenitor source of new PECs and podocytes in response to podocyte hypoplasia in the

adult, and draw comparisons with glomerulogenesis.
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Importance of podocyte number in glomerular diseases

When podocytes are injured in glomerular diseases, apoptosis,1, 2 necrosis,3 altered

autophagy,4 and detachment5 can cause an acute and/or chronic reduction in podocyte

density. Because proliferation of existing cells is inadequate to replace those depleted 6 (see
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below), podocyte number decreases progressively with time in progressive glomerular

diseases,7 and hypertrophy of persisting podocytes ensues.8 Several studies have examined

the consequences of a decrease in podocyte number, the details of which are beyond the

scope of this review. Briefly, seminal studies by the laboratories of Kriz,9 Ichikawa10 and

Wiggins11 have all show that the depletion in podocyte number precedes the development of

glomerulosclerosis, and the lower the number, the more severe is the scarring. These data

provide a compelling therapeutic rationale that every effort needs to be made to not only

limit podocyte depletion, but to augment glomerular repair by restoring podocyte number

above the critical threshold that causes undesirable consequences.

Limited proliferative capacity of adult podocytes in disease

In the majority of glomerular diseases characterized by primary or secondary podocyte

injury, studies show that podocyte proliferation is very unusual, and is clearly inadequate to

replace acute and chronic depletion of podocytes.6 Several lines of evidence might explain

the inadequate proliferation in these terminally differentiated cells. First, although cell cycle

proteins required for DNA synthesis such as cyclin E and cyclin A are occasionally

increased in podocytes in experimental glomerular disease,12, 13 the cell cycle inhibitors p21

and p27 are also increased.14, 15 p21 and p27 inhibit the activity of cyclin-cdk complexes

required for DNA synthesis. When p21 and/or p27 are genetically deleted in null mice,

podocytes readily proliferate following disease-induced injury.14, 15 A few podocytes do

express the mitotic-phase cyclins B on occasion.16 However, rather than complete mitosis,

two fates are more common that do not lead to cell proliferation. These are mitotic

catastrophe associated with cell death,17 or an inability to exit cell cycle, leading to DNA

accumulation and polyploidy (Figure 1). Finally, injury-induced DNA damage limits

proliferation by causing cell cycle arrest.18 Although genetically altering certain pathways in

adult podocytes can enhance their proliferative capacity, this likely does not occur in human

glomerular diseases. Taken together, surviving adult podocytes are unable to replace those

depleted in disease, which leads to progressive glomerulosclerosis. Thus, restoration of

podocyte density will require regeneration by alternate cells such as a podocyte progenitor.

Podocyte number can increase following depletion despite absence of

proliferation

Recent experimental studies support a previously unrecognized paradigm: following

podocyte depletion as a consequence of injury, podocyte number can be partially, or

completely replenished under certain circumstances. Most importantly, this occurs in the

absence of podocyte proliferation. Benigni and colleagues showed that ACE-inhibition

restored podocyte number in experimental FSGS.19 Alpers showed that improving the

diabetic milieu reverses podocyte depletion,20 and in mice with experimental FSGS,

administration of retinoids21 or corticosteroids22 in the course of established disease when

podocyte hypoplasia is established, results in greater restoration of podocyte density

compared to control mice given vehicle, in the absence of proliferation. Such reports suggest

in order for podocyte number to increase following depletion in the absence of proliferation,

regeneration must be taking place from another cell source. Although reports have proposed

a circulating progenitor from the bone marrow, under careful scrutiny these have not been

Shankland et al. Page 2

Semin Nephrol. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



reproduced in animal models nor substantiated in human disease. Therefore, local kidney

sources of progenitors are more likely to explain adult podocyte regeneration in the absence

of proliferation.

To put these in to context, we will begin by discussing the developmental programs that give

rise to glomerular podocytes and glomerular parietal epithelial cells during

glomerulogenesis, and compare mechanisms of maintenance of tubular structures in other

organs by progenitors. We will then discuss two leading candidates progenitor sources that

have emerged as likely adult podocyte progenitors: glomerular parietal epithelial cells

(abbreviated as PECs), and arteriolar vascular wall cells of renin lineage (abbreviated as

CoRL). The merits of each will be discussed below.

Comparisons between the Nephron and other Epithelial Structures

Epithelia of the gut, skin and mammary gland have a population of progenitor cells that lie

at the base of epithelial cell-lined tubular structures which supply new epithelial cells to

these structures.23,24,25 The progenitors supply phenotypically-distinct types of epithelial

cells, and as these epithelial cells mature they are eventually shed from the lumen and

replaced. In the mammary gland a single progenitor can give rise to myoepithelial cells

which surround the mammary ducts as well as lining epithelial cells of the alveoli and ducts

and have contractile functions.26 Stratified and pseudo-stratified epithelia in structures such

as the bronchial tree and skin have a basal population of progenitors that supplies the

different types of mature epithelial cells of that epithelium.27 The nephron is also a blind

ending epithelial tube with structural similarities to the mammary gland, skin, hair follicle

and crypts of the intestine. Unlike these structures however, epithelial cells of the nephron

are remarkably stable, and are not continually shed or turned over; unlike the mammary

gland, the nephron is not subjected to hormonally regulated growth and regression. The

mammalian kidney does however appear to regress slowly but steadily over the adult life

span. In animal models designed to mimic human disease, injury to the adult mouse tubule

stimulates loss of epithelium followed by complete regeneration of the epithelium.28 This

model has provided no clear evidence of an epithelial progenitor cell lying within the tubule

or outside of the tubule, but indicates that tubular epithelium regenerates by successful

proliferation of surviving epithelial cells. Exhaustive searches for latent progenitors in the

adult tubule have borne no fruit.29 The glomerulus, however lies at the base of the epithelial

tube and has, unique cell populations and a number of features that might suggest latent

progenitors exist and can be activated.

Developmental Origins of Podocytes and Parietal Epithelial cells

The kidney arises from a population of OSR1+ mesenchymal progenitors in the intermediate

mesoderm. These progenitors differentiate into four distinct progenitors, which give rise to

the epithelium, ureteric epithelium, stroma and microvascular endothelium of the kidney.30

The epithelial progenitors, located in cap mesenchyme, retain mesenchymal characteristics

and express critical transcription factors including WT1, PAX2 and SIX2, which regulate

progenitor pool maintenance and differentiation to epithelium.31–33 A single progenitor

gives rise to multiple types of epithelium within a single nephron. The nephron develops
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from the distal end first, and the blind ending tubule, which becomes the glomerulus,

develops last. This process of transition from a mesenchymal cell in the cap mesenchyme of

the nephrogenic kidney to an epithelial cell requires activation of a number of well-

described critical transcription factors including PAX2 and WT1. Various signals from

neighboring structures regulate this process including WNT9b, GDNF, FGF9 released from

the ureteric bud tip are critical.34

Similar to tubule epithelial cells, podocytes and parietal epithelial cells (PECs) arise from

cap mesenchyme progenitors and require activation of SIX2, PAX2 and WT1. Thus, these

cells undergo a mesenchymal to epithelial transition during early nephrogenesis. These

primitive epithelial cells in the embryonic kidney exhibit typical morphology of cuboidal

epithelium. Mature functioning podocytes and PECs bear little resemblance to epithelial

cells however, and whereas the epithelial cells that become tubules silence WT1 expression,

podocytes are characterized by persistent expression of WT1.35 Although podocytes and

PECs express tight junction proteins 36 and therefore form a barrier, they lack polarity, and

lack secretory or obvious transporting functions, typical of epithelium.

Mature podocytes exhibit many similarities to mural cells or pericytes. These include the

production of angioregulatory factors such as VEGF and ANGPT1, ephrins, and the

synthesis of high levels of capillary basement membrane proteins including COL1 protein.37

Like pericytes, they also express many genes restricted to neurons or associated glial cells,

which may regulate the highly branched cytoplasmic structure.38 PECs also express many

similar genes to podocytes. At later time points in nephrogenesis (16.5dpc onward in mice),

podocytes and PECs activate the transcription factors FOXD1 and TCF21, and the cyclin

dependent kinase p57Kip2. 20, 39 FOXD1 and TCF21 are critical transcription factors

expressed in the progenitor cells which overlie the cap mesenchyme and give rise to the

stroma of the kidney.40,41,39 These FOXD1+ nephrogenic progenitors arise much earlier in

nephrogenesis (9.5dpc in mice) and give rise to all the kidney stromal cells, including

vascular smooth muscle or arterioles and pericytes (known as collectively as mural cells),

including vascular wall cells which express Renin. They also give rise to mesangial cells,

and fibroblasts (FIGURE 2).

FOXD1 regulates activation of genes associated with mural cell development including

COL2, COLXI and CHTRC1 and UNC5 whereas TCF21 regulates genes involved with

membrane binding and regulation of the WNT pathway (FIGURE 2). Studies in which

FOXD1 has been mutated show severe developmental defects as a result of severely

disrupted stromal development, but they also show a persistence of cuboidal epithelial

morphology in podocytes precursors in developing glomeruli.39, 42 Similar findings have

recently been reported when TCF21 is disrupted in podocytes late in development.43

Together these findings suggest that from 15.5dpc onward, podocyte and PEC epithelial

precursors undergo transcriptional reprogramming to acquire characteristics of mural cells.

A lineage boundary normally exists between SIX2+ cap mesenchyme derived epithelium,

and FOXD1+ progenitor-derived kidney stroma,31 and appears to be maintained in adult

disease states. That is to say epithelium remains as epithelium and stroma remains as stroma.

However, podocytes and PECs have broken this lineage boundary, by first undergoing a
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mesenchymal to epithelial transition, then later activated the critical mesenchymal

transcription factors.

The sequential activation of SIX2 and later FOXD1 and TCF21 in podocytes and PECs is

exemplified in mice used to trace the lineage the two kidney progenitor populations

(FIGURE 2). SIX2+ cap mesenchyme gives rise to tubule epithelium except collecting duct

and gives rise to podocytes and PECs. Labeling the fate of the separate population of

FOXD1 progenitors at 10.5dpc shows that in the glomerulus only the mesangium is

populated at this time point by FOXD1 derived cells, whereas no podocytes or PECs are

labeled. By contrast, in adult mice which map all cells that have activated FOXD1 in

development, podocytes and PECs, in addition to mesangium and mural cells, have activated

this transcription factor. The fact that all mesangium is labeled by 12.5dpc but no podocytes

or PECs were labeled at this time indicates that podocytes and PECs activate FOXD1

transcription factor after the glomerulus has formed. This makes sense developmentally,

since the glomerulus forms at the end of a blind epithelial tube when podocytes and PECs

resemble a simple cuboidal epithelium. Only once the glomerulus has formed and has blood

flow, are the mesenchymal transcription factors activated (FIGURE 2). These

developmental insights provide us with two critical pieces of information. Firstly, podocytes

and PECs share transcriptional programming during development, and are distinct from

other epithelia of the kidney. Secondly, podocytes and PECs exhibit hybrid transcriptional

characteristics between epithelium and mural cells.

In the setting of adult glomerular disease sufficient to result in podocyte depletion due to cell

death, two striking observations can be made. Firstly vascular wall cells at the distal tip of

the afferent arteriole activate WT1 (FIGURE 3). Secondly PECs in affected glomeruli up-

regulate expression of PAX2. As stated earlier, both of these transcription factors are critical

in epithelial cell formation. The cells lining the tip of distal afferent arteriole are modified

smooth muscle cells derived from FOXD1+ progenitors (FIGURE 3). They produce Renin

and release it in response to factors including stretch. These modified VSMCs show

plasticity in the adult kidney and may be in flux with other more proximal VSMCs.44 The

de-novo activation of WT1 might suggest activation of a transcriptional program similar to

that which occurs in cap mesenchyme during development (FIGURE 2). Upregulation of

PAX2 by PECs might also suggest recapitulation of this same developmental program

(FIGURE 2).

New studies using genetic fate-mapping strategies provide tantalizing evidence that in adult

disease settings or in post natal glomerular growth, renin producing VSMCs and PECs have

the capacity to undergo transcriptional reprogramming, migrate to the glomerular capillary

tuft, integrate into the tuft and acquire many characteristics of podocytes. In the following

sections we will review the current knowledge of these processes derived from fate-mapping

studies in animal models of glomerular disease and comparative studies in human disease.

Glomerular parietal epithelial cells (PECs) as adult podocyte progenitors

Three observations support the hypothesis that PECs possess biological programs necessary

to enable them differentiate into adult podocytes. First, as stated earlier, because PECs and
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podocytes arise from a common restricted pool of mesenchymal cells, it is appealing to

propose that PECs might simply revert to a fetal developmental reprogramming and become

podocytes.45 Second, in normal adult human, and rodent kidneys, a subpopulation of PECs

lining Bowman’s capsule typically at the vascular pole of the glomerulus co-express both

PEC and podocyte proteins, and even show ultra-structural features of podocytes.46 These

cells typically located at the vascular pole are have been named ‘glomerular epithelial

transitional cells’, When they only express proteins normally restricted to podocytes, despite

PEC location, have been referred to as ‘ectopic podocytes’,47 and when they express WT-1,

typical of adult podocytes, they have been called ‘parietal podocytes.’47 Other investigators

have also described another subpopulation PECs called, defined as cells at the tubular pole

that in addition to expressing PEC proteins, co-express markers CD133 and CD24.48 These

rare PECs cells have been proposed to have multi-progenitor potential, although definitive

studies are lacking.

Because of the common origin of podocytes and PECs during development (discussed

earlier), and the presence of different subpopulations of PECs in normal glomeruli, many

investigators have focused on PECs as potential progenitors for podocytes. We will discuss

data supporting and not supporting this paradigm, and highlight different experimental

systems, species, disease models and other factors that might explain these differences (see

Table 1).

Studies supporting a role for PECs as adult podocyte progenitors

The field of glomerular epithelial cell regeneration has been markedly enhanced by the

generation of a transgenic mouse model expressing the tetracycline trans-activator protein

rtTA, under regulation of a hybrid 3Kb fragment of the human and rabbit Podocalyxin

promoter by Dr. Moeller’s laboratory that affords specific permanent labeling of PECs in

vivo. A seminal study by Appel showed that permanently-labeled PECs migrate to the

glomerular tuft during mouse adolescence, and begin to express podocyte proteins, and take

on their ultrastructural shape.49 However, repeated studies by Moeller’s group,50 and

recently by Huber’s laboratory,51 using similar methods indicated that PECs do not serve as

podocyte progenitors in adult mice. Thus, in this reporter mouse, PECs serve as juvenile, but

not adult podocyte progenitors, an observation that probably reflects glomerular growth

during preadult development.

Using normal human kidneys, Romagnani’s laboratory isolated cells from Bowman’s

capsule expressing PEC proteins and CD133/CD24, and propagated them ex vivo in a cell

culture system.48 These cells can be expanded under cell culture conditions (i.e. have self-

renewal potential), and can differentiate into podocytes and tubular cells. 52, 53 When

administered intravenously to mice with Adriamycin nephropathy, these cells populated the

glomerulus (and tubules), began to express podocyte proteins, and also acquired some ultra-

structural features characteristic of podocytes. Disease outcomes were significantly

improved. Collectively these results support a biological role for this PEC sub-population as

adult podocyte progenitors in experimental glomerular disease. When these cells were

cultured under different conditions, they began to de novo express several podocyte

proteins, which required a decrease in Notch signaling.54 Anders and colleagues showed that
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blockade of the chemokine stromal-derived factor (SFD/CXCL12) enhanced the

differentiation of renal progenitors towards a podocyte phenotype.55

More recently, several studies have highlighted factors that inhibit PEC progenitors. First,

Peirid showed that the subpopulation of PECs expressing CD133/CD24 requires retinoids

for normal survival and function.56 In albuminuric states, the filtered albumin in the urinary

space binds to retinoic acid in the urinary space, thereby limiting the exogenous pool of

retinoids available to PECs. Moreover, when albumin was taken up by PECs, a phenomenon

that has been shown previously,36 endogenous retinoid synthesis was impaired. 56

Importantly, the decrease in the exogenous and endogenous retinoids limited the capacity of

adult human parietal epithelial multipotent progenitors to perform their normal progenitor

function, which might explain in part why podocyte regeneration is limited in albuminuric

states. Second, Rizzo recently showed that a subpopulation of PECs co-expressing the

differentiation marker NCAM also express the angiotensin 1 receptor, and that proliferation

of these cells could be reduced by giving rats an AT1R blocker.57 Third, studies from the

Anders laboratory showed that Interferons alpha and beta reduced the capacity of PEC

progenitors to induce nephrin mRNA expression suggesting these agents may limit the

capacity of these progenitors to become podocytes.58

Studies lacking a supporting a role for PECs as adult podocyte progenitors

Studies have shown that in several states of podocyte depletion, the number of glomerular

epithelial transition cells (defined as cells co-expressing PEC and podocyte proteins) are

increased both along Bowman’s capsule, and in the glomerular tuft.59, 60 In addition, the

number of transition cells can be increased by administration of retinoids,21

corticosteroids22 and ACE-inhibition,(in press) as well as an improvement in the diabetic

milieu.20 However, these studies are all observational and none has provided functional

evidence that transition cells differentiate into podocytes. Guhr showed that the de novo

expression of podocyte proteins in PECs was due to reduced ubiquitin-mediated

degradation.61 More recently, studies using reporter mice have suggested a very different

paradigm. These studies reported that following podocyte injury, a subset of labeled

podocytes could be detected having moved from the glomerular tuft and now lining

Bowman’s capsule.62–65 In this location in some instances, the labeled podocytes co-

expressed PEC proteins in addition to podocyte proteins. These data suggest that one

explanation for cells co-expressing PEC and podocyte proteins along Bowman’s capsule is

that they derive from migrating cells of podocyte origin, and not from PEC origin. The

biological significance of these findings remains to be determined.

Taken together, there are compelling data that support a biological role for PECs as

adolescent as well as adult podocyte progenitors. Yet, there is not consistency across all the

models and marker systems. We need to consider several variables that might explain these

differences such as species and the types of experimental and human glomerular diseases

studied. We also need to be cautious. While a PEC might well differentiate into an adult

podocyte, the magnitude of “regeneration” that results from this may be inadequate to fully

replace the number of podocytes depleted, and the precise cues and mechanisms underlying

such events are not yet well delineated. Finally, we need to keep an open mind that there

Shankland et al. Page 7

Semin Nephrol. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



may well be bi-directional repair/regenerative process ongoing, where PECs differentiate

into podocytes, and podocytes differentiate into PECs. In addition we must be cautious that

the animal models of PEC fate mapping have not been reproduced in independent studies,

and that use of temporally expressed markers in tissue sections is not a surrogate for fate

mapping and result at best in suggestive observations.

Cells of Renin Lineage as adult podocyte progenitors

Studies in the past few years have shown that vascular smooth muscle cells which produce,

or have produced renin (known as Cells of Renin Lineage [CoRL]), exhibit marked

plasticity for a variety of cell-types. These cells restricted to the juxta-glomerular

compartment in adults and best known for their synthesis and secretion of renin, comprise

0.01% of the total kidney number. They derive from FoxD1-positive stromal cells.66 They

participate in kidney vasculature assembly and branching, and thereafter are normally

distributed along large intrarenal arteries. Studies led by Gomez shows that CoRL can

differentiate into smooth muscle cells, mesangial cells, and maybe pericytes too.67, 68

Studied by Kurtz and colleagues show that when VHL is deleted, CoRL can differentiate in

to erythropoietin-producing cells.69 Adult CoRL themselves can be regenerated by adult

renal mesenchymal-like cells that express CD44, c-Kit and/or CD105 markers, events that

recapitulate developmental processes.70 Taken together, these studies show that under

different conditions, adult CoRL are multipotent, serving as progenitors for several kidney

cell types, and that they themselves can be replaced by a progenitor too.

In order to determine whether CoRL also can serve as progenitors for adult glomerular

epithelial cells in disease, reporter mice were developed that permanently tag Renin

producing cells using Cre/ loxP somatic DNA recombination such that fluorescent proteins

are permanently activated in those cells and any daughters. Two reporter mouse lines that

permanently label CoRL constitutively (Ren1c-Cre; zsGreenR and Ren1d-Cre; Rs26-GFP-

R), and one reporter that only labels CoRLs in an inducible manner following the

administration of tamoxifen (Ren1c-CreER; tdTomatoR), were used for study.71 As

expected, administering tamoxifen labeled CoRL only in Ren1c-CreER; tdTomatoR , and

labeled cells were confined to the juxta-glomerular compartment. The majority co-expressed

renin, and none were detected in glomeruli.71 In a model of classic Focal Segmental

Glomerulosclerosis (FSGS) in reporter mice induced by cytotoxic anti-podocyte antibodies,

a 30–40% decrease in overall podocyte number was observed, followed by proteinuria,

increased serum creatinine and segmental glomerular scarring in a focal distribution.71 The

first major finding was that labeled CoRL were detected in a subpopulation of injured

glomeruli (FIGURE 4). In the majority of glomeruli containing labeled CoRL, cells were

distributed either within the glomerular tuft adherent to the GBM, or along Bowman

capsule. Such de novo appearance of permanently tagged cells within the glomerulus can

only be explained by migration from the juxta-glomerular apparatus since in mice that were

not exposed to tamoxifen and did not undergo genetic recombination in the Renin producing

cells prior to disease, no cells were detected either in the juxta- or intra glomerular

compartments.71 The degree of scarring within individual glomeruli was significantly lower

in glomeruli that contained labeled CoRL. These data support the notion that following an
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abrupt decline in podocyte number, labeled CoRL migrate from the juxta- to the intra-

glomerular location.

Second, several lines of evidence show that the appearance of labeled CoRL in disease was

not simply due to (re)expression of renin in diseased glomeruli.71 First, in the inducible

mouse, CoRL were labeled with tamoxifen, prior to disease. Several weeks later a survival

biopsy confirmed labeling restricted to the JG location. Only then was disease induced, and

because tamoxifen was not given subsequently, no additional cells could be labeled. Second,

we generated a mouse that expressed GFP only when renin was transcribed. As expected,

renin mRNA was confined to cells in the JG location in normal and diseased states. Finally,

renin staining was never detected in glomeruli of diseased mice.

Third, fate-mapped CoRL that were detected in the glomerulus expressed glomerular

epithelial cell markers in disease (FIGURE 4).71 A subpopulation of intra-glomerular CoRL

co-expressed one of the following podocyte proteins: WT-1, nephrin, podocin or

synaptopodin. Additionally, a subpopulation of labeled CoRL lining Bowman’s capsule co-

expressed one of the PEC restricted proteins PAX2 or claudin-1. CoRL did not express

nephrin, podocin, synaptopodin, PAX2 or claudin1 when in a juxta-glomerular location in

normal or diseased states. In this model of FSGS, intra-glomerular labeled CoRL did not co-

express markers of mesangial or endothelial cells. Some mapped CoRL cells that had moved

in to diseased glomeruli did not co-express markers of podocytes or PECs and therefore had

not obviously differentiated into a resident glomerular cell type at the time of study. Their

subsequent fate was not determined.

Having shown that a subpopulation of CoRL move from the juxta-glomerulus to the

glomerulus following abrupt podocyte depletion, where they begin to co-express either

podocyte and/or PEC proteins, we next asked if these events could be replicated in a model

of chronic FSGS characterized by progressive podocyte depletion. Accordingly, CoRL were

labeled with a pulse of tamoxifen in inducible reporter mice, and the tamoxifen was then

withdrawn, followed by a kidney biopsy several weeks later to obtain baseline tissue.

Labeled CoRL were confined to the JG as expected. The 5/6 nephrectomy remnant kidney

model was then induced surgically, and individual mice were followed over time. Mice

developed mild FSGS. However, in a subpopulation of glomeruli that did not have obvious

segmental scarring, labeled CoRL could be detected. Moreover, a subset of these cells co-

expressed several podocyte proteins (manuscript submitted). Glomerulosclerosis was

substantially reduced in glomeruli with labeled CoRL. The results suggested that CoRL

might be serving as adult podocyte progenitors during chronic depletion. However, the

ability of CoRL to fully replace or normalize podocyte number was not sufficient to limit

overall glomerulosclerosis.

Aging nephropahy is characterized by a progressive segmental and global

glomerulosclerosis, accompanied by, and largely likely to a slow decline in podocyte

number with age. In CoRL reporter mice aged 1 year, the decrease in podocyte number was

oftentimes accompanied by the presence of CoRL in the intra-glomerular compartment, and

many of these cells co-expressed podocyte proteins.72 Noteworthy is that when CoRL

entered aged glomerulus, electron microscopy studies showed that a subset displayed
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characteristic ultra-morphological features of podocytes, namely foot processes and slit

diaphragms.72 With increasing age, the density of labeled CoRL decreased significantly

compared to younger ages. These results suggest that the reservoir of CoRL in the juxta-

glomerulus decreases in number with progressive aging

Taken together, in three settings of podocyte depletion (acute FSGS, chronic FSGS, and

aging), labeled CoRL were detected in glomeruli, where a subset co-expressed podocyte and

PEC proteins, and some acquired morphological features of adult podocytes. These findings

support the notion that CoRL might serve as adult podocyte progenitors in states of

podocytes hypoplasia or depletion.

The mechanisms underlying CoRL transdifferentiation to adult podocytes, and the cues that

initiate and maintain this process, are not known to date. Noteworthy was the observation

(FIGURE 2) that WT-1, is readily detected in renin-positive cells in the juxta-glomerular

location in acute FSGS, and also in the passive Heymann nephritis model of membranous

nephropathy (unpublished). Many of these WT-1 stained cells co-express the CoRL reporter

in reporter mice with FSGS. It is tempting to speculate that the de novo expression of this

transcription factor might play an important role in regulating the fate of CoRL. Consistent

with this notion is that WT-1 suppresses activity of the renin promoter, and might also

explain why renin mRNA and protein are no longer detected when cells move in to the

glomerulus to become podocytes expressing WT-1.73 Further studies are required to validate

these observations. One fact is becoming increasingly clear regarding WT-1: it is likely not a

marker specific to podocytes, but rather a transcription factor that is expressed by podocytes,

PECs and CoRL in the kidney under different conditions, as it is in the epicardium and lung

by progenitor cells of these organs.

Finally, the observation that when labeled CoRL are in the glomerulus following a model of

acute podocyte depletion they express both podocyte and PEC proteins raises the yet

unanswered question if CoRL provide a source for the subset of PECs that might ultimately

differentiate into podocytes.

Summary and future directions needed to fill in missing pieces

It is critical that podocyte number be maintained in order to limit the development of

proteinuria and glomerulosclerosis in glomerular diseases. Once podocyte depletion has

occurred due to injury-induced apoptosis, detachment, dysregulated autophagy and other

causes, regeneration is dependent on progenitors due to the inability of adult podocytes to

proliferate. Circulating and bone marrow derived progenitors have not been well

demonstrated to serve this role. Within the kidney, parietal epithelial cells (PECs) and

specialized vascular smooth muscle cells of the arteriolar wall known as cells of renin

lineage (CoRL) are two candidates that may well fulfill an adult podocyte progenitor role in

states of podocyte depletion in glomerular diseases. Not all agree that PECs serve this role.

We propose a model that they provide a dual role, where PEC progenitors localize

predominantly to the tubular pole of the glomerulus, and CoRL to the vascular pole

(FIGURE 4). This does not imply that their roles are restricted to these anatomic locations.
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However, the fact that podocyte number decreases in disease implies that the capacity of

these putative podocyte progenitors to adequately restore podocyte number is limited.

Although the field is advancing, several critical questions remain unanswered:

1. Demonstration that adult podocyte progenitors prevent the development of

glomerulosclerosis.

2. Understanding the cues that signal to local progenitors to serve their role.

3. Understanding the molecular mechanisms regulating progenitor differentiation and

migration.

4. Understanding whether progenitors are replenished by asymmetric cell division or

by repopulation from the vascular wall, or whether there is a limited supply of

progenitors.

5. Do currently used therapeutics improve disease outcomes by augmenting

progenitor differentiation.

6. What new therapeutic targets might there be to improve the outcomes of patients

with glomerular diseases?
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Figure 1. Schema showing the fate of podocytes in response to injury
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Figure 2. Podocytes and PECs derive from SIX2+ epithelial progenitor cells in cap mesenchyme
but late in nephrogenesis activate FOXD1, a transcription factor critical in formation of mural
cells in the kidney
(A) Images (upper) showing two discrete progenitor populations in the nephrogenic outer

zone of the developing kidney at E15.5 defined by expression of SIX2 and FOXD1

respectively. Below shows results of fate mapping of these progenitors using Cre/LoxP

transgenic reporter mice, indicating in adult mice they given rise to podocytes/PECs and

mesangial cells respectively. At E18.5 FOXD1 is now active additionally in podocytes of

primitive glomeruli (inset), and mapping of FOXD1 expression shows that all podocytes and
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PECs have expressed FOXD1 at this late time in nephrogenesis. (B) Schema showing the

results of fate mapping of SIX2+ epithelial progenitors which co-express WT1 and PAX2 in

development. These progenitors give rise to precursor cells for podocytes and PECs which

have a cuboidal appearance. Late in development they activate FOXD1 and TCF21 which

appear to regulate the final differentiation into mature cells, and they persistently express

WT1. (C) Schema showing the results of fate mapping of FOXD1+ stromal progenitors

which give rise to mesangial cells, fibroblasts, pericytes and vascular smooth muscle

including JG cells. In glomerular disease, JG cells activate WT1.
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Figure 3. Renin producing vascular smooth muscle cells activate WT1 and PECs upregulate
PAX2 in adult glomerular disease with podocyte loss
(A) Split panel images of a glomerulus following administration of anti-podocyte antibodies

showing de novo expression of WT1 in the renin producing cells of the JGA (arrowhead). In

addition to expression of WT1 in podocytes attached to the tuft, WT1 can also be seen in

some PECs (arrows). (B) Images of normal and diseased glomeruli following anti-podocyte

antibody administration. Note increased expression intensity of PAX2 in PECs
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Figure 4. Images showing the fate of Cells of Renin Lineage in glomerular regeneration and
Schema showing proposed dual role for PECs and CoRL as adult podocyte progenitors in
glomerular disease
(A) Images from normal adult kidney and following podocytes loss during kidney disease in

RenCre;ZsGreen reporter mice. Note all of the vascular arteriolar wall is labeled due to

Renin expression during development. Note that the adjacent glomerulus is devoid of cells

of renin lineage but following podocyte loss cells can be seen along Bowman’s capsule and

in the glomerular tuft. (B) Images from RenCreER;tdTomato reporter mice that received

tamoxifen to induce recombination to activate tdTomato expression in renin producing cells

at 6 weeks of age. Only cells in the JGA at the tip of the afferent arteriole are permanently

labeled. Note that following podocytes loss during kidney disease, there is migration of

renin labeled cells from the JGA to Bowman’s capsule and the glomerular tuft. (C-D)

Schema showing the fate of juxtaglomerular cells of renin lineage and tubular pole PECs in

the setting of kidney disease. Both of these cells from fate mapping experiments have the

capacity to acquire podocytes like qualities.
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Table 1

Summary of published studies on parietal epithelial cells as adult podocyte progenitors

Model System Supporting Data Reference

Studies strongly
supporting PECs as
podocyte progenitors

PEC reporter mouse • A subset of labeled PECs are detected in the glomerular tuft in
newborn and adolescent mice and co-express podocyte
markers

49

51

Human kidney • A subpopulation of PECs at tubular pole co-stain for the stem/
progenitor markers CD133/CD24

• When these cells are isolated, and grown ex vivo, they have
self-renewal potential and high cloning efficiency

• Under certain culture conditions they acquire podocyte
phenotypic features

• Cells harvested from normal kidneys that double-labeled for
PEC and stem/progenitor markers improved disease outcomes
when injected into mice with experimental FSGS

• Ultrastructure?

54

48

53

Studies suggesting, but not
definitively proving, that a
subset of PECs are adult
podocyte progenitors

Rat model • ACE-inhibition affects a subset of cells lining Bowman’s
capsule that co-express PEC proteins and NCAM (used as a
differentiation marker)

19

Diabetic mouse • Blockade of the chemokine stromal-derived factor (SFD/
CXCL12) enhanced the differentiation of renal progenitors
towards a podocyte phenotype

55
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