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During kidney development, progressively committed progenitor
cells give rise to the distinct segments of the nephron, the
functional unit of the kidney. Similar segment-committed pro-
genitor cells are thought to be involved in the homeostasis of
adult kidney. However, markers for most segment-committed
progenitor cells remain to be identified. Here, we evaluate Troy/
TNFRSF19 as a segment-committed nephron progenitor cell marker.
Troy is expressed in the ureteric bud during embryonic develop-
ment. During postnatal nephrogenesis, Troy+ cells are present in
the cortex and papilla and display an immature tubular phenotype.
Tracing of Troy+ cells during nephrogenesis demonstrates that
Troy+ cells clonally give rise to tubular structures that persist for up
to 2 y after induction. Troy+ cells have a 40-fold higher capacity than
Troy− cells to form organoids, which is considered a stem cell prop-
erty in vitro. In the adult kidney, Troy+ cells are present in the
papilla and these cells continue to contribute to collecting duct
formation during homeostasis. The number of Troy-derived cells
increases after folic acid-induced injury. Our data show that Troy
marks a renal stem/progenitor cell population in the developing
kidney that in adult kidney contributes to homeostasis, predom-
inantly of the collecting duct, and regeneration.
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The kidney plays a crucial role in blood pressure regulation,
interior milieu homeostasis, and hormone production. The

human kidney consists of 1 million nephrons, which are the
functional units of the kidney. In mammals, nephrons arise ex-
clusively during embryonic development, and in some species,
including mouse, this process is continued during early postnatal
development. After nephrogenesis has ceased, a low level of
tubular cell turnover persists. However, no new nephrons are
formed. The formation of insufficient nephrons during devel-
opment, commonly referred to as “low nephron endowment,”
poses a risk for kidney disease in later life (1). Moreover, damage
exceeding the capacity of renal tubules to replace injured cells
leads to loss of nephrons without replacement. The progressive
loss of nephrons is the final common pathway of renal disease.
Identification of the mechanisms and progenitor cells involved in
renal development as well as adult organ homeostasis provides
insights into kidney (patho)physiology and will facilitate the
development of new diagnostic and therapeutic strategies.
Historically, research has focused on progenitor cells involved

in nephrogenesis during embryonic development. Developmen-
tal studies have shown that the kidney is formed by the inter-
action of two distinct mesodermal cell populations, the ureteric
bud (UB), where the self-renewing stem cell population particu-
larly resides in the tips (2, 3), and the metanephric mesenchyme
(MM). Upon the interaction between the UB and MM, nephrons
are formed in a process that is dependent on Wnt signaling (4).
Quickly after the induction of nephron formation, differentiation

toward the distinct segments of the nephron, which are all derived
from the MM except for the collecting duct (CD) (5), occurs.
Indeed, it has been demonstrated using lineage tracing that clonal
expansions occur during development that do not cross segment
barriers (6), showing that segment-committed progenitor cells
exist. In line with this, we demonstrated that one single Lgr5+

segment-committed stem cell is responsible for the expansion of
the thick ascending limb of Henle’s loop (TAL) in each nephron
(7). However, until now, no other segment-committed progenitor
cells have been identified in the developing kidney.
More recently, also in adult kidneys, the presence of stem cell

populations has been suggested. With elegant lineage tracing ex-
periments, the golden standard for identification of stem cell
populations, it has been demonstrated that during adult homeo-
stasis and repair, clonal expansions occur that do not cross segment
barriers. This suggests that adult segment-committed progenitor
cells exist that clonally expand (6). However, no markers for these
segment-committed stem cells have been identified.
In this study, we evaluate the Wnt target gene Troy (TNFRSF19)

as a stem cell marker in the developing and adult kidney. Wnt target
genes and proteins are of specific interest for the identification of
renal progenitor cells, as Wnt signaling is both essential for kidney
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development and involved in adult tubular cell turnover (4, 7, 8).
In addition, Troy has been shown to mark stem/progenitor cells in
the stomach and brain (9–11). Here, we document the presence,
localization, and identity of Troy+ cells and its progeny in the
developing kidney, as well as during normal cell turnover in the
adult kidney.

Results
Troy-EGFP+ Cells Are Present in the UB During Embryonic Development
and Mark Undifferentiated Cells in the Postnatal Kidney.To document
Troy expression during embryonic development, we isolated em-
bryonic kidneys from Troy-Enhanced Green Fluorescent Protein
(EGFP)-ires-CreERT2 mice (n = 8). Embryonic kidneys were
isolated at 12 d postcoitum (12 dpc), when the UB starts to invade
the MM, and were cultured ex vivo for 1, 2, or 6 d (Fig. 1 A–C).
Troy-EGFP expression was observed in the ureteric bud from the
moment of isolation and remained present during the culture
period. When kidneys were isolated at postnatal day (P) 1 and 2
(n = 6), Troy-EGFP was detected in the outer cortex as well as in
the papilla (Fig. 1D).
Next, we phenotypically characterized the Troy-EGFP+ cells at

P1 and P2 by immunofluorescent staining for nephron segment-
specific markers. It showed that the majority of the Troy-EGFP+

cells did not costain with segment-specific differentiated tubular
cell markers: megalin (proximal tubule; Fig. 1E), Tamm Horsfall
Protein (thick ascending limb of Henle’s loop; Fig. 1F), calbindin
(distal tubule; Fig. 1G), AQP2 (principal cells of the collecting
duct; Fig. 1H), and AE1 (α-intercalated cells, collecting duct; Fig.
1I). Although most of the Troy-EGFP+ cells did not costain for
these differentiation markers, occasionally some double staining
for Troy-EGFP+ cells with AQP2 or megalin is observed (Fig. S1).
Thus, most Troy-EGFP+ cells are relatively undifferentiated

cells directly postnatally.

Troy-EGFP+ Cells in the Developing Kidney Express UB/Collecting Duct-
Specific Genes. To further characterize the Troy-EGFP+ positive
cells during renal development, we performed RNA sequencing of
Troy-EGFP+ cells isolated from kidneys from early postnatal (P2)
Troy-EGFP-ires-CreERT2 mice (n = 3) to determine the signature
transcriptome. Single cells were FAC sorted into three fractions:
strongly Troy-EGFP positive (Troy-EGFP++), weakly Troy-EGFP
positive (Troy-EGFP+), and Troy-EGFP negative (Troy-EGFP−)
populations (Fig. 2A). Five to 10 percent of the living cells at P2 were
Troy-EGFP++ (with these gating settings, 0.5% of the kidney cells
from a wild-type mouse were part of the EGFP+ population). We
found that Troy expression was highest in the Troy-EGFP++ pop-
ulation compared with Troy-EGFP+ and Troy-EGFP−, confirming
its identity as the endogenous Troy+ kidney population (Fig. 2B).
From a previously published dataset (12), we extracted lists of

genes that are enriched in the UB and a list of genes that are
specifically expressed in the MM. We compared these lists, with
the genes that are differentially expressed in the Troy++ pop-
ulation, compared with the Troy− population. We found that
genes that were enriched in Troy++ population were much more
likely to be typical UB genes than MM genes. These findings
indicate a predominant UB identity of Troy-EGFP++ cells, and
MM identity for Troy-EGFP− cells (Fig. 2C).
Next, we performed a similar analysis to assess in greater detail

the stages of UB development, by comparing our expression data
to an additional dataset (13) that we accessed through the Gud-
map database. This microarray based dataset includes two time
points, embryonic day (E) 11.5 and E15.5 and examines multiple
laser-captured compartments. It is of note that this reference
dataset did not find large differences in gene expression across
compartments (13) and, therefore, it appeared that many com-
partments were enriched in the Troy-EGFP++ population (Fig. 2D).
However, within the UB-related compartments, Troy-EGFP++ cells
had highest up-regulation in E15.5 ureteric tip-specific genes,

showing a ureteric tip identity of Troy-EGFP++ cells (Fig. 2D).
Surprisingly, genes specific to the S-shaped body, a non-UB–related
compartment, were also highly up-regulated in the Troy-EGFP++

fraction. However, during the S-shaped body stage of kidney de-
velopment, fusion to the ureteric bud has already taken place, po-
tentially explaining why—at least part of—Troy-EGFP++ cells are
also enriched for S-shaped body genes. Interestingly, of the com-
partments in the dataset that remain present in adult kidney
(proximal tubule, Loop of Henle, cortical collecting duct, and
medullary collecting duct), Troy-EGFP++ cells have on average
the highest up-regulation in collecting duct-specific genes.

Troy-EGFP+ Cells in the Developing Kidney Exhibit Organoid-Forming
Capacity in Vitro. Formation of spheres or organoids in vitro is
considered a stem cell capacity (14–16). To assess organoid-forming
capacity of Troy-EGFP++ cells, we FAC sorted cells derived from
P2 kidneys (n = 3 mice) into Troy-EGFP++, Troy-EGFP+, and
Troy-EGFP− populations (Fig. 3A) and we seeded 15,000 cells of
each fraction in Matrigel as described previously (17). Cells were
cultured in culture media supplemented with Wnt3A-, Rspo1-, and
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Fig. 1. Troy expression during kidney development. Troy was expressed
during embryonic development in the UB at E12.5 (A), E13.5 (B), and E18.5
(C) dpc in ex vivo kidney culture. At P1 and P2, Troy was expressed in the
papilla (D) and outer cortex (D and D′). At P2 Troy-EGFP+ cells did not
overlap with tubular differentiation markers megalin (E), THP (F), Calbindin
(G), AQP2 (H), or AE1 (I). (E–I) Visualized with immunofluorescence. (Scale
bars: 50 μm.)
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Noggin-conditioned medium and addition of B27, N-acetylcysteine,
EGF, FGF10, and A8301.
Sorted Troy-EGFP++ cells clonally proliferated, leading to typical

cystic organoids, as previously observed for multiple other organs
(16) (Fig. 3 C and D). After 5 d, by scoring cystic structures as
depicted in Fig. 3 C and E, a 40-fold higher colony-forming effi-
ciency of Troy-EGFP++ (2.0%) cells was observed, compared with
the Troy-EGFP− cells (0.05%), whereas the Troy-EGFP+ pop-
ulation had an intermediate efficiency of 0.87% (Fig. 3B). The fact
that the Troy-EGFP+ population has a lower organoid formation
capacity than the Troy-EGFP++ population may indicate that the
level of Troy expression positively correlates with organoid-forming
capacity. In the organoids derived from single Troy-EGFP++ cells,
both EGFP+ positive as well as negative cells were present, suggesting
loss of the expression of stem/progenitor cell marker Troy (Fig. 3E).
To provide definitive prove that the organoids arose in a clonal

fashion, we FAC sorted single Troy-EGFP+ cells from the culture

of cystic structures (as depicted in Fig. 3 C and E), directly into
Matrigel (i.e., one single cell per well). We found that the same
epithelium that formed cystic structures formed complex branch-
ing structures with 10% efficiency that subsequently could be ex-
panded and maintained over multiple passages (Fig. 3F).

Troy-EGFP+ Cells Clonally Expand into Tubular Structures During Renal
Development. We used in vivo lineage tracing to determine
whether the Troy+ populations residing within the developing
kidney were functioning as renal stem cells in vivo. Troy-EGFP-
ires-CreERT2; Rosa-LacZ mice were tamoxifen-induced at P1 and
traced for 1 (=day 2), 9, and 29 d as well as 2 y. At day 2 (n = 2),
LacZ+ cells were confined to the cortex, whereas at day 10 (n = 3),
LacZ+ structures started to extend into the medulla (Fig. 4 A–C).
At day 30 (n = 3), LacZ+ clones extended into the papilla (Fig. 4
D–F). In accordance with the histology, quantification of tracing
clones revealed that these clones significantly increased in size
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Fig. 2. Transcriptome analysis of P2 Troy-EGFP++ versus Troy-EGFP− cells. (A) Profile of FAC-sorted Troy-EGFP++, Troy-EGFP+, and Troy-EGFP− cells, from Troy-
EGFP-CreERT2 mice at P2; as additional control for autofluorescence, signal in Alexa Fluor 680 channel was measured. (B) EGFP++ cells had high Troy ex-
pression, compared with EGFP+ and EGFP− cells, confirming its identity as the endogenous Troy population. Values depicted as Reads Per Kilobase per Million
mapped reads (RPKM). Error bars are SD from two replicates and significance is calculated with a one-way ANOVA, followed by Tukey post hoc test, *P < 0.01.
(C) UB-associated genes were up-regulated in Troy-EGFP++ cells, compared with Troy-EGFP− population, and MM-specific genes were down-regulated. The
total number of genes in the compartment-specific gene sets are indicated below the graph. Gene sets are from ref. 12. (D) Within the UB compartments, up-
regulation of E15.5 ureteric tip region-specific (UT region) genes in Troy++ compared with Troy− cells was largest. Within adult compartments, Troy-EGFP++

cells are particularly up-regulated in medullary and cortical collecting duct genes. Compartment-specific gene lists were derived from ref. 13. The number of
the genes per compartment is indicated below the graph. Diamonds in the box plots (C and D) depict the mean with confidence intervals.
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over this period of time (P < 0.01; Fig. 4H). In addition, we ob-
served that these clones not only continuously expand, but that
they also persist for at least 2 y after induction (Fig. 4G). Of note,
homozygous Troy-EGFP-ires-CreERT2 mice also yielded tracings,
indicating that Troy is a nonessential stem cell marker.
To identify to which nephron segment Troy-expressing cells

gave rise, immunohistochemistry (IHC) for differentiated tubular
markers was performed (Fig. 4 I–L). IHC revealed that clones
predominantly costained for AQP2, a collecting duct marker
rather than for markers for the proximal tubule (Fig. 4J), loop of
Henle (Fig. 4K), or distal tubule (Fig. 4L). However, particularly
in the long-term tracings, costaining also was observed for mega-
lin, THP, and calbindin (Fig. S2).

To assess whether these LacZ+ expansions were clonal (and not
the result of clustering of multiple independent Troy+ cells that
together gave rise to a tubular structure), we employed Troy-GFP-
ires-CreERT2; R26R-confetti mice that after tamoxifen induction
randomly express one of four fluorescent proteins (18). Again,
mice were induced at P1 and traced for 30 (n = 3), 60 (n = 3), 90
(n = 3), 180 (n = 3), 365 (n = 3), and 540 d (n = 2). Single-colored
clones were detected at distinct time points (Fig. 4 M and N), in-
dicating that one clone arose from one single Troy+ cell (otherwise,
clones of mixed colors would have been detected). In addition,
clones persisted for at least 1.5 y. Fewer clones were observed per
induced kidney than in the LacZ tracings (7), in agreement with
the lower sensitivity of the R26R-confetti allele (18).

Troy-EGFP+ Cells Are Present in the Papilla in the Adult Kidney. Next,
we assessed the presence of Troy+ cells in the kidney after com-
pletion of nephrogenesis. In 5-wk-old Troy-EGFP mice, the pres-
ence of Troy-EGFP+ cells was limited to the papilla (Fig. 5A and
Fig. S3) and Troy expression was more limited in the adult kidney
compared with P1 kidney. No costaining was observed with
megalin, THP, and calbindin (Fig. S4). Costaining occurred with
AE1 (α-intercalated cells of the collecting duct; Fig. 5B) and
AQP2 (principal cells of the collecting duct; Fig. 5C).

Troy-EGFP+ Cells Clonally Expand into Tubular Structures During Adult
Renal Cell Turnover. We induced Troy-GFP-ires-CreERT2; Rosa-
LacZ mice with tamoxifen at P35 and followed tracing for up to
1 y (1, 7, 21, 63, 181, 365 d). As expected, the LacZ+ cells were
present in the papilla only, and the number of LacZ+ cells was
limited, compared with P1-induced kidney, but the labeled LacZ+

structures increased significantly over time (Fig. 5 D–F, J, and K).
IHC revealed predominant costaining with AQP2, a marker of
principal cells of the collecting duct (Fig. 5H) and AE1 (marker of
intercalated cells of the collecting duct; Fig. 5I).
As the number and size of the LacZ tracing clones was limited,

we employed Troy-GFP-ires-CreERT2; Rosa-tdTomato mice, with
a higher reporter efficiency to confirm our LacZ tracings. We
induced at day 56 and found that 14 d after induction, Troy-
derived tubular structures were present, predominantly in the
papilla (Fig. S5). These structures increased in size over time and
remained present on the long term, as assessed after 1 y of tracing
(Fig. 5 L and L′).

Troy-Derived Cells Contribute to Regeneration After Reversible Injury.
To further substantiate the findings of Troy+ cells as stem/pro-
genitor cell, we assessed whether Troy+ cells contributed to re-
generation. Injection of folic acid is known to induce injury in both
proximal tubule and collecting duct (19). To confirm that folic acid
induced tubular damage, histology was assessed. After 7 d, his-
tology revealed signs of tubular kidney injury, including tubular
dilation, cast formation and cell shedding [Fig. 6A (vehicle) and
Fig. 6A′ (folic acid)]. Ki-67 staining showed an increase in pro-
liferating cells in the folic acid-injected mice, compared with
vehicle-injected mice [Fig. 6B (vehicle) and Fig. 6B′ (folic acid)].
To confirm injury, blood urea levels were measured, and these
were increased compared with control (Fig. 6C).
After injection of folic acid and tamoxifen induction of Troy-

EGFP-ires-CreERT2; Rosa-LacZmice, an increase in LacZ+ cells
was observed in three of six mice, compared with noninjured and
solely tamoxifen-induced (n = 2) mice after 7 d (Fig. 6D,D′, E, E′,
and F). The Troy-derived cells were present in the papilla only.

Discussion
Our data show that Troymarks a progenitor cell population during
renal development that also contributes to collecting cell turnover
in the adult kidney. A progenitor cell phenotype was supported by
the absence of staining for differentiated tubule segment markers.
To support our in vivo data, an in vitro organoid-forming capacity
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Fig. 3. Troy+ cells have organoid-forming capacity. (A) Profile of FAC-sorted
EGFP populations from P2 kidneys (n = 3) isolated from Troy-EGFP-ires-
CreERT2 mice: Troy++ and Troy+ were discriminated from the Troy− pop-
ulations according to their EGFP expression level; as additional control
for autofluorescence, signal in Alexa Fluor 680 channel was measured.
(B) Organoid-forming capacity was significantly (P < 0.05) increased in the
Troy-EGFP++ population compared with the Troy-EGFP− after 5 d. Error bars
signify SD. In the Troy-EGFP++ cultures, cystic organoids were observed after
5 d (C), whereas EGFP− cultures gave rise to mesenchymal-like colonies (D). (E)
The organoids formed in the Troy-EGFP++ culture contained both Troy-EGFP+

as well as Troy-EGFP− cells. (F) To prove that the structures were clonal, we
FAC-sorted one single cultured Troy-EGFP+ cell per well and complex branch-
ing structures formed. Images are from passage 2. (Scale bars: 250 μm.)
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was performed that also showed stem cell properties of Troy+

cells. Morphologically, Troy appears to be expressed in the UB
during embryonic development. At P1, the gene expression profile
of the Troy+ cells matched the UB rather than MM, and within
the UB, resembled the expression of the ureteric tip region.
Moreover, lineage tracing showed that Troy+ cells clonally con-
tributed to distinct nephron segments, including the collecting
duct, during postnatal development, as well as collecting duct
turnover and regeneration after injury in the adult kidney.
Whether this stem/progenitor phenotype of Troy+ cells is hard-
wired, or rather a state that cells can enter and leave (a “stem cell
state”), remains to be identified.
Our findings are in line with other research on renal stem/

progenitor cells. Classic recombination experiments have dem-
onstrated that the UB gives rise to the collecting duct, and later
others (20) extended this finding and showed that progenitor cell
capacity of the early (12 dpc) UB is not restricted to a limited
number of UB cells. Accordingly, we note the diffuse Troy ex-
pression of the UB in kidneys harvested 12 dpc. More recent
experiments demonstrated that self-renewing progenitor cells
are predominantly located in the tips of the UB (2, 3, 21), and
indeed, we find that Troy++ cells have a UB-tip gene signature.
Moreover, previous in vivo tracing studies have suggested clonal
expansion of single segment-committed stem cells during renal
development, homeostasis, and regeneration (6). Our study
confirms and extends these findings by providing a marker for a
subset of these clonally expanding cells. In addition, our study is
complementary to our previous study (7) where we identified
Lgr5 as a stem cell marker for the loop of Henle during devel-
opment. Here, we also elaborate the findings to adult homeo-
stasis and repair. During development, localization of Lgr5 and
Troy at E13.5–E14 and P1 is different. Lgr5− and Troy tracings
induced at P1 give macroscopically clones in different regions in
the kidney. Thus, although both Troy and Lgr5 are Wnt-target
genes, their expression pattern as well as the location and iden-
tity of their daughter cells is clearly different. However, there ap-
pears to be some overlap in Lgr5 and Troy expression on the RNA
level, and P1-induced Troy tracings yield some clones that costain
with TAL-marker THP (TAL is the predominant phenotype of
Lgr5-traced cells). A similar situation with different fates for Troy
and Lgr5 stem cells exists in the stomach epithelium (11, 22).
We find that the location and relative number of Troy+ cells

change during renal development (Fig. 7). During early nephro-
genesis (12 dpc), Troy appears to be expressed in almost all UB
cells, whereas Troy is expressed in the papilla and outer cortex
immediately after birth, when nephrogenesis still takes place.
Expression is limited to the papilla when nephrogenesis has
ceased 5 wk later. The fact that, although predominantly located
at the UB tips, all UB cells have stem cell capacity during early
nephrogenesis is in line with previous findings (20) as described
above. The cortical localization of perinatal Troy+ stem cells ap-
pears to be in line with the notion that nephrogenesis still takes
place at the renal cortex at this time point, suggesting the presence
of UB stem cells in the cortex. However, at P1, Troy appears to be
expressed in progenitor cells of other nephron segments, which is
supported by the increased presence of noncollecting duct phe-
notypes of Troy progeny in the P1-induced tracing experiment and
the costaining of Troy cells with noncollecting duct markers like
megalin. Localization of progenitor cells in the papilla at P1 and at
5 wk of age extends the findings of the papilla as stem cell niche.
The papilla as adult stem cell niche was previously suggested on
the basis of DNA label-retaining experiments (23–28).
In the organoid assay of the kidney Troy cells that we used to

back up our in vivo data, we found around 2% organoid-forming
efficiency, which may appear low for a stem cell. However,
similar numbers are observed in intestinal crypt stem cell assays
(for instance as described in ref. 29), on which our experiments
were based.
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THP (K), or calbindin (L). (M and N) Confetti lineage tracing from neonate Troy+

populations revealed the activity of individual Troy+ stem/progenitor cells. Con-
focal images of the kidneys of P1-induced Troy-EGFP-ires-CreERT2; R26R-confetti
mice, where a RFP clone that was traced for traced for 1 y (M) and a CFP clone
that was traced for 90 d (N). The single color shows the stem/progenitor outcome
of one Troy+ cell. (Scale bars: C, F, J, M, and N, 100 μm; G and I, 50 μm.)
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In the intestinal crypt, where epithelial stem cells are un-
derstood best, the frequency of Lgr5+ stem cells is in the order of
5–10% of all crypt cells (30). Plating efficiency of these Lgr5

stem cells in purified form is around 1% (29). We have shown
that the inefficient plating of crypt stem cells is related to the
absence of a real niche cell (29). Importantly, when nonstem
cells are plated, the efficiency is 0%. Similarly, kidney stem cells
may require neighboring niche cells for essential signals. How-
ever, less is known about cell turnover/homeostasis in the kidney
than in the intestine and cells potentially providing niche signals
have not been identified. Interestingly, for Troy+ cells in the
stomach, similar colony-forming percentages are found (5% af-
ter 7 d) in previous studies (11).
The relative reduction in number of Troy+ cells in adult kidney

compared with the developing kidney can be explained by the
increased number of cells per nephron in adult kidney, causing a
relative decrease in stem cells. The reduced Troy expression in
adult kidneys compared with the developing kidney could also be
explained by the low turnover of the kidney during homeostasis
(i.e., less cells proliferation of less Troy-EGFP+ cells), which
eliminates a requirement for active Troy+ stem cell populations,
such as present in the gut (30). Alternatively, stem cells may lose
Troy expression, and expression might be induced upon injury.
Indeed, we observed an increase in Troy-derived cells after folic
acid-induced injury. We did not resolve the mechanism behind
this response. It could either be that after injury, Troy expression
was induced in a dedicated stem cell, as is observed in the liver
(31) and pancreas (32), or it could be that any differentiated cell
could enter a (Troy+) stem cell state, which is a mechanism that
is also observed in the intestine, where differentiated cells can,
when Lgr5+ stem cells are removed, fill the stem cell niche (33).
In the proximal tubule of the kidney, it seems that all differen-
tiated epithelial cells have the capacity to dedifferentiate and
proliferate (34) and that these cells are not fixed progenitor cells
(35). Similarly, in the physiological UB, stem cell capacity is
localized to the UB tips (3), but after dissociation (i.e., damage),
all UB cells have stem cell capacity (20).
In contrast to the in vivo tracing studies mentioned above, a

variety of ex vivo studies have demonstrated differentiation of
(mouse and human) adult renal progenitor cells into more than
one nephron segment. Rat proximal tubules are in vitro capable
of differentiation into structures containing all segments of the
nephron, even including the collecting duct (36). A mouse
mesenchymal stem cell-like collecting duct progenitor cell pop-
ulation has the in vitro capacity to differentiate into adipocytes
and chondrocytes (37), although upon transplantation in vivo,
these cells are solely able to contribute to the collecting duct.
Multipotent human adult stem cells, marked by CD133 and
isolated from cortical kidney tissue, have the in vitro capacity to
differentiate into podocytes, endothelial, and epithelial cells (38)
or epithelial, osteogenic cells, and adipocytes (39). For obvious
reasons, lineage tracings have not been carried out.
Thus, to our knowledge, whenever a lineage tracing or in vivo

study is performed, mainly segment-restricted progenitors are
found, whereas after in vitro culture, multipotent progenitors are
also found, possibly due to nonphysiological transdifferentiation.
In our study, Troy cells give almost exclusively rise to collecting

duct cells in the 12 dpc and 5-wk-old mouse kidneys. However,
LacZ+ structures from the tracing experiments in P1-induced
kidneys also have costaining with megalin, calbindin, and THP,
particularly at long-term tracings. One explanation is that these
markers display some expression in collecting ducts: Calbindin
expression has been observed in collecting duct (40, 41), whereas
Kumar et al. (42) observed THP in collecting duct cells. Alter-
natively, immediately after birth, Troy might also be expressed in
progenitor cells for other nephron segments.
To definitively determine the lineage capacity of Troy+ cells,

an allele to deplete Troy+ cells and recently developed explant
cultures based on primary embryonic renal cells (43, 44) will
be of use. The progressive identification of nephron segment-
committed stem cells provides fundamental insight in normal
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physiology and facilitates the evaluation of abnormal develop-
ment as a first step toward clinical application. Although the
relative number of these segment-committed stem cells appears to
be low, especially in the adult kidney, previous studies by others
(6) and our group (7) suggest that a single segment-committed
progenitor is responsible for the formation and homeostasis of
that particular nephron segment and, together, the integrity of a
whole nephron (5). The ability to determine the number and
quality of (committed) progenitor cells (i.e., regenerative capacity)
in a renal biopsy may improve its prognostic value. Interestingly,
Troy has already been used as a prognostic marker in oncology
(45–47). Moreover, the importance of assessing the quality
of progenitor cells is highlighted by studies that show that
proliferating cells with a prolonged G2/M cell cycle phase

have profibrotic effects leading to chronic kidney disease (48).
The fundamental insight in the development and mainte-
nance of nephrons provided by the progressive identification
of segment-committed nephron progenitor cells will fuel the
development of new diagnostic and therapeutic strategies for
renal disease.

Experimental Procedures
Mice. Troy-EGFP-ires-CreERT2; Rosa-lacZ, Troy-GFP-ires-CreERT2; Rosa-tdTomato,
and Troy-EGFP-ires-CreERT2; R26R-confetti mice were generated (30) as
described previously. The Troy knock-in allele was described and validated in
the original study (11). Rosa26RlacZ mice were obtained from Jackson Labs.
All animal experiments were approved by the Animal Experimentation
Committee of the Royal Dutch Academy of Science and University Medical
Center Utrecht.
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Tamoxifen Induction. Cre recombinase was activated in Troy-EGFP-ires-CreERT2;
Rosa-LacZ by i.p. injection of 4-hydroxytamoxifen (Sigma). For P1 inductions, a
single dose of 10 μL of 4-hydroxytamoxifen in corn oil at 10 mg/mL was used;
for P35 inductions, 5 mg of 4-hydroxytamoxifen was injected in a single dose.

With this induction protocol, the contribution of systemically present ta-
moxifen is limited in three ways. First, induction is done with a single injection of
tamoxifen, rather thanmultiple days in a row. Second, a low dose of tamoxifen is
used. Third, 4-hydroxytamoxifen (serum half-life: 6 h; ref. 49) was intraperito-
neally injected, rather than tamoxifen (serum half-life: 12 h; ref. 49).

Embryonic ex Vivo Culture. Embryos from timed pregnant mice were isolated
12 d after fertilization using a dissecting microscope (50). Subsequently,
they were placed in a Petri dish with cold PBS. Head and tail were re-
moved, the abdominal wall was opened, and intraabdominal organs were
removed, by which the retroperitoneum was exposed. The retroperitoneum
was carefully removed and kidneys were isolated from it. The embryonic
kidneys were placed on a 0.4-μm pore size transwell membrane and cultured
at the medium-air interface. Medium [Advanced Dulbecco’s modified
Eagle’s medium (ADMEM)/F12 supplemented with 1% penicillin/strep-
tomycin, Hepes, Glutamax, and 10% FCS] was refreshed every second
day. The culture was maintained for 1 wk in a fully humidified 37 °C
incubator with 5% CO2.

β-Galactosidase Staining. To visualize the localization of Troy after tamoxifen
induction, kidneys were isolated, halved, and incubated for 2 h in a 20-fold
volume of ice-cold fixative [1% formaldehyde, 0.2% glutaraldehyde, 0.02%
nonyl phenoxypolyethoxylethanol (Nonidet P-40) in PBS] at 4 °C on a rolling
platform. Staining for the presence of β-galactosidase (LacZ) activity was
performed as described (22).

Histology and Immunohistochemistry. H&E, PAS, and IHC was performed
according to standard protocols on 3- to 4-μm paraffin-embedded sec-
tions. The primary antibodies were goat anti-AQP2 (1:200, C-17; Santa
Cruz), goat anti-THP (1:500, G-20; Santa Cruz), goat anti-calbindin D28K
(1:200, N-18; Santa Cruz), goat anti-megalin (1:200; P-20; Santa Cruz),
rabbit anti-AE1 (1:500; Alpha Diagnostics International), and rat-anti-KI67
(1:1,000; eBioscience). All primary antibodies were dissolved in 0.05% BSA
in PBS. If required, the secondary antibody rabbit-α-goat-HRP (1:500;
Dako) in PBS in 0.05% BSA was used. Goat-α-Rabbit Powervision-Alkaline
Phosphatase or Goat-α-Rabbit Powervision-Horse Radish Peroxidase (both
Leica Biosystems) were used as secondary or tertiary antibodies, depending
on the mode of detection. Staining with Permanent Red (Dako) or Nova Red
(Vector laboratories) and counterstained with hematoxylin or light green
(Vector Laboratories).

Cryosectioning and Vibratome Sectioning and Confocal Imaging. Isolated kid-
neys were sliced open and fixed for 30 min (postnatal) or 1 h (adult kidney) in
4% PFA solution at 4 °C. For cryosectioning, kidneys were dehydrated in a
30% sucrose solution in PBS overnight, followed by embedding in tissue
freezing medium (Leica) and cryosectioning. For vibratome sectioning, fixed
organs were embedded in 4% UltraPure LMP Agarose (Invitrogen) and
vibratome sectioned (Leica VT 1000S) at 150 μm as described previously (51).
Subsequently, immunofluorescent stainings were carried out with goat anti-
AQP2 (1:100, C-17; Santa Cruz), goat anti-THP (1:100, G-20; Santa Cruz), goat
anti-calbindin D28K (1:100, N-18; Santa Cruz), goat anti-megalin (1:100; P-20;

Santa Cruz), and rabbit anti-AE1 (1:100; Alpha Diagnostics International).
Alexa Fluor 568 donkey anti-goat and donkey anti-rabbit IgG were used as
secondary antibodies (1:500; Invitrogen).

Then, 150-μm sections were mounted in Hydromount (National Diagnostics)
and analyzed for fluorescent protein expression or immunofluorescence by
confocal microscopy (Leica SP5).

RNA Sequencing. Kidneys were isolated from neonatal mice (P2). Troy-EGFP-ires-
CreERT2 expressing kidneys were identified by confocal microscopy and this was
later confirmed by a genotyping PCR. Kidneys were mechanically disrupted and
enzymatically digested with collagenase (C9407; Sigma) and dispase (Invitrogen)
and subsequently with TrypLE (Sigma-Aldrich) and DNase. Troy-EGFP++, Troy-
EGFP+, and Troy-EGFP− cells (n = 100,000) were sorted by flow cytometry (Moflo;
Dako). As additional control for autofluorescence, fluorescence in Alexa Fluor
680 channel was measured. Cells were collected centrifuged and lysed in TriZol
reagent (Ambion Life Technologies). Samples from n = 3 mice from two dif-
ferent sorts were pooled and a technical replicate was included.

RNA was extracted using TRIzol (Life Technologies) according to manufac-
turer’s instructions. RNA quality was determined using a Bioanalyser 2100
(Agilent) with an RNA 6000 Nano Kit. Libraries were generated from
100 ng of total RNA using a TruSeq Stranded Total RNA kit with Ribo-zero
human/mouse/rat (Illumina no. RS-122-2201) according to manufacturer’s
instructions. For final application, 15 cycles of PCR were used. Quality of
the libraries was determined and libraries were quantified using a Bio-
analyser 2100 (Agilent) with a DNA 1000 Kit. Equimolar amounts of li-
braries were pooled and subjected to single-end, 75-base pair sequencing
using an Illumina Nextseq.

RNA Sequencing Analysis. RNA-seq reads were aligned to the mouse reference
genome NCBIM37 using STAR (52). The BAM files were sorted with Sambamba
v0.5.1 (53), and transcript abundances were quantified with HTSeq-count (54).
Subsequently, DESeq 1.16.0 (55) was used to normalize gene counts and to test
for differential expression between Troy++, Troy+, and Troy− samples. P values
were adjusted for multiple testing using Benjamini–Hochberg FDR correction.
Adjusted P values of <0.05 were considered significantly up- or down-regulated.

To determine which embryonic compartment resembles Troy++ cells the
most in gene expression, we assessed the differential expression between
Troy++ and Troy− cells of available compartment-specific gene sets of em-
bryonic mouse kidney (12, 13). Gene symbols were converted to Ensembl
Gene ID using org.Mm.eg.db (56), and genes that occurred in multiple
segments or genes that we could not link to an Ensembl Gene ID were ex-
cluded from the analysis. From ref. 13, genes that were most specific to a
compartment (>20-fold up-regulated compared with median expression
over all compartments) were included in the analysis.

Organoid Assay.Organoid formation assay is based on the original protocol by
Sato et al. (17). Kidneys were isolated and digested into a single-cell sus-
pension and sorted into Troy-EGFP++, Troy-EGFP+, and Troy-EGFP− pop-
ulations as described under “RNA sequencing.” Fifteen thousand cells were
resuspended for each condition in growth factor-reduced Matrigel (Corning)
and cultured for a week in culture medium (ADMEM/F12 supplemented with
1% penicillin/streptomycin, Hepes, Glutamax), with 1.5% B27 supplement
(Gibco), 40%Wnt3a conditioned medium (produced using stably transfected
L cells), 10% Noggin conditioned medium, 10% Rspo1-conditioned medium
(57), EGF (50 ng/mL; PeproTech), FGF-10 (100 ng/mL; PeproTech), N-ace-
tylcysteine (1.25 mM; Sigma) A8301 (5 μM; Tocris Bioscience). Colony-
forming capacity was calculated after 5 d of culture.

For the cultures established from a single Troy-EGFP cell, a single-cell sus-
pension from cultured neonatal kidney cells from Troy-EGFP-ires-CreERT2 mice
was made. Troy-EGFP++ cells were sorted (Facsjazz; BD) directly into Matrigel,
one Troy-EGFP++ cell per well of a 96-well plate. After polymerization of the
Matrigel, organoid culture medium was added and organoid cultures (n = 3)
were established.

Folic Acid Injury Model. Adult Troy-EGFP-ires-CreERT2; Rosa-lacZ were sub-
jected to i.p. folic acid injections at 125 mg/mL. One day after injury, Troy
expression was induced with tamoxifen as described above. After 7 d, mice
were killed for analysis and blood samples were collected for determination
of plasma urea (DiaSys Urea CT FS; DiaSysDiagnostic Systems).

Statistical Analysis (Except RNA Sequencing Analysis). Error bars signify mean ±
SD, unless otherwise indicated. In case of multiple groups, a one-way ANOVA
was performed, combined with Tukey post hoc tests. A P value <0.05 is con-
sidered statistically significant.

A B C

Fig. 7. Localization of Troy expression at different time points. (A) Troy is
expressed in the ureteric bud during embryonic development. (B) Troy is
expressed in the nephrogenic zone and in the papilla in the postnatal kid-
ney. (C) Troy is expressed in the papilla in the adult kidney during homeo-
stasis and repair.
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