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Understanding the origin of myofibroblasts in kidney
is of great interest because these cells are responsi-
ble for scar formation in fibrotic kidney disease.
Recent studies suggest epithelial cells are an impor-
tant source of myofibroblasts through a process de-
scribed as the epithelial-to-mesenchymal transition;
however, confirmatory studies in vivo are lacking. To
quantitatively assess the contribution of renal epithe-
lial cells to myofibroblasts, we used Cre/Lox tech-
niques to genetically label and fate map renal epithe-
lia in models of kidney fibrosis. Genetically labeled
primary proximal epithelial cells cultured in vitro
from these mice readily induce markers of myofibro-
blasts after transforming growth factor �1 treatment.
However, using either red fluorescent protein or
�-galactosidase as fate markers, we found no evi-
dence that epithelial cells migrate outside of the tubu-
lar basement membrane and differentiate into inter-
stitial myofibroblasts in vivo. Thus, although renal
epithelial cells can acquire mesenchymal markers in
vitro , they do not directly contribute to interstitial
myofibroblast cells in vivo. Lineage analysis shows
that during nephrogenesis, FoxD1-positive(�) mesen-
chymal cells give rise to adult CD73�, platelet derived
growth factor receptor ��, smooth muscle actin-neg-
ative interstitial pericytes, and these FoxD1-derivative
interstitial cells expand and differentiate into smooth
muscle actin� myofibroblasts during fibrosis, ac-

counting for a large majority of myofibroblasts. These
data indicate that therapeutic strategies directly tar-
geting pericyte differentiation in vivo may produc-
tively impact fibrotic kidney disease. (Am J Pathol

2010, 176:85–97; DOI: 10.2353/ajpath.2010.090517)

Understanding the origin and differentiation pathways of
myofibroblasts in vivo is critical for identifying new thera-
peutic strategies for fibrosing disease. Myofibroblasts,
contractile cells that deposit pathological extracellular
matrix, were first believed to derive from a specialized
perivascular cell known as the hepatic stellate cell when
studied in the liver. In health these cells store retinoic acid
in intracellular vesicles and cultured stellate cells pos-
sess all of the hallmarks of myofibroblasts in vitro.1 In
other organ systems, similar perivascular cells have been
postulated to be the source of myofibroblasts, but have
been hard to define.2,3 Mesoderm-derived cells, when
cultured in vitro, differentiate into cells with hallmarks of
myofibroblasts, including most notably mesenchymal
stem cells from bone marrow, as well as mesangial cells
of the kidney, and cultured monocyte-derived macro-
phages.4–6 Whether mesoderm-derived pericytes (also
called perivascular fibroblasts) give rise to kidney myofi-
broblasts remains controversial, partly because primary
epithelial cells when cultured in vitro can be induced to
express some genes that are also expressed in myofi-
broblasts.7–9 During carcinogenesis phenotypic alter-
ations termed epithelial-to-mesenchymal transition (EMT)
have been well characterized and promote cell migration,
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invasion, and metastasis.10 Further, a recent report sug-
gests that other terminally differentiated cells such as
endothelial cells can develop a myofibroblast phenotype
in vitro and in vivo.11,12

It has been postulated that during kidney injury in vivo,
epithelial cells undergo a phenotypic transition or can
transdifferentiate into interstitial myofibroblasts by this
same process of EMT.13,14 Subsequent studies both in
vivo and in vitro support this hypothesis.15,16 The implica-
tion from these observations is that if the molecular mech-
anisms by which epithelial cells traverse the basement
membrane and differentiate into myofibroblasts can be
understood, novel antifibrotic strategies will be identified.

Epithelial cells are known to respond to injury in several
ways. They undergo morphological changes, lose polar-
ity, acquire stress fibers, and migrate along the basement
membrane.17 They up-regulate inflammatory genes and
genes that enhance their ability to survive in a hostile
environment.18,19 In addition, they express some genes
shared by embryonic mesenchymal cells transitioning to
epithelium during nephrogenesis.20–22 Thus it has been
suggested that in response to injury epithelial cells un-
dergo EMT, recapitulating primitive mesenchymal cells of
the intermediate mesoderm.9 This, however, is mislead-
ing since intermediate mesoderm cells do not express
inflammatory and cell-survival genes that injured adult
epithelial cells up-regulate, and expression of a limited
number of genes shared by embryonic mesenchyme such
as � smooth muscle actin (SMA), by itself, does not define
injured epithelial cells asmesenchymal.23–25 Neoplastic ep-
ithelial cells have the capacity to metastasize, share some
characteristics with myofibroblasts, and express or down-
regulate key regulators of metastasis such asmts1 (S100A4
or FSP-1), Twist, Snail, and �-catenin, genes whose expres-
sion can also be activated in cultured epithelial cells.26–28

Proponents of the hypothesis that myofibroblasts in inflam-
mation and scarring derive from epithelial cells have drawn
on these observations to extend the term EMT to mean
epithelial-to-myofibroblast transition.

Interstitial myofibroblasts are the principle source of
interstitial collagens, including fibrillar collagens I and III.
They are widely held to be the primary cell in the injured
kidney that lays down the interstitial matrix that becomes
fibrotic (For review see29). Many myofibroblasts express
the actin fiber, �SMA that correlates with contractile and
activated morphology, and recent studies confirmed that
in the fibrotic kidney more than 80% of these produce
fibrillary collagen.30 Although this is not specific to inter-
stitial myofibroblasts (�SMA is also expressed by vascu-
lar smooth muscle cells), �SMA has long been used as a
marker of myofibroblasts.

Although it is widely accepted that primary epithelial cells
cultured in vitro up-regulate genes that result in a myofibro-
blast phenotype,9,25 and generate fibrillar collagens, the
evidence that this occurs in vivo is less well-established.
There are some published examples of epithelial cells trans-
gressing intact or disrupted basement membrane or cells
co-expressing established epithelial and fibroblast markers
in vivo,31–33 but histological snapshots do not prove a lin-
eage relationship, and cells may express a variety of anti-
gens during injury. In our own extensive studies of injured

epithelial cells in kidney repair, we concluded that non-
epithelial cells do not migrate from interstitium into the tu-
bule.34 Similarly, we have never observed a cell outside of
the confines of the epithelial basement membrane that was
positive for markers of epithelial injury. Explanations for a
failure to make these observations in fixed tissues include
the hypothesis that a cell exiting the confines of the base-
ment membrane rapidly loses epithelial markers and only
subsequently gains myofibroblast markers.35 However, in
vitro, epithelial cells can express both fibroblast markers
and epithelial markers simultaneously.36

Because efforts to design new antifibrotic therapies re-
quire a rigorous understanding of the cellular origin of myo-
fibroblasts in vivo, we have performed lineage analysis of
both renal epithelial cells and interstitial stromal cells during
fibrosis in vivo. Transgenic or knock-in mice with lineage-
restricted expression of bacterial Cre recombinase were
used for genetic tracking of three cell populations. The
HoxB7-Cre driver is expressed exclusively in the meso-
nephric duct and its derivatives, resulting in labeling of
collecting duct epithelium and ureteral epithelium of adult
kidney.37 In the Six2-Cre transgenic mouse, expression of
Cre occurs in cap-mesenchyme and labels all non-ureteric,
bud-derived, nephron epithelia, including podocytes, prox-
imal tubule, loop of Henle, and connecting segment, but it
does not label any interstitial cell population.34,38 FoxD1 is a
well characterized marker of renal stromal cells, but not
epithelia, during development, and we used FoxD1-Cre
knock-in mice to genetically label renal stroma.39 We
crossed these three Cre drivers against two different re-
porter lines to permanently and heritably label all epithelial
cells of the entire nephron in adult mouse kidney or all
stromal cells.34,38 We demonstrate that, contrary to the pre-
vailing model, kidney epithelial cells do not become myofi-
broblasts in vivo during fibrotic disease. Rather, we show by
genetic tracing that myofibroblasts derive from interstitial
pericytes/perivascular fibroblasts.

Materials and Methods

Generation of Mice with Genetically Labeled
Renal Epithelia and Stroma

The Six2-GC and HoxB7-Cre mice are described.38 FoxD1-
GFP-Cre (FoxD1-GC) and FoxD1-GFP-Cre-ER(t2) (FoxD1-
GCE) knock-in mice were generated using standard tech-
niques. Full details of lines, their generation and use in
identifying kidney lineage will be documented elsewhere
(A.K. and A.P.M., unpublished data). Z/Red, NLSCre-Red,
R26-LacZ mice and R26R mice were obtained from The
Jackson Laboratory (Bar Harbor, ME). The studies were
performed on a mixed background consisting of 129/B6.
FoxD1-GCE�; R26R or FoxD1-GCE�; R26R pregnant fe-
males were given 6 mg of tamoxifen, i.p. in corn oil at
embryonic day (e)10.5 or corn oil alone.

Fibrosis Models in Mice

All surgeries were performed according to protocols
overseen by Animal Resources and Comparative Medi-
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cine at Harvard University. The complete unilateral
ureteric obstruction (UUO) procedure is described else-
where.30 Unilateral ischemia-reperfusion injury was per-
formed as described, except mice underwent 35 minutes
of clamping instead of 25 minutes.40 In brief, ureteral
obstruction was performed through a left flank incision
under general anesthesia. The ureter was identified and
tied at the level of the lower pole of the kidney with two
separate silk ties. Ischemia reperfusion injury to the left
kidney only was performed through a similar incision
under general anesthesia, at core body temperature of
36.7–37.2°C. A surgical clamp was placed over the artery
and vein for 35 minutes and then removed. Return of
blood flow was confirmed.

Tissue Preparation and Histology

Mice were anesthetized, sacrificed, and immediately per-
fused via the left ventricle with ice-cold PBS for 2 minutes.
Kidneys were hemi-sectioned and portions were snap
frozen in liquid nitrogen. Other kidneys were fixed in 10%
neutral buffered formalin at 4°C for 12 hours, processed,
embedded in paraffin wax, sectioned, and stained with
periodic acid-Schiff, picrosirius red or Jones’ Silver stain
using standard procedures. Quantitative morphometry
was performed as previously reported.41 Tubule injury
was assessed by a semiquantitative scoring system as
previously described.40 In brief injury was graded in pe-
riodic acid Schiff-stained sections on a scale from 0 to 3
(0, no changes; 1, changes affecting �25%; 2, changes
affecting 25% to 50%; 3, changes affecting 50% to 100%
of the section). To preserve native red fluorescent protein
(RFP) epifluorescence which we found was quenched by
prolonged fixation, some kidneys were fixed in PLP fixa-
tive (4% paraformaldehyde �PFA�, 75 mmol/L L-lysine, 10
mmol/L sodium periodate) for 1 hour or 2 hours at 4°C,
cryopreserved in 18% sucrose, and frozen, and 5-�m
cryosections were prepared for direct visualization or
immunofluorescence as described.40 Other kidneys were
perfusion fixed with 4% PFA for 2 minutes, followed by
sagittal hemisection and further fixation for 1 hour in 4%
PFA, then cryopreserved in 18% sucrose before section-
ing. Bromodeoxyuridine labeling was performed as pre-
viously described.42 Primary antibodies against the fol-
lowing proteins were used: DsRed (Rabbit, 1:500, Cat.
No. PM005; MBL, Nagoya, Japan), E-cadherin (Rabbit,
1:200, Cat. No. 610404, BD Biosciences, San Jose, CA),
�SMA (mouse fluorescein isothiocyanate-conjugated,
1:400, #F3777, mouse Cy3-conjugated, 1:400 #C6198,
Sigma, St. Louis MO), platelet-derived growth factor re-
ceptor (PDGFR)� (1:500, Gift William Stallcup, Burnham
Inst.), S100A4 (1:400 DAKO A5114 and 1:400 Abcam
Ab27957 �both antibodies were tested and gave compa-
rable results�). Primary antibodies against �-galactosi-
dase (�-gal) were tested (Sigma #B0271, #G6282; Cap-
pel #55976, Promega #Z378A) to detect the LacZ gene
product, �-gal, by immunofluorescence. All four antibod-
ies against �-gal were tested in frozen and formalin-fixed,
paraffin-embedded sections but none of these gave a
reliable signal by immunofluorescence or immunostain in

adult kidneys of the R26-LacZ positive control mouse or
Six2GC; R26R mice. It may be that �-gal enzymatic ac-
tivity is the most reliable readout of LacZ expression in
the fibrotic adult kidney. Affinity purified secondary anti-
bodies were obtained from DAKO, Carpinteria CA, or
Jackson Immunoresearch. All labeling with directly con-
jugated anti-�SMA antibodies was performed in 10%
mouse serum to block nonspecific binding. In examples
involving double-labeling with anti-�SMA antibodies, la-
beling with anti-DsRed antibodies followed by donkey
anti-rabbit-Cy3 secondary was performed initially in 10%
donkey serum, then after washing, directly conjugated
anti-�SMA antibodies were applied in 10% mouse serum
as previously described.30 Sections were mounted in
Vectashield or Gel Mount or antifade Gold containing 4�,
6-diamino-2-phenylindole (VectorLabs, Burlingame CA).
Epifluorescent images were taken with a Nikon TE2000
microscope, CoolSnap camera (Roper Scientific, Ger-
many) and processed using IP lab software (BD Bio-
sciences, San Jose, CA). Antibody enhancement of RFP
signal was performed as previously described and gave
identical results in vivo to native RFP fluorescence (data
not shown).34 Confocal images were generated using a
Nikon C1 D-Eclipse confocal microscope as previously
described.40 Projection images were generated from 10
Z-stack images that were acquired at 0.1-�m steps. To
allow for comparison between sections, all confocal set-
tings including exposure time were kept constant be-
tween sections.

LacZ activity was measured by standard 5-bromo-4-
chloro-3-indolyl-�-D-galactoside (X-gal) staining protocol
on PFA-fixed frozen kidney sections.40 Care was taken to
perform X-gal staining at neutral pH, and was performed
for 16 hours at 37°C. After washing, sections were either
counterstained with nuclear fast red or were postfixed
(4% PFA 2 minutes), then were immunolabeled as de-
tailed above before aqueous mounting. Morphometry of
LacZ stained area in tissues sections was assessed us-
ing Fovea Pro Software as previously described.40

Tubule Cell Culture

Kidney proximal tubule cells were cultured exactly as
described.43 After 7 days of culture the epithelial cells
were confluent, then treated with transforming growth
factor (TGF)�1 (10 ng/ml) or no additional treatment. Four
days later, cells were fixed with 4% PFA 5 minutes,
washed �3 with PBS, permeabilized with 0.1% TX100, 5
minutes, washed �3 with PBS, then labeled with antibod-
ies as described in above.

Results

Our Model of Kidney Fibrosis Results in
Epithelial Injury and Fibrosis

To study the process of EMT in the kidney we used a
well-established mouse model of fibrosis, UUO. The
model results in tubule cell injury due to obstruction of
flow through the nephron and back-pressure.44 We stud-
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ied control kidneys and two time points during the pro-
gression of the disease model, day 10 and day 14 since
the population of myofibroblasts and fibrosis are well
established and there is evidence of disruption of the
tubular basement membrane, sites proposed to be a
source of migrating epithelial cells (Supplementary Fig-
ure S1, A–C at http://ajp.amjpathol.org). The extent of
renal injury and fibrosis achieved in this model was com-
parable with that seen in other studies.13,44

Six2-GC; R26R and HoxB7-Cre; R26R
Genetically Label All Nephron Epithelia

We crossed reporter mice with a transgenic Cre driver
line that expresses a fusion protein consisting of en-
hanced green fluorescent protein and bacterial Cre
recombinase under regulation of the Six2 promoter (Six2-
GC).34,38 Six2 is a transcription factor expressed tran-
siently during development in cells of the metanephric
mesenchyme fated to become renal epithelia, but not in
cells fated to become kidney interstitial cells. Its renal
expression is restricted solely to the cap mesenchyme
during nephrogenesis and is not expressed in the adult
kidney in health or induced after injury.34

Six2-GC� mice were bred with ROSA26 reporter mice
(Gtrosa26tm1Sor, hereafter referred to as R26R) (Figure 1A).
As expected, kidneys from bigenic Six2-GC; R26R mice
exhibited strong epithelial LacZ expression, as assessed by
X-gal staining, from the glomerulus, where podocytes are
labeled, through the entire nephron until the collecting duct
(Figure 1B). Since collecting ducts of the adult kidney de-
rive from the ureteric bud, this portion of the adult nephron
is not labeled in Six2-GC; R26R kidneys. To label collecting
duct epithelia, we crossed the HoxB7-Cre transgenic
mouse, which directs expression of Cre recombinase in
ureteric bud, during development to the R26R.37 HoxB7-
Cre; R26R bigenic mice exhibited strong LacZ staining
solely in collecting ducts (Figure 1). Negative and positive
kidneys included control R26R mice that did not carry either
the Six2-GC or HoxB7-Cre transgene and the ROSA26-LacZ
(R26-LacZ) mice, respectively.

Kidney Epithelial Cells Do Not Become
Myofibroblasts in Vivo

Six2GC; R26R bigenic, HoxB7-Cre; R26R bigenic, R26-
LacZ, or control R26R mice were analyzed at day 10 or 14
after UUO or sham surgery. Sections were stained for
LacZ activity alone (Figure 1, right column) or Xgal-
stained and co-labeled with directly conjugated antibod-
ies against �SMA (see Supplementary Figure S2 at http://
ajp.amjpathol.org). We viewed 10 high power fields per
sagittal section, from three different levels in the cortex
from three different kidneys. We did not identify any X-
gal-positive cells in the interstitium of HoxB7-Cre; R26R or
Six2-GC; R26R mice. Importantly, all interstitial cells were
strongly positive for LacZ activity in the positive control
R26-LacZ mice, indicating that the fate marker can be
expressed in the myofibroblast lineage.

To verify that interstitial myofibroblasts were generated
in our injury model, kidney sections were labeled with
directly conjugated antibodies against the myofibroblast
marker �SMA after X-gal staining. Despite robust inter-
stitial �SMA immunoreactivity, we did not identify a single
�SMA-positive cell that stained for �-gal in normal kid-
neys or kidneys from day 10 or day 14 following UUO

Figure 1. Control and day 14 unilateral ureteral obstruction kidneys from
Six2-GC; R26R and HoxB7-Cre; R26R mice show no evidence for LacZ
genetically labeled epithelial cells migrating into the interstitium. A: Bigenic
Six2-GC; Z/Red mice activate GFPCre expression in renal progenitor cells
present in metanephric mesenchyme as they differentiate into epithelial cells.
Differentiation results in removal of the LoxP-LacZ-STOP-LoxP sequence in
epithelial cells, leading to permanent, heritable expression of RFP in epithe-
lial cells. HoxB7-Cre; Z/Red mice activate Cre in the ureteric bud during
embryonic development. Cre activation removes the LoxP-LacZ-STOP-LoxP
sequence in collecting duct cells, leading to permanent, heritable expression
of RFP in collecting duct epithelial cells. For bigenic Six2-GC; R26R mice, or
HoxB7-Cre; R26R mice, removal of the LoxP-STOP-LoxP sequence leads to
permanent, heritable expression of the LacZ gene in epithelial cells. B:
Representative light microscopy images of X-gal stain indicative of LacZ
expression in control or day 14 UUO fibrotic kidneys of R26R mice, HoxB7-
Cre; R26R mice Six2-GC; R26R mice and R26-LacZ positive control mice.
Low power view (left panels) of whole kidneys stained identically with X
gal solution indicates the high level of recombination and the high signal-
to-noise ratio generated by LacZ staining. High power view (center panels)
of control kidneys shows specificity of labeling and lack of interstitial cells
deriving from epithelial cells. Note all interstitial and vascular cells as well as
epithelial cells label with blue stain in the R26-LacZ kidneys (inset shows
blue-stained glomerulus). High power view (right panels) of day 14 UUO
kidneys. Note no staining in the interstitium of HoxB7Cre; R26R or Six2-GC;
R26Rmice but homogenous blue stain throughout the interstitium of positive
control R26-LacZ kidneys.
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surgery from either the Six2-GC; R26R or HoxB7-Cre;
R26R mice. Control R26R mice showed no evidence of
�-gal staining under the same conditions whereas in
R26-LacZ mice �SMA� cells localized with �-gal stain-
ing, confirming that the LacZ fate marker is capable of
being expressed in the myofibroblast lineage (see Sup-
plementary Figure S2, A�C at http://ajp.amjpathol.org).

Six2-GC; Z/Red and HoxB7-Cre; Z/Red Mice
Allow High Resolution Cell Tracking after UUO

Because we were unable to define conditions that al-
lowed for unambiguous immunodetection of LacZ using
four different anti-LacZ antibodies (See Materials and
Methods, data not shown), we repeated our analysis in
reporter mice using a fluorescent protein fate marker. The
ACTB-Bgeo,-DsRed.MST (hereafter referred to as Z/Red)
reporter line expresses dsRed.MST (hereafter referred to
as red fluorescent protein RFP) after Cre-mediated re-
combination (Figures 1�3 and Supplementary Figure S3
at http://ajp.amjpathol.org). Z/Red mice crossed with
Six2-GC or HoxB7-Cre mice strongly expressed RFP in
either metanephric mesenchyme-derived nephron epi-
thelia or collecting duct, respectively (Figures 2 and

3).34,38 The proportion of noncollecting duct epithelial
tubule cells expressing detectable levels of RFP during
fibrosis in control kidneys was 	95% and was not
changed following ureteral obstruction (data not shown).

As a positive control, we used a Z/Red transgenic
mouse line with deletion of the floxed stop in the germ line
(hereafter referred to as NLSCre-Z/Red).45,46 NLSCre-Z/
Red mice harbor the same transgene insertion site as the
Z/Red mice, ruling out epigenetic differences in trans-
gene expression between the two lines. In kidneys of
NLSCre-Z/Red mice, all epithelial, glomerular, and inter-
stitial cells expressed RFP (Figures 2 and 3, and Supple-
mentary Figure S3 at http://ajp.amjpathol.org) and in fi-
brotic kidney all cells including interstitial myofibroblasts
express RFP (Figures 2 and 3, and Supplementary Figure
S3 at http://ajp.amjpathol.org), confirming that the genetic
lineage marker RFP can be expressed and easily de-
tected in the interstitial compartment.

High Resolution Analysis of Epithelial Fate in
Six2GC; Z/Red and HoxB7-Cre; Z/Red Kidneys

We examined 10 complete kidney sagittal sections from
both Six2GC; Z/Red and HoxB7-Cre; Z/Red bigenic mice

Figure 2. Day 10 unilateral ureteral obstruction kidneys from Six2-GC; Z/Red
and HoxB7-Cre; Z/Red mice show no evidence for RFP� genetically labeled
epithelial cells, becoming interstitial cells expressing �SMA�. Representative
confocal images of native RFP epifluorescence (left panels) or fluorescein
isothiocyanate-conjugated antibody detection of �SMA (green, center pan-
els) of day 10 UUO fibrotic kidneys of Z/Red mice, HoxB7-Cre; Z/Red mice
Six2-GC; Z/Redmice and NLS-Cre-Z/Redmice. Composite images with nuclei
in blue are seen (right panels). Note that all interstitial cells expressing
�SMA co-express RFP in the NLS-Cre-Z/Red positive control mice, but no
�SMA� cells co-express RFP in the other mice. Scale bar 
 25 �m.

Figure 3. Day 10 unilateral ureteral obstruction kidneys from Six2-GC; Z/Red
and HoxB7-Cre; Z/Red mice show no evidence for RFP� genetically labeled
epithelial cells, becoming interstitial cells or acquiring the interstitial cell
marker S100A4. Representative confocal images of native RFP epifluores-
cence (left panels) or fluorescein isothiocyanate-conjugated antibody de-
tection of S100A4 (green, center panels) of day 10 UUO fibrotic kidneys of
Z/Red mice, HoxB7-Cre; Z/Red mice Six2-GC; Z/Red mice and NLS-Cre-Z/
Red mice. Composite images with nuclei in blue are seen (right panels).
Note that all interstitial cells expressing S100A4 co-express RFP in the NLS-
Cre-Z/Red positive control mice, but no S100A4� cells co-express RFP in the
other mice. Scale bar 
 25 �m.
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(n 
 3 each genotype) from different tissue levels and
from control or 10- and 14-day obstructed kidneys (Fig-
ures 2 and 3, and Supplementary Figure S3 at http://
ajp.amjpathol.org). In negative control, uninjured Z/Red
kidneys no interstitial cells were positive for RFP and only
vascular smooth muscle cells were positive for �SMA,
and these cells did not co-express RFP (not shown). In
HoxB7-Cre; Z/Red mice, collecting ducts strongly ex-
pressed RFP, but no other tubule segments or interstitial
cells were labeled. In day 10 and day 14 UUO kidneys
the collecting ducts remained robustly RFP-positive, but
no RFP-positive interstitial cells were identified, despite
clear immunodetection of both �SMA or S100A4 positive
interstitial cells (Figures 2 and 3, and Supplementary
Figure S3 at http://ajp.amjpathol.org).

Similar results were obtained from the Six2-GC; Z/Red
mice, where proximal, distal and Loop of Henle epithelial
cells of healthy mice strongly expressed RFP without any
interstitial RFP expression. After UUO, the epithelial cells
remained robustly RFP positive but no RFP-positive inter-
stitial cells were identified (Figures 2 and 3, and Supple-
mentary Figure S3 at http://ajp.amjpathol.org). Although
many interstitial cells expressed the myofibroblast marker
�SMA, and S100A4, none of these cells were epithelial
cells that expressed RFP (Figures 2 and 3).

In the positive control, NLS-Cre-Z/Red mice all kidney
cells expressed RFP at baseline (not shown). In day-10
and day-14 UUO kidneys all cells remained robustly RFP-
positive by epifluorescence confocal microscopy. RFP-
positive interstitial cells co-expressed the myofibroblast
markers �SMA and S100A4, indicating that the RFP
transgene is capable of being expressed in these cell
types (Figures 2 and 3). To confirm that we had not
missed any interstitial cells in Six2-GC; Z/Red or HoxB7-
Cre; Z/Red expressing RFP at levels that we could not
detect by epifluorescence, we labeled sections from all
experimental mice with antibodies specific for RFP and
detected these with Cy3 conjugated antibodies. There
was very high specificity using these antibodies, but we
still did not detect any interstitial cells expressing RFP in
the negative control mice or Six2-GC; Z/Red or HoxB7-
Cre; Z/Red mice and in the NLS-Cre-Z/Red mice the
antibody enhancement did not lead to detection of any
additional interstitial cells (data not shown). Thus in these
studies despite renal fibrosis with dense accumulation of
�SMA� cells and S100A4� cells in the interstitium none
of these cells derived from epithelial cells of the nephron.
Throughout these studies we did not detect �-SMA or
S100A4 expression in injured epithelial cells.

Cultured Six2GC�; Z/Red Kidney Epithelial Cells
Up-Regulate �SMA and S100A4 in Vitro

We have shown in vivo that injured epithelial cells do not
migrate into the interstitium and do not express the pro-
teins �SMA and S100A4, despite severe injury. Many
reports have documented up-regulation of these two
genes in epithelial cells cultured in vitro in the presence of
cytokines such as TGF�1.

25 To determine whether pri-
mary kidney epithelial cells from Six2GC; Z/Red mice,

cultured ex vivo, had the capacity to express these pro-
teins in vitro, which some investigators have used to de-
fine an EMT process, we cultured mouse cortical tubule
cells using established methods that maintain tubule ep-
ithelial characteristics.43 The epithelial origin of cells
within confluent monolayers was confirmed by examining
RFP epifluorescence. Cells were cultured in culture me-
dium alone, with TGF�1, or with FCS for 4 days, then fixed
and assessed for expression of E-cadherin, �SMA, and
S100A4 (Figure 4, A–H). Primary cultured cells did not
express �SMA or S100A4, but, in response to TGF�1

treatment, both proteins were readily detected. A propor-
tion of cells also lost expression of E-cadherin (Figure 4,
G and H).

Analysis of Pericyte Fate in FoxD1-GC; R26R
and FoxD1-GCE; R26R Adult Mouse Kidneys
Following Ureteral Obstruction

We have identified PDGFR� positive interstitial pericytes
as candidate interstitial cells that can differentiate into
myofibroblasts.30,47 Since we found no contribution to the
myofibroblast pool from epithelium, we performed lin-
eage analysis to test the hypothesis that pericytes/
perivascular fibroblasts are the primary source of inter-
stitial myofibroblasts in the UUO fibrosis model. We
genetically labeled pericytes with a Cre driver line in
which a GFP-Cre (GC) fusion protein is expressed under
control of the FoxD1 locus (hereafter referred to as
FoxD1-GC) (Figure 5A). FoxD1 is a forkhead/winged helix
transcription factor expressed during kidney develop-
ment in metanephric mesenchyme only in cells fated to
become stromal cells of the kidney, including mesangial
cells, vascular smooth muscle cells and pericytes, but
not endothelial cells.48 In FoxD1-GC; R26R adult mouse
kidneys, mesangial cells, kidney vascular smooth muscle
cells and many interstitial cells were identified by LacZ
stain (Figure 5B). These interstitial cells expressed the
pericyte marker PDGFR� and this marker was restricted
to cells that had expressed FoxD1 developmentally (Fig-
ure 5, C–D), in keeping with our previous observa-
tions,30,47 and indicating that these cells are both devel-
opmentally homogeneous and that all adult pericytes
derive from FoxD1� progenitors. FoxD1 derived cells
also expressed CD73, a marker which has been used to
describe perivascular fibroblast cells elsewhere.49 How-
ever since there was no �SMA expression in interstitial
cells of normal kidney, none of the LacZ labeled intersti-
tial cells expressed �SMA (not shown). Following 14 days
of UUO injury to adult kidneys of FoxD1-GC; R26R mice
there was marked expansion LacZ stained cells exclu-
sively in the interstitium of the kidney (Figure 5E), and
these cells labeled almost exclusively with the myofibro-
blast marker �SMA (Figure 5, F–G). Furthermore �SMA�
interstitial cells were almost exclusively positive for LacZ
indicating that there was no significant population of cells
becoming myofibroblasts that had not previously ex-
pressed FoxD1. Although FoxD1 was not detected in
normal adult kidney, following UUO injury in adult kidney
FoxD1 transcripts were detected by PCR (Figure 5H). It
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was therefore not possible to test definitively whether
myofibroblasts derive from pericytes using FoxD1-GC;
R26R mice since injury-induced activation of FoxD1 in
myofibroblasts would label myofibroblasts with the heri-
table marker at the time of injury. To circumvent this
problem, we developed a knock-in mouse with GFP-
CreER(T2) protein expressed under control of the FoxD1
locus (FoxD1-GCE). CreER(T2) is a tamoxifen-inducible
form of Cre recombinase. To fate map pericytes during
fibrosis we pulsed FoxD1-GCE; R26R litters (Figure 6A) at
embryonic day 10.5 post conception (e10.5) with a single
dose of tamoxifen given to the mother (6 mg, i.p.).

Kidneys from adult FoxD1-GCE; R26R mice that had
received tamoxifen during nephrogenesis had blue-
stained (LacZ�) cells in the interstitium without any
LacZ� cells in tubular epithelium. These interstitial cells
were CD73�, PDGFR��, �SMA�, and CD31� identifying
them as pericytes/perivascular fibroblasts (Figure 6, B
and D),29,30 similar to the cells identified in FoxD1-GC;
R26R mice. We confirmed that these LacZ� cells were
not resident macrophages, as they were F4/80 negative
in kidney and no cells were labeled in spleen or periph-
eral blood leukocytes (not shown). In medium sized ar-
teries of uninjured kidneys �SMA� smooth muscle was
LacZ�, and mesangium of glomeruli was also LacZ�

(Figure 6C). The single pulse of tamoxifen labeled
approximately 20% of pericytes as determined by the
proportion of LacZ�, PDGFR�� double-positive cells,
compared with the total number of PDGFR�� perivascu-
lar cells. LacZ�, CD73� Alternatively, double-position
cells as compared with total CD73� interstitial cells (Fig-
ure 6, B and D). In an attempt to increase the number of
pericytes that were labeled, additional doses of tamox-
ifen were given to pregnant mice but this triggered fetal
demise. Since nephrogenesis proceeds from e10.5 on-
ward but tamoxifen lasts only about 24 hours, incomplete
labeling of pericytes was due to submaximal tamoxifen
administration and was unavoidable.

To definitively establish whether pericytes undergo
proliferative expansion and differentiate into myofibro-
blasts during fibrosis, we subjected FoxD1-GCE; R26R
mice to UUO that had received tamoxifen or vehicle at
e10.5. At day 4 and day 10 following UUO surgery there
was a marked increase in perivascular cells labeling with
LacZ (Figure 7A–D). FoxD1-GCE; R26R kidneys that re-
ceived vehicle and not tamoxifen had no LacZ expres-
sion either in uninjured or fibrotic kidneys (Figure 7, A and
D). In tamoxifen-treated mice, all of the LacZ� cells had
acquired expression of �SMA at day 10, and all contin-
ued to express PDGFR�� (Figure 7, B, C, E, and F),
indicating that the LacZ� cells had differentiated into
myofibroblasts and that they derived from pericytes.
None of the LacZ� stained cells expressed F4/80 (data
not shown). To assess whether FoxD1-derived pericytes
alone accounted for the appearance of myofibroblasts
we determined whether there had been any change in
the ratio of LacZ labeled cells to total pericyte/myofibro-
blasts during progression of UUO disease (Figure 7F). To
do this we used interstitial cell PDGFR� expression, since
all pericytes and all myofibroblasts (Figure 5D, co-label of
day 10 UUO kidney indicates 100% �SMA� cells co-

Figure 4. Cultured tubule cells from kidneys of Six2-GC; Z/Red mice, co-
express �SMA and S100A4 cultured in the presence of transforming growth
factor-�1. A: Day 10 cultured Six2-GC; Z/Red tubule cells fluoresce red from
RFP expression, but do not label for �SMA. Scale bar 
 50 �m. B: Day 10
cultured Six2-GC; Z/Red tubule cells grown in the presence of TGF�1 for 4
days fluoresce red with RFP and co-label for �SMA (green). C: Day 10
cultured Z/Red tubule cells grown in the presence of TGF�1 for 4 days show
no evidence of RFP expression but co-label with �SMA (green). D: Day 10
cultured Six2-GC; Z/Red tubule cells grown in the presence of TGF1 for 4 days
fluoresce red with RFP show no evidence of non-specific binding with irrelevant
IgG control primary antibodies. E: Split panel images (right shows green channel
only) Day 10 cultured Six2-GC; Z/Red tubule cells fluoresce red with RFP and do
not label for S100A4. F: Split panel images showing Day 10 cultured Six2-GC;
Z/Red tubule cells grown in the presence of TGF�1 for 4 days fluoresce red with
RFP and co-label for S100A4 (green) in the cytoplasm and nucleus. G: Day 10
cultured Six2-GC; Z/Red tubule cells fluoresce red with RFP and label for
E-cadherin (green). H: Day 10 cultured Six2-GC; Z/Red tubule cells grown in the
presence of TGF�1 for 4 days also fluoresce red with RFP and co-label for E
cadherin (green), however some cells lose E-cadherin expression.
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express PDGFR� �not shown� and previous studies30)
consistently express PDGFR�. In FoxD1-GCE; R26R
mice treated with tamoxifen at e10.5, the proportion of
PDGFR�� cells that co-expressed LacZ was consistently
about �20% (Figure 7F) in both normal and diseased
kidney despite the tremendous expansion of LacZ cells
(Figure 7D). The finding of only �20% of cells labeled
was expected since only this proportion of original peri-
cytes was labeled by tamoxifen injection during nephro-
genesis. The absence of dilution of the proportion of
PDGFR�� interstitial cells that expressed the fate marker
LacZ, before and after disease indicates, however, that

only cells deriving from FoxD1 precursors contribute to the
myofibroblast pool and therefore the predominant cell type
responsible for the accumulation of interstitial myofibro-
blasts is the pericyte/perivascular fibroblast.

Fate Mapping Epithelia and Pericytes in a
Second Fibrosis Model Confirms the Pericyte
and Not Epithelial Origin of Myofibroblasts

Having identified pericytes as myofibroblast precursors
in the UUO fibrosis model, we next asked whether this
lineage relationship was a generalized phenomenon by
repeating the studies in a different fibrosis model. We
performed ischemia-reperfusion injury using a 35-minute
warm ischemia time (longer than the typical 25-minute
interval) to induce fibrosis rather than repair. At day 15
after ischemia-reperfusion injury in Six2-GC; Z/Red mice,
we observed the appearance of abundant interstitial
myofibroblasts, but none of these cells expressed RFP
(Supplemental Figure S4A at http://ajp.amjpathol.org).
This established that epithelial cells do not traverse the
basement membrane and contribute to the myofibroblast
pool in the ischemia-reperfusion injury model of fibrosis,
confirming the conclusions drawn using the UUO model.
We next subjected FoxD1-GCE; R26R mice labeled with
tamoxifen at e10.5 to the same ischemia-reperfusion in-
jury protocol. A similar expansion of LacZ� interstitial
pericytes was seen in the injured kidney, and as ex-
pected, all of the LacZ� cells were also PDGFR�� (Sup-
plemental Figure S4, B and C at http://ajp.amjpathol.org).
These observations indicate that pericyte proliferation
and differentiation into interstitial myofibroblasts is a ste-
reotyped response to fibrotic stimuli.

Discussion

Efforts to develop new antifibrotic therapies for chronic
kidney diseases require an understanding of the cellular
origin of myofibroblasts. Here, we present several lines of
evidence against a model of fibrogenesis in which injured
epithelial cells exit the tubule and become interstitial

Figure 5. Characterization of FoxD1 metanephric mesenchyme-derived cells
in the adult kidney of FoxD1-GC; R26R mice. A: Bigenic FoxD1-GC; R26R
mice activate GFPCre expression in renal progenitor cells that are fated to
remain as stromal cells, removing the LoxP-STOP-LoxP sequence in stromal
cells, leading to permanent, heritable expression of LacZ in stromal cells. B:
Low power and higher power views of adult kidney cortex showing LacZ�,
blue stained arteriolar smooth muscle and many perivascular cells surround-
ing peritubular capillaries. C: Images (split panel light and fluorescence
microscopy) of normal adult kidney showing co-expression of LacZ with
Pdgfr� or CD73. D: Graph showing the proportion of Prgfr��, or CD73�
labeled interstitial cells co-expressing LacZ and the proportion of LacZ
interstitial cells co-expressing either Pdgfr� or CD73. E: Low-magnification
image of FoxD1-GC; R26R mouse kidney following 14 days of ureteral
obstruction. Note extensive expansion of interstitial LacZ�, blue-stained
cells, but no staining of the epithelial compartment. F: Low magnification
split light and fluorescence image showing co-expression of LacZ� blue cells
with �SMA (red) after UUO day 14. G: Graph showing quantification of the
proportion of �SMA cells that co-express LacZ and the proportion of LacZ
cells that co-express �SMA after kidney UUO day 14. H: RT-PCR for endog-
enous Foxd1 transcripts (40 cycles) compared with Gapdh (32 cycles), in day
10 pup kidney, normal adult kidney and adult kidney at times after UUO
injury. Note absence of Foxd1 in normal adult kidney but gene expression
following injury (n 
 5/group). Scale bar 
 100 �m.
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myofibroblasts in vivo. While epithelial cells cultured in
vitro and exposed to cytokines for sustained periods ac-
quire some myofibroblast markers and characteristics,
we could not find evidence that epithelial cells directly
contribute to the interstitial myofibroblast population in
vivo, suggesting that if this does occur, it is infrequent
and not a major mechanism of fibrosis in the models

studied. While we have no clear explanation for these
results discordant with others, we note that different strat-
egies for transgene detection (anti-LacZ antibody versus
LacZ enzymatic activity) is a prominent methodologic
difference from prior studies.13 We cannot rule out a
mouse strain-specific effect either. Regardless of the rea-
sons for these different findings, we provide for the first

Figure 6. Characterization of FoxD1 metaneph-
ric mesenchyme derived interstitial pericytes in
the adult kidney of FoxD1-GCE; R26R mice. A:
Bigenic FoxD1-GCE; R26R mice express GFP
CreERT2 fusion protein (green) under control of
the endogenous FoxD1 regulatory sequences in
metanephric mesenchyme fated to differentiate
into stromal cells. In the absence of tamoxifen,
the fusion protein is excluded from the nucleus
and does not mediate recombination between
loxP sites. During a tamoxifen (Tam) pulse, GF-
PCreERT2 translocates to the nucleus activating
fate marker expression, leading to permanent,
heritable expression of LacZ in a cohort kidney
stromal cells. B: Light and fluorescence photomi-
crographs showing LacZ expressing cells in the
normal kidney of FoxD1-GCE; R26R mice
treated with Tam on E10.5 only. Note positive
cells (arrows) are exclusively in the interstitium
and express the markers CD73, Pdgfr�, but do
not express �SMA or CD31. C: FoxD1 fated mes-
enchyme cells also become kidney arteriolar
VSMCs and glomerular mesangial cells (left and
center panels). Scale bar 
 50 �m. D: Graph
showing the proportion of Prgfr��, CD73�,
�Sma�, CD31� labeled interstitial cells co-ex-
pressing LacZ and the proportion of LacZ inter-
stitial cells co-expressing Pdgfr�, CD73, �Sma,
CD31 in normal kidneys of FoxD1-GCE; Rs26R
mice.
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time definitive lineage tracing evidence that interstitial
pericytes/perivascular fibroblasts differentiate into myofi-
broblasts and undergo proliferative expansion during fi-
brosis. Additionally, our analysis indicates that the peri-
cyte-derived myofibroblast population is sufficient to
account for the large majority of myofibroblasts present in
fibrotic kidney.

These studies included important controls and design
considerations that lend weight to the conclusions. We
achieved efficient genetic labeling of all of the epithelial
cells of the nephron, including those derived from the
ureteric bud, so we can be confident that we did not miss
a small fraction of unmarked epithelial cells that might
have transitioned into interstitial myofibroblasts. Impor-
tantly, we could readily detect either RFP� or LacZ�

interstitial myofibroblasts in the respective positive con-
trol mice, so if epithelial cells from Six2GC or HoxB7Cre
labeled kidneys did become interstitial myofibroblasts
our methods would have identified them. Robust and
direct methods to detect fate markers are critical for

interpretation of genetic lineage analysis. To detect RFP
and LacZ we used neither antigen retrieval nor antibody
enhancement. The native fluorescence from RFP was
sufficient in all tissues of the NLS-Cre-Z/Red mouse pos-
itive control and in the Six2GC; Z/Red mouse, combined
with the lack of significant autofluorescence in our neg-
ative control Six2GC-; Z/Red mice indicates that no arti-
facts obscured the interpretation of our findings. Simi-
larly, we used the enzymatic activity of the LacZ gene
product to generate stain as a direct robust marker of
LacZ expression rather than anti-LacZ immunostaining,
which we have repeatedly found to be unreliable in the
adult kidney (see Materials and Methods). The Xgal stain
for LacZ expression in tissue also gave a high signal-to-
noise ratio.

The pericyte identity of FoxD1-GC and FoxD1-GCE
labeled interstitial cells was confirmed by positive ex-
pression of PDGFR� and CD73, and the absence of
expression of the myofibroblast marker �SMA, the endo-
thelial cell marker CD31, and the macrophage marker

Figure 7. FoxD1-derived kidney pericytes/
perivascular fibroblasts are myofibroblast progen-
itors following unilateral ureteral obstruction.
A: Low magnification images of LacZ stained
normal (left) and day 10 UUO (center) kidney
FoxD1-GCE; R26R kidney treated with tamox-
ifen in utero on e10.5. Note marked expansion
of interstitial blue stain following UUO. In day 10
UUO FoxD1-GCE; R26R kidney treated with ve-
hicle (oil) on e10.5 there is no interstitial blue
staining. (B, C) Representative split image light
and fluorescence micrographs of day 10 UUO
kidney structures from FoxD1-GCE; R26R mice
treated on e10.5 with tamoxifen, showing anti-
�SMA-Cy3 immunolabeling and anti-Pdgfr�-
Cy3 labeling. Note many �SMA� or Pdgfr��
interstitial cells co-express LacZ (*denotes
arteriole). D: Graph of area of LacZ staining in
control (day 0) kidneys, or kidneys day 4 and
day 10 following UUO from FoxD1-GCE; R26R
mice treated on e10.5 with tamoxifen (n 

6/group). Note that the total area of LacZ� cells
increases markedly in the interstitium in re-
sponse to UUO, but that without tamoxifen in-
jection on e10.5 there are no LacZ cells in control
of diseased kidneys. E: Graph showing the per-
centage of LacZ� cells that co-express �SMAon
day 10 of UUO disease and the percentage of
�SMA� cells that co-express LacZ. F: Graph
showing the percentage of LacZ� cells that co-
express Pdgfr� with time of disease and the
proportion of Pdgfr�� cells that co-express
LacZ with time of disease (n 
 6/group). Scale
bar 
 50 �m. *P � 0.05.
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F4/80. We verified the presence of myofibroblasts in the
interstitium by co-labeling tissues with antibodies against
�SMA, S100A4, or PDGFR�.30 We labeled fixed–frozen
sections without antigen retrieval, and detected very
clear signal for �SMA using directly conjugated antibod-
ies. We also detected very clear signal for S100A4 in
interstitial cells. We did not identify any interstitial cells in
Six2GC; R26R, Six2GC; Z/Red, HoxB7; R26R or HoxB7;
Z/Red kidneys co-expressing either �SMA or S100A4
and the epithelial fate markers RFP or LacZ. In recent
studies using a Collagen1�1-GFP reporter mouse, we
validated that in the UUO kidney fibrosis model, the an-
tigens �SMA and PDGFR� are faithful markers of colla-
gen-I producing cells (ie, myofibroblasts), from day 2
through day 14 of this UUO model. Our studies therefore
comprehensively label any cells that might be called
fibroblasts or myofibroblasts.30 We have used two differ-
ent polyclonal antibodies against the calcium sensing
metastasis associated protein S100A4, both of which
gave comparable results showing expected expression
in the cytoplasm and also in the nucleus and are there-
fore confident about the specificity of S100A4 detec-
tion.30 Nevertheless, despite the lack of epithelial cells
contributing to myofibroblasts in vivo, in vitro studies using
genetic labeled, RFP�, cultured primary tubule epithelial
cells, from Six2GC�; Z/Red mice, activated expression
of both �SMA and S100A4, confirming that primary epi-
thelial cells are capable of expressing some mesenchy-
mal genes in vitro, but not that they undergo a complete
phenotypic conversion to a myofibroblast cell in vivo, as
has been argued.

For some time, a prevailing view has held that by
unraveling the molecular mechanisms of EMT, new ther-
apies to prevent fibrosis will be developed. Our studies
serve to realign the study of fibrosis toward understand-
ing myofibroblast activation and proliferation, since we
can find no evidence for direct transition of renal epithelia
into interstitial myofibroblasts in our models. Although
EMT is well characterized in other contexts such as can-
cer metastasis and development, we note that lineage
analysis techniques have led to a reappraisal of the im-
portance of EMT in other tissues such as pancreas, for
example.50 Furthermore, our studies challenge the notion
that epithelial expression of the intermediate protein
�SMA or the calcium binding protein S100A4 defines a
cell as mesenchymal.

In separate studies using kinetic mathematical model-
ing we have suggested pericytes, supportive and pro-
angiogenic cells of peritubular capillaries, are a major
source of myofibroblasts in the UUO model of fibrosis.30

Evidence that myofibroblasts in the diseased kidney de-
rive from a highly proliferative mesenchymal interstitial
precursor has been suggested by several other investi-
gators.49,51–54 The fact that FoxD1� offspring express
both PDGFR� and CD73 in the normal kidney indicates
that the interstitial precursor described by others is the
same pericyte/perivascular fibroblast precursor we de-
scribe in these studies. This is the first study, however, to
employ genetic fate marking of both the epithelial and
interstitial compartments to identify myofibroblast origins
in fibrosis. Recombination in the absence of tamoxifen

was undetectable in FoxD1-GCE kidneys, an important
characteristic of this model since ‘leaky’ recombination in
the absence of tamoxifen is reported in some CreER
mouse lines. Because FoxD1 is induced in kidney mes-
enchmye fated to become stromal cells of the kid-
ney,34,39 it represents a useful genetic tool to modify
stromal cells in health and disease. We show here that
stromal cells of FoxD1-CreERt2 mice pulse-labeled by
tamoxifen generate CD73�, PDGFR��, SMA� pericytes/
perivascular fibroblasts, as well as mesangial cells and
vascular smooth muscle cells. Following either UUO or
ischemia-reperfusion injury we observed a marked ex-
pansion of interstitial cells that were pulse labeled at
e10.5. The fact that the expanded LacZ labeled cell
population expresses PDGFR� and �SMA confirms that
the LacZ labeled cells are myofibroblasts. Together with
data from Collagen1�1-GFP mice,30 we conclude that
pericytes and not epithelial cells give rise to the vast
majority of interstitial myofibroblasts.

An important implication of these findings is that endo-
thelial perturbation may be an early initiating event in the
development of fibrosis, since endothelial cells and peri-
cytes contact each other in the renal interstitium. Injury-
induced alteration in endothelial cell delivered factors
such as PDGF, for example, may represent the first step
in pericyte differentiation into a myofibroblast. Since peri-
cytes are known in other tissues to supply endothelial cell
survival factors such as angiopoietins, subsequent differ-
entiation of these cells into myofibroblasts with migration
away from vasculature may also lead to endothelial cell
death and capillary rarefaction.55 Chronic kidney disease
is characterized by a reduction in the density of peritu-
bular capillaries and targeting pericytes to prevent vas-
cular injury may be a novel therapeutic approach for the
treatment of progressive kidney diseases.56 Future stud-
ies should focus on identification of the factors regulating
differentiation and migration of the pericyte away from the
capillary. Whether a subset of the pericytes identified
herein might represent a kidney-specific mesenchymal
stem cell population deserves further investigation as
well. Similarities between MSC and pericytes include
shared expression of PDGFR�, NG2 (anti-chondroitin sul-
fate proteoglycan-4), and CD73, a perivascular niche for
both cell types in vivo and ability to secrete large quanti-
ties of bioactive trophic molecules that regulate angio-
genesis and wound healing.57,58

In conclusion, we have used comprehensive genetic
lineage analysis to clarify the role of epithelial cells and
interstitial cells in the generation of myofibroblasts during
kidney injury and fibrosis. We provide definitive lineage
tracing evidence that kidney epithelial cells do not be-
come myofibroblasts in vivo, but show that interstitial peri-
cytes are myofibroblast progenitors in fibrotic kidney
disease.
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