
Deletion of Pkd1 in renal stromal cells causes
defects in the renal stromal compartment and
progressive cystogenesis in the kidney
Xuguang Nie* and Lois J Arend

Autosomal dominant polycystic kidney disease (ADPKD), caused by PKD1 and PKD2 gene mutations, is one of the most
common genetic diseases, affecting up to 1 in 500 people. Mutations of PKD1 account for over 85% of ADPKD cases.
However, mechanisms of disease progression and explanations for the wide range in disease phenotype remain to be
elucidated. Moreover, functional roles of PKD1 in the renal stromal compartment are poorly understood. In this work, we
tested if Pkd1 is essential for development and maintenance of the renal stromal compartment and if this role contributes
to pathogenesis of polycystic kidney disease using a novel tissue-specific knockout mouse model. We demonstrate that
deletion of Pkd1 from renal stromal cells using Foxd1-driven Cre causes a spectrum of defects in the stromal compartment,
including excessive apoptosis/proliferation and extracellular matrix deficiency. Renal vasculature was also defective.
Further, mutant mice showed epithelial changes and progressive cystogenesis in adulthood modeling human ADPKD.
Altogether, we provide robust evidence to support indispensable roles for Pkd1 in development and maintenance of
stromal cell derivatives by using a novel ADPKD model. Moreover, stromal compartment defects caused by Pkd1 deletion
might serve as an important mechanism for pathogenesis of ADPKD.
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Autosomal dominant polycystic kidney disease (ADPKD) is
one of the most common genetic diseases, affecting up to 1 in
500 people. Most individuals affected by ADPKD proceed to
end-stage renal disease (ESRD) by the fifth and sixth decades.
ADPKD is caused by mutations in PKD1 and/or PKD2 genes,
which encode polycystin-1 (PC1) and polycystin-2 (PC2),
respectively. Mutations of PKD1 gene account for over 85%
of ADPKD cases; the rest are attributable to mutations of
PKD2. Although a causative role of gene mutations has been
firmly established, the mechanisms for disease progression
and variations remain obscure.

The current opinion for genetic explanation of PKD is that
a germ line mutation coupled with somatic ‘second-hit’
mutations in the other allele of an ADPKD gene initiate cyst
formation. In support of this view, loss of heterozygosity has
been detected in cyst lining cells of ADPKD kidneys.1,2

Recently, it has been shown that dosage change of polycystins
is also a critical factor governing cystogenesis and disease
severity.3–5 In addition, a ‘third hit’ may also play a role in
pathogenesis in ADPKD.6,7 Multiple lines of evidence indicate

that Pkd1-encoded polycystins, located on the renal epithelia,
act as fluid flow sensors and regulate calcium inflow via
interaction with Pkd2-encoded polycystins, which serve as
non-selective ion channels for numerous cell types.8–13 Loss
of flow sensing function in renal epithelial cells might serve as
an important mechanism for cyst formation in ADPKD.12–16

A number of studies also imply that the primary cilia, where
both Pkd1- and Pkd2-encoded polycystins co-localize, play a
critical role in flow sensing function.12–16

However, evidence from recent studies challenges the
proposed roles of cilia in cystogenesis, as disrupting cilia in
adulthood does not induce significant renal cyst forma-
tion.17,18 Recent studies indicate that cilia are not mechan-
osensors, and intact cilia, in the setting of polycystin loss,
actually promote cystogenesis.19,20 Also, studies with gene
targeting approaches show that the severity of polycystic
kidney disease (PKD) depends on the time point of gene loss.
Disruption of an ADPKD gene in a postnatal stage later than
13 days postpartum (dpp) causes slow cyst formation over a
long time period in mice.21–23 Altogether, new and emerging
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evidence argues against the flow sensing theory and suggests
that other mechanisms also play a role in cyst formation.

Indeed, besides flow sensing, PC1 is implicated in a
plethora of cellular activities, including adhesion, extracellular
matrix (ECM) regulation, cell signaling, and metabolism.24–26

In accordance with these biological activities, PC1 is seen in a
variety of non-epithelial cell types and disrupting Pkd1 in
these tissues leads to defective organogenesis or malfunction
in a number of organ systems.27–30 In the kidney, less well
recognized is the function of PC1 in stromal cells and their
derivatives, which show dynamic PC1 expression in both
developing and adult kidneys.29,31–33

Renal stromal cells are initially a subpopulation of
mesenchymal cells in the embryonic renal blastema. These
progenitor cells subsequently differentiate into fibroblasts,
mesangial cells, pericytes, and smooth muscle cells to form a
set of supportive tissues, including the renal capsule,
interstitium, glomerular mesangial stalk, and vascular
wall.34–36 These stromal cell derivatives are critical to
maintain structural integrity and proper function of the renal
epithelium and endothelium.34–37 Stromal compartment
defects are common in ADPKD.32,38 Apoptosis, microvascu-
lature obliteration, ECM dysregulation, and fibrosis are
hallmarks of stromal compartment changes in ADPKD, and
these defects likely play an important role for renal
pathogenesis.32,38 Even so, there is a lack of direct evidence
to establish a functional role of PKD1 for stromal cell
derivatives in the kidney. Also, it remains to be tested if
stromal compartment defects play a causative role for cyst
initiation in ADPKD. In this work, we demonstrate that
disruption of Pkd1 in renal stromal cells using Foxd1-driven
Cre causes diverse defects in stromal cell derivatives, and
these defects likely contribute significantly to pathogenesis
of PKD.

MATERIALS AND METHODS
Mice and Knockout Strategy
Animal use protocol was approved by Johns Hopkins
University Animal Care and Use Committee. All the
experimental procedures were performed in accordance with
the relevant guidelines and regulations of Johns Hopkins
University. Pkd1lacZ/+ and Pkd1LoxP/LoxP mice were described
elsewhere.39,40 Foxd1eGFP-Cre/+ (Foxd1Cre/+ in figures and
figure legends) mouse was purchased from the Jackson lab
(stock number: 012463).34 Mice were maintained in a mixed
background. Genotyping was performed by general PCR.
Primers are listed in the webpage of Jackson lab. To inactivate
Pkd1 in the stromal cell derivatives, we first established
Foxd1eGFP-Cre/+;Pkd1LacZ/+ and Foxd1eGFP-Cre/+;Pkd Loxp/+ dou-
ble heterozygous mice, respectively, which were viable and
fertile. We then used the male mice to cross with Pkd1LoxP/LoxP

female mice to generate Foxd1eGFP-Cre/+;Pkd1LoxP/LoxP and
Foxd1eGFP-Cre/+;Pkd1LacZ/LoxP mutant mice, respectively.

Gross Examination, Histology, LacZ Staining, Masson's
Trichrome Staining, Immunofluorescence, and
Immunohistochemistry
Gross examination of kidneys was performed under a
stereomicroscope on both sides; visible renal cysts were
counted at successive stages, three mice for each stage. Tissue
preparation for histologic studies was performed using
standard procedures. Sagittal sections from paraffin-
embedded kidney tissues were used in this study. Kidney
cyst was defined as a dilated tubule with a diameter at least
five times that of normal tubules. Cyst index was determined
using a series of sections at a 50 μm interval for each mutant
kidney; three kidneys from three mice were used for each
stage. Low power images were captured and gridded with the
Image J software. Cyst index was calculated by the percentage
of grid squares counted in cystic areas versus total kidney
squares.

Masson's trichrome staining was performed following
manufacturer’s protocol (Sigma). LacZ staining was described
elsewhere.37 Immunohistochemistry and immunofluores-
cence were performed with standard procedures. Antigen
retrieval was heat-induced in sodium citrate solution (pH
6.0). DBA lectin (Sigma), antibodies for PC1 (Sigma),
E-cadherin (Cell Signaling), pan-cadherin (Abcam), Laminin
(Sigma), pan-cytokeratin (Sigma), type I collagen alpha 1
(Sigma), type IV collagen alpha 1 (Sigma), β-catenin (Sigma),
α-smooth muscle actin (Sigma), CD31 (Chemicon), and
vimentin (Abcam) were used for immunodetection on
sections. First antibodies were incubated overnight at 4 °C.
Secondary antibodies were either peroxidase or alkaline
phosphatase conjugated for immunohistochemistry (Sigma).
DAB (Abcam) was used for peroxidase-mediated color
reaction. NBT/BCIP (Roche) was used for alkaline
phosphatase-mediated color reaction. For immunofluores-
cence, Alexa Fluor secondary antibodies were used (Thermo
Fisher Scientific). Secondary antibodies were incubated for
2 h at room temperature. Sections were counterstained with
Dapi. Quantification of vimentin-stained areas was performed
with Image J. Areas of interest were selected by image
thresholding.

Apoptosis and Proliferation Assay
Paraffin sections were used for TUNEL staining and
proliferation assays. TUNEL staining for apoptosis was
performed following the manufacturer’s protocol. DeadEnd
Colorimetric TUNEL System were used in this study
(Promega).The fraction of positive staining cells over total
number of cells was calculated and used for apoptosis index.
The phospho-Histone H3 antibody (Millipore) was used for
proliferation assay. The fraction of phospho-Histone H3-
positive cells over total number of cells was calculated with
Image J and used for proliferation index. Two representative
and comparable mid-sagittal sections from each kidney were
selected, and three mice of each genotype were used for
assessment.
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RT-PCR and Real-Time PCR
Total RNA was isolated from kidneys of three mice for each
genotype using Purelink RNA mini kit (Life Technologies),
following the manufacturer’s instructions. Reverse transcrip-
tion was performed using High Capacity RNA-to-DNA kit
(A&B Applied Biosystems). Primers for β-catenin were
described elsewhere and confirmed with RT-PCR.30 The
real-time PCR step was performed in a CFX Touch real-time
PCR detecting system (Bio-Rad). Fluorescence was acquired
at each cycle. Ct values were normalized to that of GAPDH.
Product specificity was confirmed by melting curve analysis.

Western Blot
Three mice from each genotype were used for western Blot
analysis. Kidneys were homogenized in RIPA buffer contain-
ing protease inhibitors (50 μl RIPA per 1 mg tissue). The
homogenates were left on ice for 30 min, then heated at 95 °C
for 5 min, and spun down at 11000 g for 15 min. The
supernatants were collected for western blot. About 40 μg of
protein was loaded per lane. Protein transfer was performed
using a semi-dry system. HRP-mediated ECL signal was
detected by the Kodak Digital Image Station 4000R. Western
blots of mutants and controls were semiquantified by
comparing their relative density with Image J.

Blood Urea Nitrogen (BUN) Test
Five mice from each genotype were used for blood urea
nitrogen (BUN) test. Blood was collected from mouse facial
veins. Blood samples were left at room temperature for half
hour, and centrifuged at 5000 r.p.m. for 10 min. Blood serum
was sent to the Phenotype Core (Johns Hopkins University)
for BUN test.

Statistical Analysis
All quantitative data were analyzed by two-tailed t-test using
Microsoft Excel. P≤ 0.05 was considered statistically
significant.

RESULTS
Disruption of Pkd1 Using Foxd1-Driven Cre Leads to
Progressive Cystogenesis in Adulthood
Accumulating evidence demonstrates that Pkd1/PC1 is
expressed in multiple cell types in the kidney. Besides robust
expression in the epithelium, Pkd1/PC1 has also been detected
in stromal cell derivatives in a number of studies.29,31–33 Here,
we provide new evidence to support this observation. LacZ
staining of Pkd1LacZ/+ kidneys showed that, along with a high
level of Pkd1 expression in the epithelial cells, there was
moderate expression of Pkd1 in the interstitial tissue
beginning at mid-gestation (Figure 1a and b). This expression
persisted to postnatal stages (data not shown), suggesting a
role in stromal compartment development. Similarly, anti-
body staining showed that, besides epithelial expression, PC1
was consistently detected in stromal cells at a medium level at
both embryonic and postnatal stages (Figure 1c–q). Co-

localization of PC1 with the mesenchymal marker vimentin
confirmed that PC1 was indeed present in interstitial
mesenchymal cells in both cortex and medulla (Figure 1f–h
and l–n).

We next examined the Foxd1eGFP-Cre/+;Pkd1LoxP/LoxP and
Foxd1eGFP-Cre/+;Pkd1LacZ/LoxP mutant mice. A majority of
mutant mice survived to adulthood and were infertile, but a
significant number of mutant mice died in early adulthood
due to extra-renal problems (Figure 2a). Phenotype of these
two lines of mutants was similar, except that the phenotype
of Foxd1eGFP-Cre/+;Pkd1LoxP/LoxP mice was less severe (Figure
2a–d). We then performed detailed phenotypic analysis of
Foxd1eGFP-Cre/+;Pkd1LacZ/LoxP mutant mice, which carry a null
Pkd1 allele mimicking human ADPKD and a floxed Pkd1
allele that is disrupted in stromal cell derivatives. Foxd1eGFP-
Cre/+;Pkd1LacZ/LoxP mice were found at an expected ratio at
14 dpp, suggesting that inactivation of Pkd1 using Foxd1-
driven Cre did not cause embryonic or early postnatal
lethality. Mutant mice displayed unique craniofacial features,
including dome-shaped heads, short snouts and malocclusion
(Figure 2a and Table 1).

Kidney development in mutant mice was comparable to
littermate controls in embryonic and early postnatal stages,
suggesting a dispensable role of PC1 in the stromal compart-
ment for early kidney development. During early postnatal
development (3–5 weeks), we detected small cysts in mutant
kidneys only by histological examination (data not shown).
Progressive cytogenesis continued into adulthood (Figure 2c).
In young adult mice, cysts became visible by gross observation
(Figure 2c). Examination with histological methods showed
isolated cysts in the renal cortex and medulla (Figure 2e and
f). Collecting ducts in the medulla were slightly dilated
compared with controls (Figure 2g and h), whereas other
tubules remained comparable at this stage (Figure 3a and b).
With maturation, cyst clusters became common in the renal
cortex (Figure 3c and d) and cyst number and size steadily
increased in mutant mice (Figure 2c and Figure 3i). Kidney to
body weight ratios of mutant mice were also significantly
increased at the age of 48 and 72 weeks (Figure 3i).

To determine tissue origins of the cysts, we performed dual
immunostaining with E-cadherin antibody and DBA lectin,
which label the distal tubules of the nephrons and collecting
ducts respectively.41,42 At 6-weeks, DBA lectin labeled a
majority of the cysts suggesting that cysts predominantly arise
from the collecting ducts in early life (Figure 3e and f). Later,
cystic dilation was also seen in other tubules and glomeruli
(Figure 3g and h). At 24 weeks, the number of cysts derived
from the collecting ducts and tubules became comparable
(Figure 3j). However, the number of cysts derived from the
glomeruli remained low (Figure 3j).

We examined kidney function of mutant mice by
measuring BUN levels. BUN levels were comparable between
mutants and controls until 72 weeks of age, when we started
to detect increased BUN levels in mutant mice suggesting that
kidney function declined in aged mice (Figure 3k).
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Figure 1 PC1 expression in kidneys. (a) Section of a LacZ-stained Pkd1LacZ/+ kidney, indicating expression of Pkd1 in epithelial tubules and interstitial
cells in the renal cortex. (b) Section of a LacZ-stained Pkd1LacZ/+ kidney, indicating expression of Pkd1 in stromal cells in the renal medulla. (c–e)
Immunofluorescence for PC1 and vimentin in an E16.5 kidney. showing presence of PC1 in both epithelium and stromal compartment. (f–h) Higher
magnification of outlined area in (c–e), respectively, showing PC1 in stromal cells. (i–k) Immunofluorescence for PC1 and vimentin in the medulla of
a 2-week kidney. (l–n) Higher magnification of outlined area in (i–k), respectively. (o–q) Immunofluorescence for PC1 and vimentin in the cortex of a
2-week kidney. Scale bar: 100 μm; scale bar in (c) applies to (c–q). ep, epithelium; vmt, vimentin; w, week.
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Figure 2 Phenotype of Foxd1Cre/+;Pkd1LoxP/LoxP mice and Foxd1Cre/+;Pkd1LacZ/LoxP mice. (a) Appearance of Foxd1Cre/+;Pkd1LacZ/LoxP mice at 6 weeks of age
and survival data of the two lines of knockout mice, n= 30 for each genotype. (b) A wild-type kidney. (c) Kidneys of Foxd1Cre/+;Pkd1LacZ/LoxP mice at
successive ages. (d) Kidneys of Foxd1Cre/+;Pkd1LoxP/LoxP mice at successive ages. (e–h) Pan-cytokeratin staining of control and Foxd1Cre/+;Pkd1LacZ/LoxP

kidneys. Scale bar: 100 μm. dHet, Foxd1Cre/+;Pkd1LacZ/+ double heterozygous mice; KO, knockout; w, week; wt, wild type; yr, year.
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Increased Proliferation and Apoptosis in Mutant Kidneys
Increased apoptosis and proliferation are hallmarks of cellular
changes in polycystic kidneys.43–45 We therefore examined
apoptosis and proliferation by TUNEL and phospho-Histone
H3 staining. Phospho-Histone H3 staining showed that cell
proliferation ratios at 2-week stage remained comparable

between mutants and controls (Figure 4a, b and g). In adult
kidneys, cell proliferation ratios were very low in controls, but
were significantly higher in mutant kidneys (Figure 4c–g).
Co-localization of phospho-Histone H3 with epithelial
marker pan-cadherin and pan-cytokeratin revealed that
proliferative cells were predominately located in epithelia
rather than the stromal compartment (Figure 4h and i).

TUNEL staining revealed vigorous apoptosis in the cortex
and medulla of mutant kidneys in both postnatal develop-
ment stages and adulthood (Figure 4j–q). Increased apoptosis
was not only found in the interstitium and capsule but also in
the epithelium, suggesting that multiple cell types were
affected (Figure 4k, m, o and q). In sum, apoptosis and
proliferation were both increased in mutant kidneys.

Defects in the Interstitium, Basement Membrane and
Renal Capsule of Mutant Kidneys
Next, we examined the renal stromal compartment in mutant
mice. Mesenchymal cell marker vimentin staining revealed
reduced amount of mesenchymal cells in both cortex and
medulla of mutant kidneys compared with controls at 2-week
stage (Figure 4r–v). An important type of cells derived from
renal stromal cells are the interstitial fibroblasts, which form

Table 1 Phenotype of Foxd1eGFP-Cre/+;Pkd1LacZ/LoxP mice at 1
year

Phenotype Penetrance

Dome-shape head 80% (16/20)

Short snout 100% (20/20)

Malocclusion 30% (6/20)

Growth retardation 45% (9/20)

Infertility

Male 90% (9/10)

Female 90% (9/10)

Spine curvature disorders 5/20 (25%)

Kidney cysts 100% (20/20)

Figure 3 Progressive renal cyst formation in Foxd1Cre/+;Pkd1LacZ/LoxP mice. (a, b) Immunofluorescence for pan-cadherin in 6-week kidney cortex
demonstrating rare cystic tubules. (c, d) Histology of control and mutant kidneys at 48 weeks. Note the abundance of cysts in the mutant kidney. (e–g)
Dual staining of E-cadherin (NBT/BCIP, blue) and DBA lectin (DAB, brown) in wild-type control and mutant kidneys. (h) Histology of a mutant kidney
showing glomerular urinary space dilation. (i) Cyst numbers, cyst index and kidney/body weight ratios at successive stages. *Po0.05, **Po0.01. (j) Cyst
origins at 24-week stage. (k) BUN levels of 72-week old mice, Po0.05. Scale bar: 100 μm. cd, collecting duct; cs, capsule; cy, cyst; g, glomerulus; ko,
knockout; tb, tubule; w, week; wt, wild type.
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and maintain the interstitium by depositing and remodeling
ECM. Masson's trichrome stain showed that ECM compo-
nents were markedly deficient in both cortex and medulla of
mutant kidneys in young adult mice, implying that the
interstitium was inappropriately formed (Figure 5a–d).
Consistently, levels of type I collagen, the most abundant
component of renal ECM, were visibly reduced in both renal
cortex and medulla in young adult mice (Figure 5e–h).
Similarly, levels of fibronectin, another important component
of renal ECM, were also reduced in mutant kidneys (Figure 5i

and j). These observations were confirmed by western blot
analysis (Figure 5k).

The basement membrane (BM) is critical for maintaining
epithelial cell homeostasis. BM defects can induce abnormal
cell proliferation and cause cystogenesis in mouse kidneys.46

Further, BM abnormalities are common in ADPKD.32,47,48

Here we examined two major components of the BM, type IV
collagen and laminin. We found that levels of type IV collagen
were significantly decreased compared with controls
(Figure 5k, l and m). It was often absent in developing cysts

Figure 4 Phospho-Histone H3, TUNEL and vimentin staining. (a, b) Phospho-Histone H3 staining at 2-week stage kidney, showing comparative
proliferation in both genotypes. (c, d) Phospho-Histone H3 staining at 6-week stage kidney, showing active mitosis in mutant. (e, f) Higher power of
boxed areas in (c) and (d). (g) Proliferation ratios of mutants and controls, *P40.05; **Po0.01. (h, i) Immunofluorescence of phospho-Histone H3, pan-
cytokeratin and pan-cadherin in mutant, showing that proliferative cells are predominately in epithelia. (j–m) TUNEL staining at 2-week stage, showing
active apoptosis in the cortex and medulla of mutant kidneys. (n–q) TUNEL staining at 6-week stage, showing active apoptosis in the cortex and
medulla of mutant kidneys. (r–u) Vimentin staining in the cortex and medulla. (v) Quantification of vimentin stained area versus total area, showing
reduced mesenchymal tissue in mutant. Scale bar: 50 μm. cs, capsule; cy, cyst; het, heterozygous control; ko, knockout; p-His3, phospho-Histone H3; vmt,
vimentin; w, weeks.
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(Figure 5l and m). Laminin staining did not show any
decrease at young adult stage, but revealed focal thickening of
the BM in cysts (Figure 5n and o). At an advanced stage, we
detected reduced BMs in many cysts (Figure 5p and q).

The renal capsule is also formed and maintained by stromal
cells. Here we found that, in mutant kidneys, the renal capsule
was thin and displayed increased apoptosis (Figures 3b and g,
4n and o). It was also deficient of collagens (Figure 5l and m).
Altogether, these results indicate essential roles of PC1 in
development and maintenance of stromal cell derivatives,
including the renal interstitium, BM and capsule.

Epithelial Changes in Mutant Kidneys
An association between upregulation of Wnt/β-catenin
signaling and cystic change has been reported in polycystic
kidneys.49 Here, we examined levels of β-catenin, an
intracellular mediator for canonical Wnt signaling.

Immunostaining showed a visible increase of β-catenin levels
in pre-cystic renal epithelia in young adult mice (Figure 5r
and s). Real-time PCR showed that β-catenin levels of mutant
kidneys increased by twofold compared with controls
(Figure 5t). These results indicate an upregulation of Wnt
signaling in mutant kidneys. Cell shape change was evident in
cyst-lining epithelia. Epithelial cells mostly transformed from
cuboidal cells to flat cells in cysts, as labeled with pan-
cytokeratin staining (Figure 5u and v).

Renal Vasculature Defects in Mutant Kidneys
Renal stromal cells are important for renal vasculature
development and maintenance.36,50 Vascular abnormalities
are very common in ADPKD.51,52 Here we found that the
smooth muscle layers of mutant arteries were thin and
disorganized compared with controls, as indicated by α-SMA
staining (Figure 6a and b). Immunostaining for type IV

Figure 5 Extracellular matrix and epithelial changes of Foxd1Cre/+;Pkd1LacZ/LoxP kidneys. (a–d) Masson’s trichrome staining, revealing reduction of
extracellular matrix (blue) in the renal medulla and cortex of mutant mice. (e–h) Immunostaining for α1 type I collagen, showing reduction of α1 type I
collagen in the cortex and medulla of mutant kidneys. (i, j) Immunostaining for fibronectin, showing reduction of fibronectin in mutant kidney. (k)
Western blots for α1 type I collagen, fibronectin and α1 type IV collagen of 12-week-old mice; bars represent relative levels of band density, *Po0.001,
**Po0.001; ***Po0.01. (l, m) Immunostaining for type IV collagen, showing reduction of type IV collagen in the mutant. (n, o) Immunostaining for
laminin, revealing focal thickening of the basement membrane in the mutant as indicated by arrow heads. (p, q) Immunostaining for laminin, showing
discontinuity of the basement membrane in the mutant. (r, s) Immunostaining for β-catenin. (t) qRT-PCR for β-catenin, Po0.001. (u, v) Pan-cytokeratin
staining, showing cell shape change in cyst epithelial cells (arrow heads). Scale bar: 50 μm. cd, collecting ducts; CK, pan-cytokeratin; col.1, type I
collagen; col.4, type IV collagen; cs, capsule; cy, cyst; fn, fibronectin; g, glomerulus; het, Foxd1Cre/+;Pkd1LacZ/+ heterozygous control; ko, knockout; LM,
laminin; w, weeks.
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collagen and Masson's trichrome staining revealed visible ECM
reduction in mutant arteries (Figure 6c–f). TUNEL staining
also showed abnormal apoptosis in mutant vessel walls (Figure
6g–i). These results indicate that the vessel wall, a derivative of
renal stromal cells, was affected in mutant kidneys.

We further examined the renal capillary system using an
antibody for CD31, an endothelial cell marker. CD31-stained
vascular structures were abundant in controls but fewer in
mutants (Figure 6j–m). Western blot confirmed this finding
(Figure 6n). These results indicate that disruption of Pkd1 in
stromal cells affected the peritubular capillary system.

DISCUSSION
Compared with the epithelium, we still know very little
regarding functional roles of ADPKD genes in stromal cell
derivatives, including the renal capsule, interstitium, mesan-
gium, and vascular wall. Recently, new and emerging roles of
ADPKD genes for the stromal compartment in kidney
diseases are being revealed.36 Here we took advantage of the
Foxd1eGFP-Cre/+ mice to dissect roles of Pkd1/PC1 in stromal
cell derivatives. Foxd1 is a critical transcription factor for renal
stromal cell development. Its expression is detected as early as
kidney morphogenesis initiates. Foxd1-driven Cre line has
been tested and used in a number of recent studies.34,50,53–57

Compelling evidence shows that Foxd1eGFP-Cre/+ mouse is a
very specific Cre line for renal stromal cells.34,50,53–57 Even in
adulthood, activity of Foxd1-driven Cre is still faithfully
restricted to the stromal compartment in the kidney.34,57

In this study, we established Foxd1eGFP-Cre/+;Pkd1LoxP/LoxP

and Foxd1eGFP-Cre/+;Pkd1LacZ/LoxP mutant mouse models.
Although both lines show renal stromal defects and cyst
formation, phenotypes in Foxd1eGFP-Cre/+;Pkd1LacZ/LoxP mice

are more striking than in Foxd1eGFP-Cre/+;Pkd1LoxP/LoxP mice.
This discrepancy might reflect different Cre recombination
efficiency in the two mouse lines, and/or that a null copy of
Pkd1 might contribute to disease manifestation. By disrupting
Pkd1 from stromal cells, we provide strong evidence to assign
a functional role for Pkd1 in development and maintenance of
stromal cell derivatives and show that cysts form if this
function is impaired.

The renal interstitial fibroblasts, which are derived from
stromal cells, are responsible for maintaining ECM compo-
nents in the interstitium.32 Multiple lines of evidence suggest
that Pkd1-encoded PC1 is involved in ECM regulation in a
variety of organ systems.25,32,58,59 The extracellular domain of
PC1 physically interacts with most components of ECM,
including collagen, laminin and fibronectin.25,59 Thus, PC1
has been proposed as a receptor for ECM components.
Our data support this view, as disruption of Pkd1 in stromal
cells leads to significant ECM reduction in the stromal
compartment.

However, the deficiency of ECM in our model contrasts
with the renal pathological changes in ADPKD, which is
characterized by excessive ECM deposition and progressive
fibrosis in late-stage disease.25,32 In humans, loss of hetero-
zygosity of an ADPKD gene is a long-term event, and only
occurs in a small number of kidney cells. Consistently, cysts
arise only from a minority of nephrons in polycystic kidneys.
Approximately fewer than 5% of nephrons are affected in
ADPKD. The majority of heterozygous cells may still function
properly, and are capable of maintaining the ECM.60 Fibrosis
associated with ADPKD is likely a responsive reaction of
heterozygous fibroblasts to various pathologic changes. One
study showed that heterozygous interstitial fibroblasts from

Figure 6 Vasculature changes in Foxd1Cre/+;Pkd1LacZ/LoxP kidneys. (a, b) Immunostaining for α-smooth muscle actin. (c, d) Immunostaining for type IV
collagen. (e, f) Masson’s trichrome staining, revealing extracellular matrix reduction in the mutant artery. (g, h) TUNEL staining, showing increased
apoptosis in mutant renal artery. (i) Apoptosis ratios of mutant and control, Po0.001. (j, k) Immunofluorescence for CD31 at 6-week stage. (l, m)
Immunohistochemistry for CD31 at 12-week stage. Note the vascular components are markedly reduced in the mutant. (n) Western blot for CD31 at 12-
week stage, Po0.01. Scale bar: 50 μm. Scale bar in (a) applies to (a–h). ar, artery; Col.4, type IV collagen; cy, cyst; het, Foxd1Cre/+;Pkd1LacZ/+ heterozygous
control; ko, knockout; sma, alpha smooth muscle actin; w, weeks.
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kidneys of ADPKD patients are even able to overreact to
inductive signals.60 In our mutant mice, however, interstitial
fibroblasts are mostly, if not all, Pkd1-null and are defective in
interacting with ECM components. Thus, these Pkd1-null
cells are functionally insufficient for physiological activities,
and a number of these cells adopt an apoptotic fate causing
significant reduction in interstitial tissue.

It is noteworthy that stromal PC1 disruption affected both
renal cortex and medulla. Interstitial tissue reduction,
increased apoptosis/proliferation and cyst formation were
detected in both compartments. However, disease manifesta-
tion varied in the two compartments. Cysts in the cortex
clustered as mice aged, while medullary cysts mostly remained
isolated (Table 2). Furthermore, collecting system dilation
was common in the medulla (Table 2).

Multiple lines of evidence support that fibroblast defects
cause BM abnormalities.35,44,45 The BM, mainly composed of
laminin and type IV collagen, is a thin layer of a specialized
ECM directly underlying epithelial cells. Maintenance of the
BM requires both the overlying epithelial cells and the
underlying interstitial cells. Functional deficiency of Pkd1-null
interstitial cells might induce compensatory activity of
epithelial cells, explaining local thickening in BM in early
adult stage. However, epithelium alone is not sufficient for
long-term BM maintenance and will eventually fail to
maintain BM integrity. BM defects caused by Pkd1 disruption
in stromal cells may serve as a critical pathogenic mechanism
for cystogenesis in this model. Indeed, interactions between
epithelial cells and BM components such as laminin are of
critical importance for epithelial cell homeostasis. BM defects
caused by laminin mutation alone are sufficient to induce
cystogenesis in mice.46 Moreover, BM abnormalities are
common in various PKD models and human ADPKD.46,61

Altered interactions between epithelial cells and BMs may
account for the increase of beta-catenin levels and cell
proliferation in mutant epithelium, and subsequent initiation
of cystogenesis. Interestingly, increased expression of beta-
catenin was mostly seen in pre-cystic epithelium, suggesting
that increase of Wnt signaling may be a common pathway for
initiation of cystogenesis.49 It is possible that abnormal cell
apoptosis in epithelia is also caused by altered BM–epithelium
interactions. Thus, abnormal BM change might be a
fundamental mechanism underlying cystogenesis, and it can

arise from defects either in epithelia or in the stromal
compartment.

However, it is also possible that epithelium defects are
directly caused by compromised stromal–epithelial interac-
tions, which are critical for structural integrity of kidneys in
multiple settings. For instance, disruption of stromal cells by
inactivation of Foxd1 arrests kidney development at a very
early stage leading to renal agenesis or formation of
rudimentary kidneys, suggesting stromal–epithelial crosstalk
plays an essential role for kidney development.62 Less severe
stromal cell defects, however, cause cystogenesis during
kidney development as evidenced in Tbx18−/− mice, further
supporting that stromal cell changes alone are sufficient to
induce cystogenesis.63

Vascular abnormalities are implicated in a variety of kidney
diseases including ADPKD.64 In ADPKD kidneys, vascular
malformation and remodeling are not uncommon, suggesting
that vascular changes might be a contributing factor for renal
pathogenesis.64 Functional roles of Pkd1 in the vascular
system have been firmly established.28,52,65–67 Here we show
that PC1 functions in stromal cell derivatives are important
for maintaining the renal vasculature. Foxd1+-derived cells
directly participate in renal vascular system development via
differentiating into vascular smooth muscle cells and
pericytes, and are critical to maintain endothelial
integrity.36,50 A recent study suggests that Foxd1+ cells may
also be a source of endothelial cells during kidney
development.68 If so, Foxd1-driven Cre would directly target
both the endothelium and its associated tissue. In this work,
we found vascular changes in PC1-deficient kidneys,
accompanied by stromal and epithelial changes. A key feature
is development of microvascular regression and rarefaction, a
common pathway in ESRD. Importantly, vascular changes are
not limited to cystic areas, further supporting that vascular
changes are primary defects and independent of cyst
formation in PC1-deficient kidneys. Phenotypic analysis of
Pkd1 null mice demonstrate that PC1 is not only important
for vasculature maintenance but also critical for its
development.67 Disruption of Pkd1 causes malformation of
vessels and vascular leakage in the kidney and other systems.
Interestingly, similar vascular defects have also been found in
Tbx18−/− kidneys, in which stromal cell defects serve as the
primary mechanism for kidney defects.37 Altogether, these
data demonstrate stromal cells and their derivitives are critical
for vasculature development and maintenance.

Previously reported models, including several using
inducible systems, primarily target epithelial Pkd1.21–23 By
contrast, this model targets renal stromal cells and their
derivatives. PC1 deficiency in the stromal compartment leads
to a slow progression of cystogenesis in adulthood that does
not affect kidney function in young mice. The phenotype
models major facets of human ADPKD and allows us to
address tissue specific roles of PC1. With this model, we
provide robust evidence to assign a critical role for Pkd1/PC1
in maintaining stromal cell derivatives. Our study indicates

Table 2 Comparison of cortex and medulla in mutant mice

Cortex Medulla

Cyst Isolated in young mice, clustered in

aged mice

Isolated

Duct/tubule dilation No Common

ECM Reduced Reduced

Apoptosis/proliferation Increased Increased

Vasculature Decreased Decreased
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that stromal compartment defects caused by PC1 deficiency
may serve as a critical mechanism for cyst formation, and
might contribute significantly to renal pathogenesis in
human ADPKD.
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