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Rockefeller University Press

Centrosome number is tightly controlled to ensure proper ciliogenesis, mitotic spindle assembly, and cellular homeostasis. 
Centrosome amplification (the formation of excess centrosomes) has been noted in renal cells of patients and animal models 
of various types of cystic kidney disease. Whether this defect plays a causal role in cystogenesis remains unknown. Here, 
we investigate the consequences of centrosome amplification during kidney development, homeostasis, and after injury. 
Increasing centrosome number in vivo perturbed proliferation and differentiation of renal progenitors, resulting in defective 
branching morphogenesis and renal hypoplasia. Centrosome amplification disrupted mitotic spindle morphology, ciliary 
assembly, and signaling pathways essential for the function of renal progenitors, highlighting the mechanisms underlying 
the developmental defects. Importantly, centrosome amplification was sufficient to induce rapid cystogenesis shortly after 
birth. Finally, we discovered that centrosome amplification sensitized kidneys in adult mice, causing cystogenesis after 
ischemic renal injury. Our study defines a new mechanism underlying the pathogenesis of renal cystogenesis, and identifies a 
potentially new cellular target for therapy.

Centrosome amplification disrupts renal 
development and causes cystogenesis
Lai Kuan Dionne1*, Kyuhwan Shim1*, Masato Hoshi1, Tao Cheng1, Jinzhi Wang1, Veronique Marthiens3, Amanda Knoten1, Renata Basto3, 
Sanjay Jain1,4, and Moe R. Mahjoub1,2

Rockefeller University Press

Introduction
The centrosome and associated primary cilium act together as 
a cellular hub to regulate several important developmental sig-
naling pathways (Bettencourt-Dias et al., 2011; Arquint et al., 
2014). Most quiescent cells in the human body contain a solitary 
centrosome and cilium. As cells proliferate, the number of cen-
trosomes is tightly regulated via a duplication and segregation 
mechanism linked to the cell cycle (Nigg and Stearns, 2011; Brito 
et al., 2012). Dysregulation of centrosome biogenesis can result 
in the formation of extra centrosomes in a cell, a phenomenon 
termed centrosome amplification (CA). Although CA is rare in 
healthy tissues, the presence of supernumerary centrosomes has 
been noted in malignant lesions and correlates with increased 
tumor grade, size, and metastasis of various types of cancer 
(Krämer et al., 2005; Nigg, 2006; Godinho et al., 2009; Godinho 
and Pellman, 2014; Cosenza and Kramer, 2016; Nano and Basto, 
2016). The presence of CA in tumors has raised the question of 
whether they are innocent bystanders or play a causative role 
in tumorigenesis. Extensive studies in vivo have thus far yielded 
variable results. For example, induction of CA in the skin of mice 
failed to promote formation of tumors (Kulukian et al., 2015; 
Vitre et al., 2015). Similarly, CA in mouse embryonic brain neural 
stem cells results in aneuploidy, cell death, and microcephaly, but 

not tumorigenesis (Marthiens et al., 2013). In contrast, CA can 
initiate spontaneous formation of lymphomas and squamous cell 
carcinomas in aged mice in the presence (Levine et al., 2017) or 
absence of p53 (Serçin et al., 2016).

Although most studies have focused on the role of CA in 
genome instability and cancer, little is known about its impact 
on ciliary function. This is surprising, because the centrosome 
provides the structural support for cilium formation, coordinates 
ciliary protein trafficking, and thus modulates ciliary signaling 
(Bettencourt-Dias et al., 2011; Arquint et al., 2014). To address 
this gap in knowledge, we previously tested the effects of CA on 
ciliary assembly and signaling in vitro. We induced CA by briefly 
overexpressing Polo-like kinase 4 (Plk4), known as the master 
regulator of centrosome duplication, which causes formation of 
supernumerary centrosomes in a diversity of cells and organ-
isms (Habedanck et al., 2005; Sillibourne and Bornens, 2010). 
Remarkably, we discovered that CA disrupted ciliogenesis, result-
ing in cells that either lacked cilia (aciliated) or formed more than 
one cilium (superciliated; Mahjoub and Stearns, 2012). Both 
ciliogenesis defects led to aberrant ligand-dependent ciliary 
signaling, and subsequently disrupted ciliary-dependent cellu-
lar processes (Mahjoub and Stearns, 2012). Together, these data 
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indicate that CA has a detrimental effect on ciliary signaling and 
function. Based on these observations, we hypothesized that CA 
might play a prominent role in the pathogenesis of ciliopathies, 
the etiology of which is ciliary dysfunction.

In support of this theory, CA was recently noted in kidneys of 
patients and animal models of various types of cystic kidney dis-
ease, a well-established ciliopathy. For example, loss of the genes 
responsible for causing autosomal-dominant polycystic kidney 
disease (ADP​KD), PKD1 and PKD2, induced CA in renal cells in 
vitro, whereas CA was observed in kidneys of knockout mice and 
patients in vivo (Battini et al., 2008; Burtey et al., 2008). Muta-
tions in the ciliary protein Inversin causes nephronophthisis, an 
autosomal-recessive form of cystic kidney disease (Simons et al., 
2005; Srivastava et al., 2018). Loss of Inversin in the developing 
mouse nephron also leads to an increased frequency of cells that 
contain extra centrosomes in vivo (Werner et al., 2013). Deletion 
of the centrosomal Mks1 or Mks3 proteins, mutated in Meck-
el-Gruber syndrome patients who present with cystic kidneys, 
similarly results in CA in renal cells (Tammachote et al., 2009). 
Loss of the tumor suppressor genes TSC1 and TSC2, mutations 
that cause tuberous sclerosis and renal cystogenesis, also lead to 
CA (Astrinidis et al., 2006; Hartman et al., 2009). Similarly, CA 
has been observed in kidney epithelia after mutations in other 
ciliary and centrosomal genes that cause cystic kidney disease 
(Jonassen et al., 2008; Chen et al., 2014). Collectively, these results 
indicate that CA may be a common feature of renal cystogenesis 
and suggest that regardless of the cyst-inducing mutation, CA 
itself may be a cellular defect that helps to promote or drive cys-
togenesis. Surprisingly, this theory has remained untested.

In this study, we examined the consequences of CA in the 
developing embryonic mammalian kidney, and during adult 
kidney homeostasis. We discovered that increasing centrosome 
number in vivo disrupted renal progenitor cell proliferation and 
differentiation, resulting in defective branching morphogen-
esis and renal hypoplasia at birth. CA caused abnormal mitotic 
spindle assembly and disrupted ciliary assembly and signaling, 
highlighting the mechanisms underlying the observed cellular 
and developmental defects. Remarkably, CA induced rapid cyst 
growth and expansion postnatally. In contrast, induction of CA 
in differentiated nephron epithelia of mature kidneys caused cil-
iogenesis defects, but not cyst formation, highlighting intrinsic 
differences between proliferating and quiescent cells. Finally, we 
found that CA sensitized kidneys in adult mice, causing cystogen-
esis after ischemic renal injury. Together, our results demonstrate 
that CA is detrimental to renal development and is sufficient to 
trigger cyst formation in the absence of cystic gene mutations.

Results
Mouse models of CA in the developing embryonic kidney
The mammalian kidney develops via reciprocal signaling 
between two distinct progenitor compartments, the ureteric bud 
epithelium (UB) and metanephric mesenchyme (MM; Fig. 1 A). 
MM cells adjacent to UB branch tips are induced to form the epi-
thelia of the glomerulus, proximal and distal tubules of mature 
nephrons. In turn, the UB is stimulated by MM to undergo suc-
cessive branching events to form collecting ducts (a process 

termed renal branching morphogenesis; Hendry et al., 2011). 
Disruption of reciprocal signaling between the UB and the MM 
during branching morphogenesis has detrimental effects on the 
overall proliferation and differentiation of both populations of 
progenitors and kidney development (Hendry et al., 2011). To 
induce CA in a spatiotemporally controlled manner, we used a 
mouse model that we recently developed with which overex-
pression of mCherry-tagged Plk4 (mChPlk4) can be induced by 
cell type-specific Cre-recombinase expression (Marthiens et al., 
2013; Fig. 1 A and Fig. S1). To cause CA in the UB, we bred mCh-
Plk4 mice to a Hoxb7-Cre (Zhao et al., 2004) strain that expresses 
Cre in the UB lineage (hereafter named Hoxb7-Plk4). To induce 
CA in the MM, mChPlk4 mice were crossed with the Six2-Cre 
(Kobayashi et al., 2008) strain that express Cre-recombinase 
in the MM lineage (hereafter called Six2-Plk4; Fig. 1 A and Fig. 
S1). We examined kidneys from both crosses at various stages of 
embryonic development (embryonic day [E] 13.5, E15.5, and E17.5) 
and postnatally (postnatal day [P] 0, P7, and P15). The number of 
animals analyzed from each genotype is summarized in Table S1.

We confirmed the specificity of Plk4 expression by staining 
kidney sections with antibodies against mCherry. As expected, 
mChPlk4 expression in Hoxb7-Plk4 mice at E13.5 was restricted to 
E-cadherin–positive UB epithelia and was absent from Six2-posi-
tive MM, or their derivative structures marked by WT1 (Mundlos 
et al., 1993; Fig. S2). Similarly, mChPlk4 expression in Six2-Plk4 
animals was restricted to the Six2- and WT1-positive cells, but 
not UB epithelia (Fig. S2). Importantly, no mChPlk4 expression 
was evident in control littermates containing only one of the two 
transgenes (Fig. S2). This cell type–specific expression persisted 
throughout embryonic development from E15.5 to E17.5 (Figs. 
S3 and S4). Next, we investigated the effect of mChPlk4 expres-
sion on centrosome number in the two progenitor populations. 
Centrosome number was quantified by immunostaining with 
antibodies specific for γ-tubulin, a core component of the cen-
trosome (Nigg and Stearns, 2011; Brito et al., 2012; Goto et al., 
2013). In Hoxb7-Plk4 embryos, we observed an increase in cen-
trosome number, specifically in UB cells overexpressing mCh-
Plk4, whereas centrosome number appeared normal in neigh-
boring tubular cells lacking mChPlk4, and in kidneys of control 
littermates (Fig. 1, B and C; and Fig. S5, A and B). Similarly, CA 
was evident in the MM of Six2-Plk4 embryos specifically in cells 
overexpressing Plk4 (Fig. 1, B and C; and Fig. S5, A and B). Quan-
tification of CA showed that roughly 60% of UB cells contained 
more than two centrosomes per cell, whereas ∼40% of MM con-
tained excess centrosomes at E15.5 to E17.5 (Fig. 1, B and C; and 
Fig. S5, A and B).

CA impairs embryonic kidney development
Analysis of Hoxb7-Plk4 and Six2-Plk4 embryos revealed a sig-
nificant reduction in kidney size compared with control animals 
(Fig. 2 A). To determine why these kidneys were small, we mea-
sured changes in the abundance of nephrogenic precursors over 
time. Quantification of Six2-positive and total MM cells per mes-
enchymal cap structure revealed a large decrease in the overall 
cell population at E15.5 to E17.5 compared with control kidneys 
(Fig. 2, B–D; and Fig. S5 C). This decrease was observed in both 
Hoxb7-Plk4 and Six2-Plk4 embryos. Because Six2-Cre transgenic 
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Figure 1. Conditional Plk4 expression and CA in the developing mouse kidney. (A) Schematic representation of nephrogenesis, from renal progenitors 
to mature nephrons. Diagram highlights the progenitor cell type and nephron segment-specific expression of Plk4 mediated by Six2-Cre (brown), Hoxb7-Cre 
(blue), and Ksp-Cre (dots). (B) Kidney sections from E15.5 control, Hoxb7-Plk4 (top), and Six2-Plk4 (bottom) mice were immunostained with antibodies targeting 
mCherry (Plk4), γ-tubulin (centrosomes), E-cadherin (UB tubules), or Six2 (MM). Control kidneys lacking mChPlk4 mainly contain one centrosome with one to 
two foci. In Hoxb7-Plk4, excess centrosomes are seen specifically in regions of UB tubules overexpressing mChPlk4 (white box, magnified 1.5-fold). Importantly, 
adjacent cells within the same tubule that lack mChPlk4 signal display normal centrosome doublets (arrowheads). Nuclei were stained with DAPI. Similarly, 
supernumerary centrosomes were seen specifically in cells overexpressing mChPlk4 in Six2-Plk4 mice (white box, magnified 1.5-fold). Nuclei were stained 
with DAPI. Bars (insets), 2 µm. (C) Graphs show the percentage of cells with normal centrosome number (one or two) or CA (more than two centrosomes) in 
Hoxb7-Plk4 or Six2-Plk4 mice. Centrosome number was quantified per nucleus of the cells in each progenitor population, using cell-specific markers (E-cad-
herin or Six2). n = 1,210 cells (E15.5 WT control), 324 mChPlk4-positive cells (E15.5 Hoxb7-Plk4), 1,442 cells (E15.5 WT control), and 277 mChPlk4-positive cells 
(E15.5 Six2-Plk4). Box plots represent the median, maximum, and minimum values for each dataset. A two-tailed unpaired t test was performed to determine 
statistically significant differences between samples (*, P < 0.05).
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animals coexpress GFP in the MM, we visualized dynamic 
changes in the density of MM during branching morphogenesis, 
using a metanephric explant culture system (Keefe Davis et al., 
2013). Kidneys from Six2-CreGFP or Six2-CreGFP-Plk4 embryos 
were isolated at E13.5 and cultured ex vivo, and the density of 
the MM was visualized for 36 h using live-cell imaging. We noted 
a progressive decrease in the density of MM per cap as branching 
morphogenesis proceeded (Fig. 2 E and Video 1), consistent with 
the decrease observed in vivo (Fig. 2, B–D). Similarly, analysis 
of early UB branching of Hoxb7-CreGFP and Hoxb7-CreGFP-Plk4 
embryos showed a decrease in branching morphogenesis over 
time, resulting in more than 50% reduction of ureteric bud tips 
at 36 h (Fig. 2, E and F; and Video 2). Finally, we tested whether CA 
disrupted the differentiation potential of MM cells into glomeru-
lar precursor structures, characterized by expression of the tran-
scription factor WT1 (Mundlos et al., 1993). We discovered a sig-
nificant decrease in WT1-positive structures in Hoxb7-Plk4 and 
Six2-Plk4 embryos from E15.5 to E17.5 (Fig. 2, B and G; and Fig. S5 
C), highlighting a differentiation defect of progenitors upon CA.

To further elucidate the cause of the nephrogenesis defects, 
we quantified the proliferation indices of renal progenitors over 
time. There was a significant decrease in phospho-histone H3 
(pHH3)–positive mitotic cells per unit area of E15.5 Hoxb7-Plk4 
and Six2-Plk4 kidneys compared with controls (Fig.  3, A and 
B). Intriguingly, there was no difference in proliferation rates 
between E17.5 and P0 (Fig. 3, A and B), which suggests that the 
detrimental effects of CA on progenitor cell proliferation occur 
only during very early stages of nephrogenesis. Next, we deter-
mined whether the reduction in the progenitor population was 
a result of increased apoptosis, as CA in various tissues causes 
cell death (Marthiens et al., 2013; Coelho et al., 2015; Kulukian 
et al., 2015; Serçin et al., 2016; Levine et al., 2017). Indeed, the 
number of apoptotic nuclei per unit area, identified using the 
TUN​EL assay, was significantly increased in the UB and MM cells 
of Hoxb7-Plk4 and Six2-Plk4 kidneys at E15.5 to E17.5 (Fig. 3, C 
and D). Reduction in progenitor number during early kidney 
development can limit the number of cells available for nephro-
genesis, resulting in smaller kidneys because of reduced nephron 
endowment (Hendry et al., 2011). Consistent with these findings, 
kidneys of Hoxb7-Plk4 and Six2-Plk4 animals were significantly 
smaller at birth compared with control littermates (Fig. 3, E and 
F). To determine whether the reduction in overall kidney size 
was cause by decreased nephron number, we quantified the 
number of glomeruli. Indeed, there was a large decrease in the 
mean number of glomeruli in Hoxb7-Plk4 and Six2-Plk4 animals 
(Fig. 3, G and H). Collectively, these analyses of cell proliferation, 
differentiation, apoptosis, and branching morphogenesis indi-
cate that CA interferes with the growth and survival of nephro-
genic progenitors, decreasing the size of the pool available for 
nephron formation.

CA disrupts ciliogenesis and mitotic spindle morphology
We sought to determine the cellular and molecular defects under-
lying the reduced proliferation and differentiation of the renal 
progenitor population. We reasoned that CA may result in aber-
rant ciliary assembly and signaling, similar to what we observed 
in vitro (Mahjoub and Stearns, 2012). Cilia play an important 

role in renal progenitor cell growth and survival (Chi et al., 
2013). Genetic ablation of cilia in the MM or UB of embryonic 
mouse kidneys disrupts signaling pathways that are critical for 
proliferation and differentiation of both progenitor pools (Chi et 
al., 2013). To test whether CA disrupted ciliogenesis in the two 
progenitor populations, we immunostained kidneys from E15.5 
to E17.5 Hoxb7-Plk4 and Six2-Plk4 animals for centrosomes and 
cilia. There was an increase in aciliated and superciliated cells in 
the UB and MM of these mice, respectively (Fig. 4, A and B; and 
Fig. S5 D). This corresponded with a decrease in the fraction of 
cells containing the normal complement of one cilium. In con-
trast, the majority of cells containing normal centrosome num-
bers assembled one cilium, indicating that the observed ciliary 
defects are specific to cells with CA (Fig. 4, A and B; and Fig. S5 D).

Genetic ablation of cilia in embryonic kidneys disrupts sig-
naling pathways essential for progenitor cell expansion (Chi 
et al., 2013), including the WNT11/RET-ERK signaling cascade 
needed for UB branching morphogenesis (Fisher et al., 2001; 
Majumdar et al., 2003), and the WNT4-LEF1 pathway necessary 
for the maintenance and differentiation of the MM population 
(Schmidt-Ott and Barasch, 2008; Mugford et al., 2009; Brown et 
al., 2013). We wondered whether induction of CA, which disrupts 
ciliogenesis (Fig. 4, A and B), was similarly attenuating these sig-
naling pathways. Immunostaining of kidney sections from E15.5 
Hoxb7-Plk4 showed a significant reduction in WNT11 and RET 
levels in UB tubules (Fig. 4, C and D). RET activates downstream 
signaling pathways including ERK/MAPK, which helps regulate 
UB cell proliferation and renewal (Jain, 2009). We noted a large 
reduction in phosphorylated ERK in kidneys of E15.5 mice (Fig. 4, 
C and D), indicating that the RET-MAPK pathway was disrupted. 
Similarly, there was a significant decrease in the number of 
LEF1-positive cells in renal vesicles of E15.5 animals (Fig. 4, C and 
D), suggesting that WNT4-dependent growth/differentiation of 
the MM was attenuated. Thus, CA abrogates signaling pathways 
essential for UB and MM progenitor cell growth and differentia-
tion by disrupting ciliary assembly.

CA is also known to cause defects in mitotic spindle assem-
bly by promoting the formation of multipolar or pseudobipolar 
spindles leading to chromosome missegregation, aneuploidy, 
and cell death (Ganem et al., 2009; Silkworth et al., 2009; 
Janssen et al., 2011; Ogden et al., 2013; Godinho et al., 2014). 
Thus, we characterized the morphology of the mitotic spin-
dle in dividing progenitors at various developmental stages. 
All mitotic cells of control animals consistently formed nor-
mal, bipolar spindles between E15.5 and E17.5 (Fig. 4, E and F). 
Moreover, as these cells differentiated into mature nephrons 
between P0 and P15, they continued to exclusively form bipo-
lar spindles. In contrast, a significant number of cells with CA 
formed multipolar spindle configurations at E15.5 (Fig. 4, E and 
F). The high incidence of multipolar spindles at E15.5 correlated 
with the decrease in cell proliferation and increased cell death 
observed at that developmental stage (Fig. 3, A–D). However, the 
fraction of cells with multipolar mitoses decreased dramatically 
as renal development proceeded (Fig. 4, E and F). A mechanism 
known as “centrosome clustering” helps promote the focusing 
of extra centrosomes into two main poles during late meta-
phase, to ensure bipolar segregation of chromosomes and thus 
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Figure 2. CA impairs embryonic renal development. (A) H&E staining of kidney sections from E13.5 to E17.5 Hoxb7-Plk4, Six2-Plk4, and control embryos. 
(B) Immunofluorescence images of kidney sections from E15.5 mice stained with antibodies against Six2 (to identify MM cells) and WT1 (glomerular precur-
sors). Nuclei are stained with DAPI. There was a significant decrease in the density of both Six2-positive progenitors and WT1-positive structures compared 
with control samples. (C) Higher magnification images of the distribution of Six2-positive MM cells in Hoxb7-Plk4, Six2-Plk4, and control embryos at E15.5, 
highlighting the reduced concentration of mesenchymal progenitors. (D) Quantification of the number of Six2-positive progenitors and total MM cell density 
(DAPI-positive nuclei) per UB tip structure from E15.5 to E17.5. Data represent 25 UB tip structures scored from five mice of each genotype at each time point. 
Two-tailed unpaired t test was used for statistical analysis (*, P < 0.05). (E) Representative images from live-cell imaging of kidney explant cultures of Six2-
CreGFP-Plk4, Hoxb7-CreGFP-Plk4, and relevant controls. We note a progressive decrease in the density of the MM in Six2-CreGFP-Plk4 kidneys, and reduced 
number of ureteric branches in Hoxb7-CreGFP-Plk4 compared with control mice. (F) Quantification of the number of UB tips in Hoxb7-CreGFP-Plk4 and control 
kidneys, as shown in E. n = 4 kidneys analyzed for each genotype. A two-tailed unpaired t test was used for statistical analysis (*, P < 0.05). Error bars denote SD.  
(G) Quantification of the number of WT1-positive structures per kidney section from E15.5 to E17.5, examples of which are shown in B. n = 5 kidneys analyzed 
for each genotype (E15.5), and n = 4 for each genotype (E17.5). A two-tailed unpaired t test was used for statistical analysis (*, P < 0.05).
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Figure 3. CA results in decreased cell proliferation, increased apoptosis, and reduced nephron endowment. (A) E15.5 and E17.5 kidney sections immu-
nostained with anti-pHH3 to mark proliferating mitotic cells. Nuclei were stained with DAPI. (B) Quantification of pHH3-positive mitotic cells per unit area (mm2) 
in kidney sections from Hoxb7-Plk4, Six2-Plk4, and control embryos at E15.5, E17.5, and P0. There was a significant decrease in pHH3 foci/mm2 predominantly 
at E15.5, with no statistically significant differences at later time points. A minimum of four to five sections was scored per genotype at each developmental 
stage. A two-tailed unpaired t test was used for statistical analysis (*, P < 0.05). (C) Representative images from E17.5 Hoxb7-Plk4 and control mice stained for 
apoptotic cells (TUN​EL), E-cadherin (UB tubules), and Six2 (MM). Nuclei were stained with DAPI. Apoptotic cells (white arrowheads) were evident in both UB 
and MM cells. (D) Graph illustrating the fraction of TUN​EL-positive cells per unit area (mm2) in kidneys between E15.5 and E17.5. n = 5 kidneys per genotype for 
each time point. Statistical significance was determined using a two-tailed unpaired t test (*, P < 0.05). (E) Brightfield image of whole kidneys (top) and H&E 
staining of midsagittal sections (middle) from Hoxb7-Plk4, Six2-Plk4, and control littermates at P0, highlighting the small kidney phenotype at birth. Immu-
nofluorescence images (bottom) of sections stained for Podocin to identify glomeruli. Nuclei were stained with DAPI. (F) Quantification of kidney–to–body 
weight ratio, highlighting a significant reduction in kidney size. n = 33 (WT), 7 (Hoxb7-Plk4), and 5 (Six2-Plk4). (G and H) Quantification of the mean number of 
glomeruli per section from H&E- (G) and Podocin-stained (H) sections. There was a significant decrease in the number of glomeruli in Hoxb7-Plk4 and Six2-Plk4 
mice compared with control, indicative of reduced nephron endowment. n = 7 (WT) and 5 (Hoxb7-Plk4 and Six2-Plk4). Two-tailed unpaired t test was used for 
statistical analysis (*, P < 0.05).
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Figure 4. CA disrupts ciliogenesis and mitotic spindle morphology. (A) Immunostaining of E15.5 kidney sections from Hoxb7-Plk4, Six2-Plk4, and control 
embryos with antibodies against γ-tubulin (centrosomes), acetylated α-tubulin (cilia; Ac. tubulin), CK8 (UB epithelia), Six2 (MM), and DAPI (DNA). Normal kidney 
cells contain one centrosome and cilium, whereas progenitor cells with excess centrosomes are either aciliated or superciliated. (B) Quantification of ciliary 
assembly defects in UB cells of Hoxb7-Plk4 mice or MM cells of Six2-Plk4 mice. The percentage of cells with zero, one, or more than one cilium was determined 
from cells that contained normal centrosome number compared with cells with CA. n = 311 cells (E15.5 WT control; normal centrosomes), 263 cells (E15.5 
Hoxb7-Plk4; amplified centrosomes), 253 cells (E15.5 WT control; normal centrosomes), and 238 cells (E15.5 Six2-Plk4; amplified centrosomes) from five mice 
of each genotype per developmental stage. Statistical significance was determined by a two-tailed unpaired t test (*, P < 0.05). (C) Representative images from 
E15.5 kidney sections of control, Hoxb7-Plk4, and Six2-Plk4 embryos immunostained with antibodies against RET, phospho-ERK, WNT11, LEF1, E-cadherin, 
and DAPI. Bars (insets), 5 µm. (D) Graphs showing relative levels of RET, pERK, and WNT11 in ureteric buds of E15.5 WT, Hoxb7-Plk4, or Six2-Plk4 mice. The 
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survival of cells with CA (Quintyne et al., 2005; Marthiens et 
al., 2012). We found that cells with CA predominantly clustered 
their centrosomes into a pseudobipolar configuration after 
E15.5 (Fig.  4, E and F). Collectively, these results suggest that 
CA-induced defects in ciliary assembly/function and mitotic 
spindle morphology underlie reduced progenitor cell prolif-
eration, reduced differentiation, and increased cell death, and 
are likely the main causes of kidney size reduction observed in 
Hoxb7-Plk4 and Six2-Plk4 embryos.

CA causes cystogenesis
Defects in primary cilia assembly or function are a root cause 
of cystogenesis in various renal cystic diseases (Yoder, 2007; 
Sharma et al., 2008; Ma et al., 2017). Ablation of cilia in the mouse 
kidney during gestation results in severely cystic kidneys shortly 
after birth (Lin et al., 2003; Davenport et al., 2007). Because CA 
resulted in defective ciliogenesis in Hoxb7-Plk4 and Six2-Plk4 
mice (Fig. 4, A and B), we hypothesized that these animals would 
develop cysts over time. Indeed, CA resulted in rapid-onset cys-
togenesis in both mouse models by P15 (Fig. 5 A). Although the 
kidneys were still smaller than control animals (because they 
were small since birth), both models developed large fluid-filled 
cysts. Although these mice were born in the expected Mendelian 
ratios, most died by P15 (Table S1) which was particularly evident 
for Six2-Plk4. Thus, we focused the subsequent analyses of Six2-
Plk4 at P7 (Fig. S6 A).

To determine whether CA and ciliogenesis defects persisted 
in cystic epithelia, we immunostained P7 and P15 sections for 
centrosomes and cilia. Consistent with our genetic scheme, we 
saw a modest but significant amount of CA in cystic epithelia 
of Dolichos biflorus agglutinin (DBA)–positive collecting ducts 
of Hoxb7-Plk4 P15 mice, in contrast with the normal centro-
some number of control littermates (Fig. S6, B and C). Similarly, 
there was a slight but significant increase in the fraction of cells 
with CA in Lotus tetragonolobus lectin (LTL)–positive proximal 
tubules of Six2-Plk4 at P7 (Fig. S6, B and C). Next, we quantified 
ciliary abundance and length in cystic epithelia compared with 
normal nephron epithelia of control animals. There was a signif-
icant decrease in the fraction of cells that assembled a cilium in 
collecting ducts of Hoxb7-Plk4 P15 mice (Fig. 5, B and C), and in 
proximal tubules of Six2-Plk4 at P7 (Fig. 5, B and E). In addition, 
we noted a decrease in mean ciliary length in cystic cells that did 
assemble a cilium by P15, another important indicator of ciliary 
dysfunction (Fig. 5, D and F).

Cystogenesis is caused in part by inappropriate activation of 
several cellular signaling pathways (Bhaskar et al., 2015). One such 
pathway is the mammalian target of rapamycin (mTOR), which 
becomes hyperactive upon mutations in PKD genes (Shillingford 
et al., 2006; Boletta, 2009; Distefano et al., 2009; Dere et al., 2010) 
or after cilia ablation (Boehlke et al., 2010). Intriguingly, a link 
between CA and the mTOR protein complex was recently estab-
lished, as mouse embryonic fibroblasts isolated from tsc1−/− and 
tsc2−/− mice were found to contain supernumerary centrosomes 
(Hartman et al., 2009). Moreover, we showed that tsc1−/− and 
tsc2−/− cells with excess centrosomes assembled excess cilia, dis-
played aberrant trafficking of ciliary proteins, and enhanced cell 
proliferation (Mahjoub and Stearns, 2012). Thus, we hypothesized 
that CA might be driving cystic epithelial proliferation in our 
animal models by causing inappropriate activation of mTOR sig-
naling postnatally, when mTOR activity is naturally low. Indeed, 
immunoblot analysis of kidney lysates from P15 Hoxb7-Plk4 mice 
showed increased phosphorylation levels of S6 and S6-kinase 
(Fig. 5, G and H), downstream effectors of the mTOR complex 
and surrogate markers for pathway activation (Shillingford et al., 
2006). Consistent with this observation, we noted a significant 
increase in proliferation of cyst-lining epithelial cells at P15, a 
stage when cell proliferation is low in control animals (Fig. 5, I and 
J). In sum, our results indicate that CA is sufficient to induce renal 
cystogenesis postnatally, likely via disruption of ciliary assembly/
function and enhanced activity of the mTOR signaling pathway.

CA sensitizes mature kidneys to renal injury
Next, we sought to determine how centrosome perturbations 
affect the already differentiated, quiescent epithelia of mature 
nephrons in adult kidneys. There are at least two possible ways 
in which supernumerary centrosomes may perturb adult kidney 
homeostasis: (a) CA itself may be sufficient to trigger changes 
in quiescent epithelial cell physiology and cause cystogenesis, 
or (b) CA in adult kidneys may make them susceptible to cyst 
formation after renal injury, when early developmental signal-
ing pathways initiate repair of damaged nephron epithelia. To 
distinguish between these possibilities, we induced mChPlk4 
overexpression in distal tubule and collecting duct epithelia 
of mature nephrons by mating mChPlk4 with mice expressing 
Cre-recombinase under control of the cadherin-16 promoter 
(Shao et al., 2002; Fig. 1 A and Fig. S1 A; hereafter named Ksp-
Plk4). Intriguingly, kidneys of P7-P30 Ksp-Plk4 mice were nor-
mal in size and morphology, with no cyst formation evident 

fluorescence intensity was quantified by outlining each UB structure and the signal intensity measured and represented per unit area. For MM differentiation, 
the number of LEF1-positive cells per renal vesicle (adjacent to E-cadherin–positive UB structures) was scored. n = 4 for WT, Hoxb7-Plk4, and Six2-Plk4 mice. 
A two-tailed unpaired t test was used for statistical analysis (*, P < 0.05). (E) Representative images of E15.5 kidney sections from Six2-Plk4 and control mice 
stained for centrosomes (γ-tubulin), mitotic spindle microtubules (α-tubulin), mitotic marker (pHH3), and DNA (DAPI). In control kidneys, two centrosomes 
organize bipolar spindles that will eventually segregate the DNA into two daughter cells. When extra centrosomes are present, multipolar configurations are 
frequent (right). When centrosome clustering occurs (middle), the morphology of mitotic spindles appears bipolar (termed pseudobipolar). Bars (insets), 1 µm. 
(F) Quantification of the percentage of cells with bipolar and multipolar spindle configurations over time. In control animals that contain the normal complement 
of centrosomes, cells only form bipolar spindles in mitosis. To determine spindle morphologies in Hoxb7-Plk4 and Six2-Plk4 animals, quantification was done 
only in cells that contained excess centrosomes, as cells with normal centrosome number only form normal bipolar spindles (not depicted). In cells with CA, 
multipolar spindles are prevalent at early stages of development in both Hoxb7-Plk4 and Six2-Plk4 animals. However, cells with supernumerary centrosomes 
display pseudobipolar spindle morphologies at later development stages. n = 5 mice of each genotype from each developmental time point. A two-tailed 
unpaired t test was used to determine statistical significance (*, P < 0.05).
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Figure 5. CA causes cystogenesis. (A) H&E-stained kidney sections from postnatal (P15) Hoxb7-Plk4, Six2-Plk4, and control mice. (B) Immunostaining of 
P15 and P7 sections for centrosomes (γ-tubulin), cilia (acetylated α-tubulin), proximal tubules (LTL), collecting ducts (DBA), and nuclei (DAPI). Cells from control 
animals contained the normal complement of centrosomes and assembled a single cilium. In contrast, CA disrupted ciliogenesis, resulting in aciliated cells or 
formation of short cilia. White box denotes regions shown in insets. Arrowheads point to cells with multiple centrosomes. Bars (insets), 2 µm. (C) Graph illus-
trating a decrease in the fraction of ciliated cells in collecting ducts of P0 to P15 Hoxb7-Plk4 kidneys. n = 1,971 cells from 186 tubules (P0 WT), 1,769 cells from 
135 tubules (P0 Hoxb7-Plk4), 2,550 cells from 411 tubules (P15 WT), and 3,541 cells from 149 cysts (P15 Hoxb7-Plk4). (D) Quantification of the length of cilia in 
cystic epithelia of Hoxb7-Plk4 kidneys, demonstrating a small but significant decrease in mean ciliary length by P15. n = 951 cilia measured (P0 WT), 314 cilia 
(P0 Hoxb7-Plk4), 1,852 cilia (P15 WT), and 1,186 cilia (P15 Hoxb7-Plk4). (E) Graph demonstrating a decrease in the fraction of ciliated cells in proximal tubules 
of P0 to P7 Six2-Plk4 kidneys. n = 2,218 cells from 251 tubules (P0 WT), 1,637 cells from 188 tubules (P0 Six2-Plk4), 643 cells from 91 tubules (P7 WT), and 
678 cells from 24 cysts (P7 Six2-Plk4). (F) Graph illustrating decreased ciliary length in cystic epithelia of Six2-Plk4 kidneys by P7. n = 1,363 cilia measured (P0 
WT), 811 cilia (P0 Six2-Plk4), 329 cilia (P7 WT), and 216 cilia (P7 Six2-Plk4). For all graphs, a two-tailed unpaired t test was performed to determine statistically 
significant differences (*, P < 0.05). (G and H) Representative immunoblots of kidney lysates demonstrating that phosphorylated ribosomal protein S6 (p-S6) 
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(Fig. 6 A). Furthermore, we did not observe any cysts in Ksp-
Plk4 kidneys up to 1 yr of age (not depicted). Immunostaining 
of P30 Ksp-Plk4 kidneys showed robust expression of mChPlk4 
in distal tubules (chloride channel-K [CLC-K]–positive) and col-
lecting ducts (DBA-positive) as expected; thus, the lack of cystic 
phenotype was not a result of absence of Plk4 overexpression 
(Fig. 6 B). We quantified the number of centrosomes in collect-
ing duct epithelia of Ksp-Plk4 animals at P30 and found that 
Plk4 overexpression indeed resulted in CA in these cells (Fig. 6, 
C and D). Moreover, cells with CA displayed ciliary assembly 
defects consistent with our two embryonic models (Fig. 6, C–E). 
Thus, CA in mature nephrons can disrupt ciliary homeostasis 
without inducing cystogenesis, highlighting intrinsic differ-
ences between the active state of proliferation during develop-
ment versus quiescent differentiated cells.

Although the ablation of cilia during gestation results in 
severe cystic disease shortly after birth, loss of cilia in the adult 
kidney does not cause rapid cystogenesis (Davenport et al., 2007). 
Eventually, mild cyst formation occurs 6–12 mo after loss of cilia, 
revealing different requirements of ciliary function during renal 
development versus maintenance in adult kidneys (Davenport et 
al., 2007). However, the cystic phenotype is accelerated by the 
induction of ischemia-reperfusion injury (IRI) or pharmaco-
logical nephrotoxicity, models that induce renal regeneration 
(Kobayashi et al., 2008; Patel et al., 2008; Takakura et al., 2009). 
Thus, we tested whether kidneys of adult Ksp-Plk4 were suscep-
tible to renal injury. We performed unilateral IRI on 3-mo-old 
Ksp-Plk4 mice and their littermate controls by clamping the left 
renal pedicle (Patel et al., 2008; Takakura et al., 2009). Remark-
ably, the injured kidneys rapidly developed cysts that were evi-
dent 30 d after IRI, whereas the contralateral (nonischemic) kid-
neys were unaffected (Fig. 6 F). Collectively, our results suggest 
that CA sensitizes mature kidneys, such that they become rapidly 
cystic after renal insult.

CA and ciliogenesis defects in human polycystic 
kidney disease (PKD)
To examine the extent of CA and its effects on ciliary assembly in 
cystic disease models in vivo, we analyzed kidneys from patients 
with ADP​KD, as it is the most common form of cystic kidney 
disease and samples are readily available (compared with other 
much rarer hereditary cystic nephropathies). Centrosomes were 
marked with antibodies against γ-tubulin or centrin, two core 
components of the centrosome (Nigg and Stearns, 2011; Brito 
et al., 2012; Goto et al., 2013), and bona fide centrosomes quan-
tified using γ-tubulin. We found that CA is highly prevalent in 
cystic epithelial cells, but extremely rare in healthy kidney cells 
(Fig. 7, A and B). Cystic cells in PKD samples displayed a wide 
range in the levels of CA, from mild to severe (Fig. 7 B). Because 

cysts develop spontaneously over the lifespan of affected individ-
uals, there are various “generations” of cysts, with cells that have 
experienced transformative events for different lengths of time 
or rates of expansion. By comparing small and large cysts, we 
noted that CA is evident early during cyst formation and persists 
as the cysts increase in size (Fig. 7 E). Importantly, a significant 
number of cells possessing excess centrosomes were either acil-
iated or superciliated (Fig. 7, C, D, and F), which corresponded 
with a decrease in the percentage of cells containing a single 
cilium, highlighting a detrimental effect on ciliogenesis. Col-
lectively, these data indicate that the defects in ciliary assembly 
upon CA that we observed in vitro (Mahjoub and Stearns, 2012) 
and in our mouse models in vivo (Figs. 4 and 5) are recapitulated 
in ADP​KD tissues in vivo.

Discussion
Here, we performed a comprehensive analysis of the conse-
quences of CA during embryonic kidney development, at adult 
kidney homeostasis, and after renal injury. We discovered that 
CA in renal progenitor cells causes decreased progenitor cell 
proliferation and differentiation, increased apoptosis, and con-
sequently, hypoplastic kidneys. These are reminiscent of cellular 
defects observed in the developing brain, where CA was shown 
to cause loss of the progenitor population because of increased 
apoptosis, resulting in small brains (microcephaly; Marthiens et 
al., 2013). Importantly, we show that CA is sufficient to induce 
cystogenesis shortly after birth. The cystic phenotype is likely 
caused by a combination of (a) defects in nephron formation seen 
during embryogenesis that can result in nephron obstruction, 
and (b) ciliogenesis defects that persist when renal development 
is completed. The cystic phenotype appeared independently of 
mutations in cystic genes, suggesting that CA is in itself detri-
mental to renal growth and homeostasis.

To our best knowledge, this is the first demonstration that 
CA is sufficient in causing a ciliopathy phenotype in vivo. This 
discovery is in stark contrast with studies focusing on the rela-
tionship between CA and tumorigenesis, where widespread or 
tissue-specific induction of CA did not lead to spontaneous tumor 
formation (Marthiens et al., 2013; Coelho et al., 2015; Kulukian 
et al., 2015; Vitre et al., 2015; Serçin et al., 2016). A recent study 
did note that global induction of CA could initiate spontaneous 
formation of lymphomas and squamous cell carcinomas in aged 
mice (Levine et al., 2017), highlighting the heterogeneity of the 
response to CA in different tissues and developmental stages. 
Indeed, we found that CA in differentiated epithelia of matured 
nephrons did not affect the quiescent state of the cells, nor 
cause their untimely proliferation. This is consistent with the 
observation that loss of cilia in quiescent cells of fully formed 

and p-S6K increase upon CA. Two examples are shown for control (WT) and Hoxb7-Plk4. Kidney lysates obtained from Hoxb7-PKD1f/f mice were used as a 
positive control for pathway activation. Total levels of S6 were mostly unchanged, whereas total S6K was also elevated. Graph shows quantifications of band 
signal intensity, normalized to actin for each marker. n = 3 kidneys from each genetic sample; (*, P < 0.05). (I) Representative images of P15 kidney sections 
from control and Hoxb7-Plk4 mice, immunostained with antibodies against Ki-67, DBA, and DAPI. Proliferating Ki-67–positive cells are highlighted with white 
arrowheads. (J) Graph denoting the percentage of Ki-67–positive cells in DBA-positive collecting ducts (WT) or cysts (Hoxb7-Plk4). A two-tailed unpaired t test 
was used to determine statistically significance (*, P < 0.05).
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adult kidneys does not disrupt renal morphology or function 
(Davenport et al., 2007). The detrimental effects of CA were 
felt after renal insult, when cellular proliferation is triggered 

to help repair damaged nephron epithelia (Chang-Panesso and 
Humphreys, 2017), a process that is cilia-dependent (Kobayashi 
et al., 2008; Patel et al., 2008; Takakura et al., 2009).

Figure 6. CA in adult mice sensitizes kidneys to renal injury. (A) H&E staining of control and Ksp-Plk4 kidneys isolated at P7 and P30. No prominent cysts 
were evident at these stages. (B) Kidney samples from P30 Ksp-Plk4 mice immunostained with anti-mCherry to identify cells expressing mChPlk4. There was 
robust expression of Plk4 in DBA-positive collecting ducts and CLC-K–positive distal tubules, but absent in LTL-positive proximal tubules, consistent with 
Ksp-Cre–mediated expression. Nuclei were stained with DAPI. (C) Immunostaining of P30 control and Ksp-Plk4 kidneys to mark centrosomes (γ-tubulin), cilia 
(acetylated α-tubulin), collecting ducts (DBA), and DNA (DAPI). In contrast to the normal centrosome number in control kidneys, CA is evident in Ksp-Plk4. 
White box denotes regions shown in insets. Arrowheads point to cells with multiple centrosomes and cilia. Bars (insets), 2 µm. (D) Quantification of CA in P30 
WT and Ksp-Plk4 mice. n = 747 cells (WT) and 562 cells (Ksp-Plk4). (E) Quantification of the percentage of cells expressing zero, one, or more than one primary 
cilium in P30 Ksp-Plk4 mice containing excess centrosomes compared with cells with normal centrosome number. CA caused an increase in the fraction of 
superciliated cells. n = 274 cells (WT) and 172 cells (Ksp-Plk4). Statistical significance was determined using a two-tailed unpaired t test (*, P < 0.05). (F) H&E 
staining of kidneys after unilateral renal IRI. Ischemic injury was induced in 3-mo-old Ksp-Plk4 mice and littermate controls by clamping the left renal pedicle 
for 45 min. Kidneys were isolated 30 d after IRI. Injured kidneys of Ksp-Plk4 mice rapidly developed cysts, which were absent in the contralateral (uninjured) 
kidney, as well as the injured kidney of control mice. n = two mice (WT control) and five mice (Ksp-Plk4).
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Figure 7. Cystic epithelia in human PKD display CA and ciliogenesis defects. (A) H&E staining of normal and ADP​KD kidney sections showing the typical 
architecture of renal tubules, compared with small and large cysts in PKD samples, respectively. (B) Immunofluorescence staining of normal and PKD kidney 
specimens with antibodies against γ-tubulin or centrin to identify centrosomes, and DAPI to mark nuclei. Normal kidney epithelia predominantly contained the 
normal complement of centrosomes (one to two foci), whereas a significant fraction of cystic epithelia contained greater than two foci per cell. Cystic tubules 
of PKD patients display both low (mild) and high (severe) levels of CA. White lines in normal kidneys outline a typical nephron tubule, and cysts of different 
sizes in PKD samples. Bars (insets), 2 µm. (C) Normal and PKD kidney sections were immunostained for centrosomes and cilia. Normal kidney cells contain one 
centrosome and assemble a single primary cilium (inset magnified twofold). Cystic cells containing excess centrosomes either fail to assembly a cilium (aciliated) 
or form more than one cilium (superciliated). Nuclei were stained with DAPI. Bars (insets), 5 µm. (D) Representative image of cystic cells in PKD tissue captured 
using superresolution SIM, highlighting the presence of more than one cilium in cells with CA. (E) Quantification of the percentage of cells with CA relative to 
cyst size. Centrosomes were marked with γ-tubulin, and centrosome number quantified per nucleus in normal nephron epithelia (control) and epithelial cells 
lining the cyst walls (PKD). n = 961 cells from 80 tubules analyzed from four normal kidneys, 501 cells from 40 small cysts (0–100 µm), and 1,423 cells from 37 
large cysts (>100 µm) in seven PKD patient samples. Box plots represent the median, maximum, and minimum values for each dataset. One-way ANO​VA was 
performed to determine statistically significant differences between samples (*, P < 0.05). (F) Quantification of ciliary defects in cystic epithelia of PKD patients. 
The percentage of cells with zero, one, or more than one cilium was determined from cyst-lining cells that contained either normal centrosome number, com-
pared with cells with CA. n = 1,521 cells scored from eight PKD kidneys. Statistical significance was calculated using a two-tailed unpaired t test (*, P < 0.05).
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In dividing cells, CA can cause spindle assembly defects, 
chromosome missegregation, and aneuploidy, triggering a p53- 
mediated surveillance mechanism that clears cells with abnor-
mal chromosome number (Nano and Basto, 2016). We found that 
multipolar spindles were only detected during early developmen-
tal stages, which coincided with increased apoptosis and reduced 
proliferation. Thus, we posit that the observed apoptosis of the 
renal progenitor population may be at least partially a result of 
the p53-mediated surveillance mechanism. One way to test this 
would be to delete one or both copies of p53, which can enhance 
survival of cells with CA and help promote tumor growth (Coelho 
et al., 2015; Serçin et al., 2016). However, conditional inactiva-
tion of p53 in embryonic kidneys delays UB branching, disrupts 
proliferation of MM, and causes renal hypoplasia (Saifudeen et 
al., 2009, 2012). Thus, we could not test the synergistic effects 
of CA and p53 directly in the kidney. However, we found that 
cells predominantly formed pseudobipolar spindles after E15.5 
even when they had extra centrosomes. This suggests that renal 
progenitors either lack the capacity to cluster their centrosomes 
at early developmental stages, or acquire the mechanisms that 
promote clustering at later stages, which helps in the survival of 
cells that proliferate and subsequently form cysts.

In addition to the mitotic defects, CA has a detrimental effect 
on ciliary assembly and function. In a landmark study, we showed 
that CA in cultured cells either blocked assembly, or resulted in 
the formation of excess cilia (Mahjoub and Stearns, 2012). The 
net phenotypic outcome was the same, in that disrupted signal-
ing in the former was a result of loss of the chemo/mechanosen-
sory apparatus itself, whereas the latter was a result of inefficient 
operation of the signaling machinery. We found that CA in kid-
neys of PKD patients and our mouse models caused similar cilio-
genesis defects. Moreover, cystic livers of PKD2 mice also contain 
excess centrosomes and ciliary assembly defects (Masyuk et al., 
2014), indicating that ciliary function is likely abrogated upon CA 
in other cell types. How do CA and the associated ciliary defects 
perturb embryonic renal development and subsequently drive 
cystogenesis? Genetic ablation of cilia in embryonic kidneys dis-
rupts signaling pathways essential for progenitor cell expansion 
(Chi et al., 2013), including the WNT11/RET-ERK pathway needed 
for UB branching morphogenesis, and the WNT4-LEF1 pathway 
necessary to maintain the MM population (Fisher et al., 2001; 
Majumdar et al., 2003; Schmidt-Ott and Barasch, 2008; Mugford 
et al., 2009; Brown et al., 2013). Analysis of these signaling path-
ways showed that they are attenuated in our mice, suggesting 
that CA in embryonic kidneys compromises these essential devel-
opmental signaling cascades. In adult kidneys, CA may similarly 
disrupt cilia-dependent signaling pathways that contribute to 
cystogenesis. Indeed, we found that the mTOR signaling path-
way activity was elevated/sustained in our cystic animal models 
postnatally. Thus, one enticing possibility is that CA may be a 
common cellular aberration linking mutations in various cystic 
genes, ciliary signaling dysfunction, and activation of signaling 
pathways that promote cell proliferation. Our future studies will 
focus on defining the synergistic effects of CA in the context of 
mutations in different cyst-inducing genes, and test whether CA 
offers a potentially new therapeutic target for the treatment of 
cystic diseases of the kidney.

Materials and methods
Transgenic animals
All animal studies were performed following protocols that are 
compliant with guidelines of the Institutional Animal Care and 
Use Committee at Washington University and the National Insti-
tutes of Health. Transgenic mCherry-Plk4 animals were origi-
nally generated in C57BL6/N background (Marthiens et al., 2013) 
and were maintained in a heterozygous state (Tg[mChPlk4]/+) by 
mating with C57BL6/N WT mice. To induce expression of mCh-
Plk4 in the UB, heterozygous Tg(mChPlk4)/+ animals were bred 
with mice that express the UB-specific Cre-recombinase under 
the control of the Hoxb7 promoter (Zhao et al., 2004; Hoxb7-
CreGFP/+). This mating scheme resulted in experimental animals 
that were heterozygous for each transgene (Tg[mChPlk4]/+; 
Hoxb7-CreGFP/+), and littermates carrying the single transgenes 
alone (Tg[mChPlk4]/+ or Hoxb7-CreGFP/+) were used as our WT 
control. To induce expression of mChPlk4 in the MM, heterozy-
gous Tg(mChPlk4)/+ animals were bred with mice that express 
mesenchyme-specific Cre-recombinase under the control of the 
Six2 promoter (Kobayashi et al., 2008; Six2-CreGFP/+). This mat-
ing scheme resulted in experimental animals that were hetero-
zygous for each transgene (Tg[mChPlk4]/+; Six2-CreGFP/+), and 
littermates carrying the single transgenes alone (Tg[mChPlk4]/+ 
or Six2-CreGFP/+) were used as control. Finally, we induced 
expression of mChPlk4 in the distal tubule and collecting duct 
epithelia of mature nephrons by crossing Tg(mChPlk4)/+ ani-
mals with heterozygous mice expressing Cre-recombinase under 
the control of the cadherin-16 promoter (Shao et al., 2002; Ksp-
Cre/+). This mating scheme resulted in experimental animals 
that were heterozygous for each transgene (Tg[mChPlk4]/+; 
Ksp-Cre/+), and littermates carrying the single transgenes alone 
(Tg[mChPlk4]/+ or Ksp-Cre/+) were used as control.

For timed pregnancies, the day of the copulatory plug was 
defined as E0.5. Crosses were equally performed with males and 
females of each transgenic strain, and embryos, pups, and adults 
from both genders were included in the analyses. Genotyping 
was performed by extracting tail DNA followed by PCR using the 
following primers: mChPlk4 (706 bp): 5′-CGC​CAC​CAT​GGT​GAG​
GAA​GGG-3′ and 5′-CTC​GTC​CAT​GCC​GCC​GGT​GG-3′; Hoxb7-CreGFP 
(237 bp): 5′-GCA​GAA​CCT​GAA​GAT​GTT​CGC​GAT-3′ and 5′-ATG​AGT​
GAA​CGA​ACC​TGG​TCG​AAA-3′; Six2-CreGFP (420 bp): 5′-TCG​ATG​
CAA​CGA​GTG​ATG​AG-3′ and 5′-TCC​ATG​AGT​GAA​CGA​ACC​TG-3′; 
and Ksp-Cre (390 bp): 5′-GCA​GAT​CTG​GCT​CTC​CAA​CG-3′ and 
5′-AGG​CAA​ATT​TTG​GTG​TAC​GG-3′. Kidneys were isolated from 
experimental and control animals at various stages of embryonic 
development (E12.5, E13.5, E15.5, and E17.5) and postnatally (P0, 
P7, P15, and P30). A summary of the number of animals isolated 
and analyzed from each genotype is provided in Table S1.

Immunological analysis of kidneys
Both kidneys were isolated from each embryo or adult mouse 
as previously described (Hoshi et al., 2015) and fixed in one of 
two ways, depending on the downstream application. Specimens 
were fixed in 4% paraformaldehyde in PBS for 24 h at 4°C, then 
embedded in paraffin. Samples were cut into 5-µm sections using 
a microtome (RM2125 RTS; Leica), placed onto microscope slides 
(Thermo Fisher Scientific), and stored at room temperature. 
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Alternatively, freshly isolated kidneys were placed in appropri-
ately sized Cryomolds (Tissue-Tek), immersed in Optimal Cut-
ting Temperature compound (Tissue-Tek), and placed in a dry 
ice/ethanol bath for 10 min. Frozen samples were cut into 10-µm 
sections using a cryostat (CM1850; Leica), placed onto micro-
scope slides, and stored at −80°C. Histological staining of paraf-
fin-embedded sections with hematoxylin and eosin (H&E) was 
performed using standard protocols (Hoshi et al., 2015).

For immunohistochemistry on paraffin-embedded sections, 
antigen unmasking was performed by boiling the slides in anti-
gen-retrieval buffer (10 mM Tris Base, 1 mM EDTA, and 0.05% 
Tween-20, pH 9.0) for 30 min. For immunostaining of cryo-
preserved sections, samples were fixed using −20°C-precooled 
methanol for 10 min. After fixation, both types of fixed samples 
were preextracted with 0.5% Triton X-100 in PBS for 10 min at 
room temperature and incubated in blocking buffer (3.0% BSA 
and 0.5% Triton X-100 in PBS) for 1 h, followed by staining with 
primary and secondary antibodies. The complete list of antibod-
ies and nephron segment markers used in this study is provided 
in Table S2. All Alexa Fluor dye–conjugated secondary anti-
bodies were obtained from Thermo Fisher Scientific and used 
at a final dilution of 1:500. Nuclei were stained with DAPI, and 
specimens mounted using Mowiol containing n-propyl gallate 
(Sigma-Aldrich). Images were captured using a Nikon Eclipse 
Ti-E inverted confocal microscope equipped with 10× Plan 
Fluor (0.30 NA), 20× Plan Apo air (0.75 NA), 60× Plan Fluor oil 
immersion (1.4 NA), or 100× Plan Fluor oil immersion (1.45 NA) 
objectives (Nikon). A series of digital optical sections (z-stacks) 
were captured using an Andor Neo-Zyla CMOS camera at room 
temperature, and three-dimensional image reconstructions were 
produced. Images were processed and analyzed using Elements 
AR 4.20 (Nikon) and Photoshop software (Adobe).

Evaluation of the number of centrosomes and cilia
For quantification of centrosome and cilia number in renal pro-
genitors and differentiated nephron epithelia, a minimum of five 
tissue sections—a midsagittal section and sections generated in 
20-µm increments in both directions from the midsagittal sec-
tion—were analyzed. Samples were stained with antibodies 
against mCherry to identify cells expressing mChPlk4. Centro-
somes were identified by costaining cells with antibodies tar-
geting γ-tubulin and centrin. We considered foci as centrosomes 
only if they stained with at least two of the centrosome markers. 
Normal centrosome number was defined as cells containing one 
or two foci of γ-tubulin, and CA was characterized by the presence 
of more than two foci per cell. Centrosome number was quanti-
fied per nucleus of the cells in each cell population, using cell-spe-
cific markers to outline individual cells (e.g., using E-cadherin or 
Six2). Cilia were identified as acetylated tubulin-positive struc-
tures emanating from γ-tubulin/centrin-positive centrosomes. 
Primary cilium assembly was determined by counting the per-
centage of cells that formed zero, one, or more than one cilium per 
cell. Ciliary length was measured from three-dimensional recon-
structions of z-stack images, using integrated image analysis 
software (Nikon Elements AR 4.20). For all of the above analyses, 
sections were costained with antibodies to help identify mesen-
chymal progenitor cells (Six2-positive), glomerular precursor 

cells (WT1-positive), and UB structures (E-cadherin– or CK8- 
positive) in embryonic kidneys. For postnatal kidneys, samples 
were costained with nephron segment markers including LTL 
(marker of proximal tubules; Vector Laboratories), antibodies 
against the chloride channel CLC-K (marker of distal tubules; 
Alomone Labs; gift of F. Chen, Washington University, St. Louis, 
MO), and DBA (marker of collecting ducts; Vector Laboratories).

For evaluation of mitotic spindle morphology, paraffin- 
embedded embryonic and postnatal kidney specimens were 
immunostained for γ-tubulin (centrosomes), α-tubulin (micro-
tubules), pHH3 (mitotic marker), and DNA (DAPI). Three- 
dimensional reconstructions of z-stack images were used for the 
analysis. To determine the fraction of cells with abnormal spindle 
morphology, we counted all prometaphase or metaphase cells in 
each kidney section containing more than one centrosome, and 
compared that with mitotic cells containing the normal comple-
ment of two centrosomes.

Analysis of renal progenitor cell proliferation, 
differentiation, and apoptosis
The mean number of mesenchymal cells per MM cap structure 
was determined by counting the number of Six2-positive cells 
per UB branch tip. At least 25 cap structures/UB tips were scored 
per genotype for each indicated time point. To estimate the 
differentiation potential of the MM progenitor cells, the mean 
number of WT1-positive structures was counted per section. A 
minimum of five kidney section—a midsagittal section and sec-
tions generated 20 µm in both directions—was analyzed from 
E15.5 and E17.5 embryos. Proliferation analysis was performed 
by measuring the number of pHH3-positive mitotic cells per sec-
tion. Because the size of kidneys from Tg(mChPlk4)/+; Hoxb7-
CreGFP/+ and Tg(mChPlk4)/+; Six2-CreGFP/+ are smaller than 
the control kidneys, the area of each section was also measured. 
The data are expressed as the mean number of pHH3-positive 
foci per unit area (squared millimeter) of each kidney section. 
The TUN​EL method was used to quantify apoptosis, following 
the manufacturer’s instructions (In Situ Cell Death Detection 
kit; Roche). Kidneys specimens from E15.5 and E17.5 animals 
were processed for immunofluorescence (Jain et al., 2006) as 
described above, and the mean number of TUN​EL-positive cells 
per unit area (squared millimeter) of each kidney was deter-
mined. Nephron endowment at birth was determined using two 
complementary approaches: (a) by staining P0 kidney sections 
with antibodies against Podocin (gift of J. Miner, Washington 
University, St. Louis, MO), a marker of glomeruli (Roselli et al., 
2002), and (b) by counting the number of glomeruli directly in 
H&E-stained tissue sections. The mean number of glomeruli per 
section was then calculated from a minimum of five sections 
from experimental and control animals of each genotype.

Live-cell imaging of embryonic kidneys
Isolation, growth, and imaging of metanephric organ cultures 
were performed as previously described (Keefe Davis et al., 2013; 
Hoshi et al., 2015). In brief, kidneys were isolated from Hoxb7-
CreGFP and Hoxb7-CreGFP-Plk4 embryos at E12.5, and from Six2-
CreGFP and Six2-CreGFP-Plk4 embryos at E13.5. Kidneys were 
cultured on 0.4-µm pore Transwell membranes (Corning) in 
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a six-well culture plate for up to 72 h. Samples were grown in 
DMEM/F12 containing 15 mM Hepes, supplemented with 0.01 
nM prostaglandin E1, 5 mg/ml ion-saturated holo Transferrin, 
and 10 nM sodium selenite (all from Sigma-Aldrich). Culture 
medium was changed every 24 h. Time-lapse microscopy was 
performed in a temperature-controlled culture chamber with a 
5% CO2 air mixture. Images were captured at 30-min intervals 
for up to 48 h. For quantification of ureteric bud tips, E12.5 meta-
nephric kidneys were cultured and all tips counted in a blinded 
fashion from images captured at the indicated times. Kidneys 
with three to five UB tips at the beginning of organ culture were 
used for this analysis.

Immunoblot analysis of kidney lysates
Kidneys were collected and homogenized in T-PER lysis buffer 
(Thermo Fisher Scientific) supplemented with protease (Pierce) 
and phosphatase inhibitors (Roche). The homogenized lysate was 
incubated at 4°C for 20 min and cell debris cleared by centrifu-
gation at 12,000 g for 10 min. 50 µg of protein lysate from each 
kidney was analyzed by SDS-PAGE. Membranes were incubated 
overnight at 4°C with the following primary antibodies: anti–
phospho–p-S6K (1:200; Tyr 389; 9205; Cell Signaling Technol-
ogy), anti–p-S6K (1:1,000; sc-8418; Santa Cruz Biotechnology), 
anti–phospho-S6 (1:200; Ser235/236; 2211; Cell Signaling Tech-
nology), anti-S6 (1:500; sc-74459; Santa Cruz Biotechnology), 
and anti-actin (1:1,000; A4700; Sigma-Aldrich). Secondary anti-
bodies included donkey anti–rabbit IgG–horseradish peroxidase 
(Sigma-Aldrich) and goat anti–mouse IgG–horseradish peroxi-
dase (Jackson ImmunoResearch Laboratories). Blots were imaged 
on a C-DiGit Blot Scanner (LI-COR), and signal intensities for 
each protein were quantified and normalized to actin.

IRI
Unilateral IRI was performed on Ksp-Plk4 and control (Ksp-Cre) 
littermates as previously described (Takakura et al., 2009). In 
brief, 3-mo-old animals were anesthetized with a mixture of 
ketamine (100 mg/kg body weight) and xylazine (15 mg/kg body 
weight) intraperitoneally before surgery. Body temperatures 
were controlled at 36.5–37.5°C throughout the procedure using 
a heating pad (Harvard Apparatus) and monitored using a rectal 
probe. Kidneys were exposed through flank incisions, and mice 
subjected to ischemia by clamping the left renal pedicle with 
nontraumatic vascular clamps (Fine Science Tools), which were 
removed after 45 min. Mice were sacrificed 30 d after surgery, 
and both the injured and contralateral (uninjured) kidneys from 
each animal isolated and analyzed as described above.

Analysis of human PKD specimens
Human kidney samples were obtained from archived materials 
stored in the Kidney Translational Research Center (Washington 
University in St. Louis) according to the guidelines of a protocol 
approved by the Institutional Review Board of the Washington 
University School of Medicine. Renal specimens were fixed in 
formalin and embedded in paraffin, and 5-µm sections were 
cut and placed onto microscope slides. Sections from eight ADP​
KD patients, with ages ranging from 56–75 yr, were used for 
analysis. Four kidney specimens with no cystic pathology from 

nontumorigenic regions of patients (age range of 48–61 yr) under-
going nephrectomy were used as controls. Specimens were pro-
cessed and stained with antibodies to mark centrosomes and cilia 
as described above. Centrosome number and ciliogenesis were 
quantified in cystic epithelia of small (less than 100 µm diameter) 
and larger (>100 µm diameter) cysts in each kidney. In control 
specimens, epithelial cells of both tubular and collecting duct 
segments of the nephron were counted. Superresolution struc-
tured illumination microscopy (SIM) was performed on an n-SIM 
inverted Ti-E microscope (Nikon), which enabled simultaneous 
two-color and sequential four-color superresolution imaging. 
Images were captured and analyzed using Elements AR 4.20 
(Nikon) software.

Statistical analysis
Statistical analyses were performed using GraphPad PRI​SM 7.0 
or Microsoft Excel. The vertical segments in box plots show the 
first quartile, median, and third quartile. The whiskers on both 
ends represent the maximum and minimum values for each data-
set analyzed. Collected data were examined by one-way ANO​VA 
or two-tail unpaired t test as specified in the figure legends. Data 
distribution was assumed to be normal, but this was not formally 
tested. Statistical significance was set at P < 0.05.

Online supplemental material
Fig. S1 shows mouse models used for inducing CA in renal cells. 
Fig. S2 shows conditional Plk4 expression in the developing 
mouse kidney at E13.5. Fig. S3 shows conditional Plk4 expres-
sion in the developing mouse kidney at E15.5. Fig. S4 shows con-
ditional Plk4 expression in the developing mouse kidney at E17.5. 
Fig. S5 shows that Plk4 overexpression causes CA and ciliogen-
esis defects in renal progenitors. Fig. S6 shows that CA causes 
cystogenesis. Table S1 is a summary of the total number of mice 
generated and analyzed by mating. Table S2 is a detailed list of 
antibodies and other reagents used in this study. Video 1 shows 
live-cell imaging of ex vivo metanephric organ cultures from 
Six2-CreGFP and Six2-CreGFP-Plk4 embryos. Video 2 shows live-
cell imaging of ex vivo metanephric organ cultures from Hoxb7-
CreGFP and Hoxb7-CreGFP-Plk4 embryos.
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