


with respect to cell cycle, ciliogenesis, and differentiation char-
acteristics, it seems likely that ciliary PC2 mislocalization is an
early and highly penetrant metric of ADPKD.

With the emerging centrality of the primary cilium for PKD,
the interdependence of PC1, PC2, and FPC for trafficking and
localization to this organelle is a topic of acute interest and

Figure 8. Wild-type but not mutant PC1 promotes ciliary localization of endogenous PC2 in IMCD3 cells. (A) Transfection efficiencies
(fraction of cells that expressed YFP) for YFP-tagged murine PC1 wild-type and mutant constructs. (B) Total number of cells with
detectable PC2 at the cilium in untransfected (control) cultures or those cells transfected with murine PC1 constructs. (C) PC2 and AcT
colocalization in IMCD3 cells expressing YFP-tagged wild-type murine PC1 full-length (mPC1), PC1 C-terminal truncation mutant (mPC1
mutant), or untransfected control cells from the same cultures. Merge is pseudocolored to highlight PC2/AcT colocalization. (D)
Averaged intensity profiles of line scans through ;75 individual cilia from these populations pooled from three different experiments.
Data points represent averaged raw fluorescence intensity values from images taken with identical exposures. Line scans were 16 mm in
length. Red dotted line overlay in C illustrates how line scans were drawn. (E) Average PC2/AcT fluorescence ratios for the points at the
apex of the curves shown in D. (F) Ciliary lengths in these cell populations averaged from confocal z stacks. (G) Representative confocal
x and y planes and corresponding z stacks of cells from these populations. Crosshairs in the merge illustrate the x and y plane shown in
the z stack. (H) 43 and (I) 403 resolution bleed-through controls. Representative images of IMCD3 cells transfected with the wild-type
construct of YFP-mPC1 incubated with primary antibodies against GFP and PC2 and subsequently incubated with both secondary
antibodies (stained), no secondary antibodies (unstained), or only the secondary antibody to GFP (488 only) are shown. Corresponding
fourth-channel images of AcT show cilia. Identical exposures are shown for all images. Scale bars, 5 mm in C, G, and I; 50 mm in H. Error
bars in bar graphs and line scan time points indicate SEM. P values, t test.
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clinical relevance.9,17 In our PKD iPS cell cultures, the pro-
portion of cells expressing PC2 at the cilium is reduced but not
completely lost. Because the mutations in all of our ADPKD
lines were in PKD1 and not PKD2 and because overexpression
of wild-type PC1 significantly enhanced ciliary PC2 localiza-
tion in both ADPKD iPS-derived hepatoblasts and IMCD3
mouse kidney cells, our results are consistent with a model
where mutations in PC1 lead to reduced quantities of PC2 at
the cilium (Figure 9).5,6 PC1 and PC2 interact with each other
through their carboxyl termini, providing a plausible mecha-
nism for codependency of localization.4,17 Although some
studies suggest that PKD2 may be less sensitive to dosage ef-
fects in the presence of wild-type PKD1,33–35 changes in PC2
localization in the company of PC1 mutations may have a
pathogenic role. Although in mouse cells, PC2 has been re-
ported to traffic to the cilium in Pkd1-/- homozygotes,9 a quan-
titative comparison of PC2 ciliary trafficking between mutant
and wild-type PC1 in the mouse has not been defined. Fur-
thermore, others have argued that PC1 is necessary for PC2
localization to cilia and other cellular membranes.6,10,11,20

One possible resolution of these findings is that PC1 can quan-
titatively enhance ciliary trafficking of PC2, even if it is not
absolutely required.

In vivo, ADPKD takes decades to markedly impair kidney
function, leading to the proposal that a second genetic hit and/
or a third hit related to environmental stress is required for
cystogenesis.12,36,39 However, other evidence in animal mod-
els suggests that subthreshold polycystin expression levels may
be sufficient to cause disease.13–15 iPS cells from two of our
ADPKD patients did not lose heterozygosity at the mutation
site, similar to a previous report on iPS cells generated from
one ADPKD patient.26 In a third ADPKD patient, two inde-
pendent iPS cell lines exhibited an underrepresentation or
close to complete loss of the wild-type allele specifically at

the site of a germ-line C39Y mutation. No-
tably, the iPS cell reprogramming and
selection process has previously been ob-
served to introduce novel coding muta-
tions and fix rare mutations present in a
minority of the original fibroblast popula-
tion, with a total mutagenesis rate of ap-
proximately six coding mutations per
exome.31 The fact that the mutation in pa-
tient 1 iPS cells occurred specifically to
encompass the second allele of the C39Y
locus suggests that the mutation site might
constitute a genetic hotspot within PKD1
or that PKD1 may be more prone to
mutation than other genes. No obvious dif-
ference was observed in PC2 ciliary locali-
zation in the two lines from this patient
compared with lines from the other two
ADPKD patients who did not lose hetero-
zygosity at their disease loci. Additional re-
search will be necessary to understand the

genetic mechanisms underlying ADPKD iPS cell second hits in
vitro, which might provide insight into disease mechanisms in
vivo.

These data neither prove nor preclude the possibility that
second-hitmutations are required to cause cystogenesis in vivo,
and they do not directly address the role of impaired PC2
ciliary localization in vivo. They do, however, suggest that
reductions in functional PC1 levels are sufficient to cause re-
ductions in PC2 levels in cilia, which may play a role in the
pathogenesis of PKD. For example, subthreshold PC1 levels
could synergistically reduce PC2 levels at the cilium, which
would further decrease the stoichiometric likelihood of form-
ing functional PC1–PC2 complexes. These iPS and descendant
cell models may serve as tools to find new therapeutic agents
that can rescue the PC2 phenotype and may be therapeutic in
vivo. The ability of pluripotent stem cells to provide novel
mechanistic insights into the cellular pathophysiology of
PKD coupled with their unique capacity to generate complex
tissues and all somatic cell types make them a powerful new
resource for PKD research.

CONCISE METHODS

Generation, Maintenance, and Characterization of iPS
Cells
Three anonymous patients with a clinical diagnosis of ADPKD based

on imaging and family history providedwritten informed consent and

underwent skin biopsies in a protocol approved by the Brigham and

Women’s Hospital Institutional Review Board. Fibroblasts ADPKD

1–3, ARPKD 4 and 5 (Coriell GM10287 and GM12607), human fore-

skin fibroblasts (ATCC CRL-2522), and adult human dermal fibro-

blasts (Invitrogen C-013–5C) were reprogrammed by two rounds of

overnight transduction with murine stem cell virus-internal

Figure 9. A model links loss-of-function mutations in PC1 to reduced ciliary PC2. In
wild-type (WT) or ARPKD cells, pools of PC2 (green) associated with PC1 (pink) traffic
from vesicles (Vs) to the cilium, whereas pools of unassociated PC2 traffic to the plasma
membrane (PM) or endoplasmic reticulum (ER). In ADPKD cells, cellular concentrations
of PC1 are diluted by mutant PC1 proteins (blue, PC1 mutant), resulting in diminished
trafficking of PC2 to the cilium (thinner pink arrow). Reduced ciliary PC2 combined with
reduced functional PC1 levels has a synergistic effect, leading to a pathogenic state.
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ribosome entry site-green fluorescent protein encoding retroviruses

for OCT4, SOX2, KLF4, and c-MYC produced in 293FT cells (Invi-

trogen). Multiple lines from each patient were karyotyped (Cell Line

Genetics) and frozen. Lines were maintained on mouse embryonic

fibroblast feeders (Global Stem Cell GSC-6001G) in 20% Knock Out

Serum Replacement, 13 nonessential amino acids, 13 Glutamax,

13 penicillin-streptomycin, 55 mM b-mercaptoethanol, DMEM-

F12, and 10 ng/ml human fibroblast growth factor 2 (FGF2; Invitro-

gen) and restarted every;50 passages. Teratomas were generated by

implantation of one six-well plate of confluent iPS cells on feeders

underneath the kidney capsule or neck scruff of nonobese diabetic-

severe combined immunodeficiency mice, which were euthanized

;8 weeks later in adherence to the National Institutes of Health

Guide for the Care and Use of Laboratory Animals. Estimated glo-

merular filtration rates in ADPKD patients were calculated using the

Modification of Diet in Renal Disease formula.

Genetic Sequencing of PKD1, PKD2, and PKHD1
ThePurelinkGenomicDNAMiniKitwasusedaccording to instructions

(Invitrogen) to prepare genomic DNA from confluent monolayers of

parental fibroblasts or feeder-free iPS cell cultures expanded from

individual colonies. DNA was subjected to exon sequencing as de-

scribed,27 and align Grantham variation Grantham deviation and

sorting intolerant from tolerant scores were calculated. Loss of hetero-

zygosity was evaluated manually based on the chromatograms.

Immunoblot
Confluent feeder-free iPS cells from one well of a six-well plate were

scraped into 100 ml RIPA buffer plus protease inhibitors (150 mM

NaCl, 1% nonidet-P40, 0.5% sodium deoxycholate, 0.1% SDS, 50

mMTris [pH 8.0], 2mg/ml aprotinin, leupeptin, pepstatin, and 1mM

PMSF) and sonicated briefly. Laemmli buffer was added to 14,000 g

supernatant, which was heated only to 37°C. Proteins were electro-

phoresed in a Mini-Protean TGX gradient gel (Bio-Rad), transferred

overnight at 35 V in 25mMTris, 192mMGlycine, and 10%methanol

for PC2 or 25 mM Tris, 192 mM Glycine, and 0.1% SDS for PC1 to

Immobilon-P (Millipore), blocked with 5% milk, Tris-buffered

saline, and 0.1% Tween-20 (Sigma), and incubated in block with

antibodies against PC2 (ab90648; Abcam), PC1 (7e12; Santa Cruz),

fibrocystin (4883; with human recombinant FPC from a porcine re-

nal tubular epithelial cell line stably expressing FPC as a positive

control),37 or b-actin (Cell Signaling). Detection was performed us-

ing horseradish peroxidase-conjugated secondary antibodies (Dako)

and Western Lightning (Perkin-Elmer) according to instructions.

Immunohistochemistry
Feeder-free cultures were passaged on 3% Reduced Growth Factor

GelTrex plus 13 Pen-Strep (Invitrogen) in Modified Tenneille’s Spe-

cial Recipe 1 (mTeSR1, Stem Cell Technologies). Cells were dissoci-

ated with Accutase (Stem Cell Technologies), plated in mTeSR1 with

10 mM Rho-kinase inhibitor Y27632 (Stemgent) at 60,000 cells/24

well, grown feeder-free for 2 days, and then pulsed for 2 hours with 10

mM BrdU (Sigma). Alternatively, confluent colonies on feeders were

split 1:12 onto 3%GelTrex (Invitrogen) -coated CC-2 chamber slides

(Lab-Tek) for 7 days in mTeSR1 to form cilia or 24-well plates for 5

days for pluripotencymarkers. For transfection experiments, 200,000

IMCD3 cells were plated onto 12-mm coverslips in 10% FBS/DMEM,

transfected the next day with 1 mg amino-terminal YFP-tagged Pkd1

wild-type or carboxy-terminal truncation mutant in pcDNA4.1

(X. Su and J. Zhou, unpublished observations) using Lipofectamine LTX

(Invitrogen), and cultured for 72 hours. Cells were washed in PBS,

fixed in 4% paraformaldehyde for 15 minutes at room temperature,

washed, blocked in 5% donkey serum (Millipore), 0.3% Triton-X-

100, and PBS, incubated overnight in 3% BSA/PBS with primary anti-

bodies, washed, incubated with secondary antibodies (A31570,

A21206, and A11039; Invitrogen; 705–605–147 and 715–175–151;

Jackson Immunoresearch), washed, and mounted in Vectashield

H-1200. Primary antibodies included OCT4 (sc-5279; Santa Cruz),

NANOG (RCAB0004PF; Cosmobio), stage-specific embryonic anti-

gen 3 (MAB4303; Millipore), tumor rejection antigen 1–60

(MAB4360; Millipore), PC2 (sc-25749; Santa Cruz), acetyl-tubulin

(051M4770; Sigma or 5335S; Cell Signaling), ZO-1 (339100; Invitro-

gen), BrdU (Santa Cruz), phospho-H3 (sc-8656-R; Santa Cruz), bra-

chyury (sc-17745; Santa Cruz), SOX17 (AF1924; R&D), forkhead box

protein F1 (AF4798; R&D), AFP (A0008; Dako), CK19 (M0888;

Dako), HNF4 (sc-6556; Santa Cruz), Nestin (AB5922; Millipore),

KDEL/GRP78 (SPA-827; Assay Designs), and GFP (A10262; Invitro-

gen). For BrdU incorporation studies, cells were treated with 2 N

hydrochloric acid for 1 hour before blocking. The Alkaline Phospha-

tase Detection Kit (Millipore) was used according to instructions. Fluo-

rescence images were captured using Nikon epifluorescence 90-I and

C-1 confocal (upright) or Eclipse Ti (inverted) microscopes with iden-

tical exposures for each cell line. BrdU incorporation and histone H3

phosphorylation were imaged at 43 and scored automatically using a

Cellprofiler algorithm; 403 fields containing cilia were chosen at ran-

dom, imaged in the acetylated a-tubulin channel, reimaged in the same

plane for PC2, refocused, and imaged for nuclei. Transfected cells were

identified by GFP staining of the N-terminal PC1 fusion tag.

EB and Hepatoblast Differentiation
For EBs, cells on feeders were subjected to collagenase IV for 10

minutes, scraped off, resuspended in ES cell mediumminus FGF2 on

low-adhesion plates (Corning), fed every 2–3 days for 2 weeks, re-

plated onto gelatin, and incubated in DMEM/10% FBS (Hyclone) for

1 week to form ciliated outgrowths. Random fields containing ciliated

ZO-1–positive epithelial cells were imaged for PC2 and scored man-

ually. For hepatoblasts, 80,000 cells on a feeder-free 24 well were

differentiated in Advanced RPMI, 13 Glutamax, and 13 penicillin-

streptomycin (Invitrogen) with 5 mM CHIR99021 (Stemgent) for 24

hours, 100 ng/ml Activin A (R&D) for 2–3 days, 13 B27 supplement

(Invitrogen), 20 ng/ml bone morphogenetic protein 4 (R&D), and

10 ng/ml FGF2 (Invitrogen) for 5 days, and 13 B27/10 ng/ml hepato-

cyte growth factor (Peprotech) for 5 days. Transfection was performed

on day 2 of hepatocyte growth factor treatment with 1 mg GFP-WT

PKD1 (21367; Addgene), fixed 72 hours after transfection, and cos-

tained for GFP, PC2, and acetylated a-tubulin.

Germ Layer-Directed Differentiation
For germ layer-directed differentiation experiments, human iPS

cells were dissociated with Accutase for 10 minutes and plated as a
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single-cellmonolayer onto 3%Geltrex inmTeSR1mediumat a density

of 43104 cells/cm2. Cells were cultured under these conditions for 2

days before differentiation (15%–20% confluence). To generate de-

finitive endoderm, cells were treated with Advanced RPMI (Invitro-

gen), 13 penicillin-streptomycin, 13 L-Glutamax (Invitrogen), 5mM

CHIR99021 (Stemgent), and 100 ng/ml Activin A (R&D). After 24

hours, the media was changed to Advanced RPMI, 13 penicillin-

streptomycin, 13 L-Glutamax, and 100 ng/ml Activin A for 2 days.

To generate mesoderm, cells were treated with Advanced RPMI, 13

penicillin-streptomycin, 13 L-Glutamax, and 5 mM CHIR99021 for

24 hours followed by Advanced RPMI, 13 penicillin-streptomycin, 13

L-Glutamax, and 50 ng/ml bone morphogenetic protein 4 (R&D) for 2

days. To generate neural precursor cells, we modified an existing proto-

col38 and treated cells with neural induction media containing Advanced

DMEM/F12:Neurobasal (1:1), 13 N2 (Invitrogen), 13 B27 (Invitro-

gen), 13 L-Glutamax, 5 mg/ml BSA, and 10 ng/ml human leukemia

inhibitory factor (Millipore) supplemented with 3 mMCHIR99021, 2

mM SB431542 (Stemgent), and 10 mM N-[N-(3,5-Difluorophenace-

tyl)-L-alanyl]-S-phenylglycine t-butyl ester (Sigma) for 7 days.

Quantification and Statistical Analyses
Unmodified images were scored manually in a binary fashion for the

presence or absence of detectable PC2 at the cilium. Single line scans

were drawn through the center of randomly selected cilium in the

acetylated a-tubulin channel using NIS Elements (Nikon); multi-

channel fluorescence intensities were recorded, and the raw averages

were plotted in charts. Values of the pixel at the center/apex of the line

scan peaks were averaged for statistical comparisons. Ciliary shaft

lengths were measured by drawing a line from the base to the tip of

individual cilia in the acetylated a-tubulin channel. Statistical com-

parisons were made between sets of values indicated in brackets using a

two-tailed t test for two sampleswith unequal variance (heteroscedastic)

calculated using Excel’s ttest function (=ttest[set1], [set2], 2, 3).
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