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Abstract

Polycystin-1 (PC1) and polycystin-2 (PC2) are transmembrane proteins encoded by the Pkdl and Pkd2 genes, respectively.
Mutations in these genes are causative for the development of autosomal-dominant polycystic kidney disease. A prominent
feature of this disease is an unbalanced cell proliferation. PC1 and PC2 physically interact to form a complex, which local-
izes to the primary cilia of renal epithelial cells. Recently, PC1 and PC2 have also been described to be present in primary
cilia of radial glial cells (RGCs) and to contribute to the planar cell polarity of late RGCs and E1 ependymal cells. As neural
progenitor cells (NPCs), early RGCs have to balance proliferation for expansion, or for self-renewal and differentiation to
generate neurons. It is not known whether the polycystins play a role in this process. Here, we show that PC1 and PC2 are
expressed in RGCs of the developing mouse cerebral cortex during neurogenesis. Loss-of-function analysis and cell-based
assays reveal that a reduction of PC1 or PC2 expression leads to increased NPC proliferation, while the differentiation to
neurons becomes impaired. The increased NPC proliferation is preceded by enhanced Notch signaling and accompanied by
arise in the number of symmetric cell divisions. The transcription factor STAT3 seems to be mechanistically important for
polycystin signaling in NPCs as either STAT3 knockdown or inhibition of STAT3 function abrogates the increased prolifera-
tion driven by reduced polycystin expression. Our findings indicate that PC1 and PC2 are critical for maintaining a balance
between proliferation and differentiation of NPCs.
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Abbreviations NEC Neuroepithelial cell
ADPKD Autosomal-dominant polycystic kidney NPC Neural progenitor cell

disease PCl1 Polycystin-1
BAPTA-AM Bis(2-aminophenoxy)ethane tetraacetic PC2 Polycystin-2

acid acetoxymethyl ester P Postnatal
BP Basal progenitor RGC Radial glial cell
BrdU 5-Bromo-2'-deoxyuridine RNAi RNA interference
CBF1 C promoter-binding factor 1 STAT3 Signal transducer and activator of tran-
DIV Days in vitro scription 3
E Embryonic Talp Tubulin a1 promoter
INP Intermediate neural progenitor
MAP2 Microtubule-associated protein 2

Introduction
Electronic supplementary material The online version of this Mutations in the genes encoding polycystin-1 (PC1) and
article (https://doi.org/10.1007/s00018-019-03072-x) contains polycystin-2 (PC2) account for almost all cases of autoso-
supplementary material, which is available to authorized users. mal-dominant polycystic kidney disease (ADPKD), one of
54 Stefan Schumacher the most common genetic diseases [1-7]. Cyst formation in
stefan.schumacher @uni-ulm.de ADPKD is associated with a dysregulation of renal epithe-

lial cell proliferation. Renal cyst growth can be caused by
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PC2, but also by expression of mutated polycystin proteins,
indicating that the levels of functionally active PC1 and PC2
are critical for normal function [8-11]. Several signaling
pathways have been connected to the dysregulation of renal
epithelial cell proliferation including the JAK/STAT signal-
ing pathway [3-6, 12—14]. In particular the activity of the
transcription factor STAT3 has been found to be regulated
by PC1, and STAT?3 has been shown to be strongly activated
in cyst-lining cells. PC1 is a large integral membrane pro-
tein structurally resembling a receptor or adhesion molecule
comprising a very large extracellular region, 11 transmem-
brane domains, and a relatively short carboxy-terminal cyto-
plasmic tail [4, 6]. PC2, also called TRPP2, is a member of
the family of transient receptor potential (TRP) cation chan-
nels [15]. PC1 and PC2 form a receptor-ion channel complex
by interacting via the coiled-coil domains present in each of
these proteins [16—18]. This heteromeric molecular complex
localizes to the plasma membrane and to primary cilia. The
solitary primary cilium protruding from the apical surface of
most kidney tubule cells functions as a specialized cellular
compartment for signal integration of sensory input [3, 6, 7].
Here, PC1 and PC2 are thought to form a mechanosensory
complex that translates fluid flow into second messenger sig-
nals including PC2-mediated Cat signaling [3, 15, 19, 20].

During cerebral cortex development in the brain, all neu-
rons develop from neural progenitor cells (NPCs). In the
ventricular zone, neuroepithelial cells (NECs) are the pri-
mary, and radial glial cells (RGCs) the subsequently emerg-
ing NPCs, both of which are immunopositive for the marker
nestin [21-26]. During the cell cycle in interphase, NECs
and RGCs can generate primary cilia, which protrude into
the lateral ventricles, where the cerebrospinal fluid (CSF)
circulates [25, 27]. Multiciliated ependymal (E1) cells,
which in the adult brain line the walls of the ventricles and
propel the CSF, are derived from RGCs. They display loca-
tion-specific planar cell polarity (PCP) in the orientation and
positioning of their motile cilia [28]. The development of
PCP in late RGCs set in around embryonic day 16.5 (E16.5)
[27]. Recently, it has been demonstrated that PC1 and PC2
co-localize to the primary cilia of RGCs. Further, it has been
shown that genetic ablation of PC1 or PC2 affects PCP in
RGCs and E1 cells [28]. However, expression analysis by
in situ hybridization studies has revealed a remarkably early
expression of PC1 in the developing brain, considerably
before PCP in RGCs cells is going to be established. These
data suggest additional functions of PC1 or the complex of
PC1 and PC2 in NECs and RGCs [29, 30].

To examine putative further roles of PC1 and PC2 in NPC
development, this study initially investigated the expression
and localization of PC1 and PC2 proteins in the embryonic
cerebral cortex. Actually, PC1 and PC2 were expressed in
nestin-positive NPCs in the ventricular zone with a promi-
nent localization at the apical site of these cells facing the
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lumen of the lateral ventricle. Functional analysis in primary
cell culture showed that RNA interference (RNAi)-medi-
ated knockdown of PC1 or PC2 expression increased NPC
proliferation and decreased differentiation to microtubule-
associated protein 2 (MAP2)-positive neurons. Additionally,
reducing PC1 or PC2 expression stimulated Notch signal-
ing, which is thought to be essential for preserving NPC
character and inhibiting neurogenesis. This study further
shows that lowering the expression of the Pkdl or Pkd?2
gene products raised the number of cell clusters comprising
exclusively cells, which are all immunopositive for the NPC
marker nestin. Consistently, the number of mixed cell clus-
ters, containing both nestin-positive and also nestin-negative
cells, were reduced. These results suggest that PC1 and PC2
may be involved in the regulation of differentiative versus
proliferative NPC divisions. Mechanistically, the transcrip-
tion factor STAT3 seems to antagonize the role of PC1 and
PC2 in regulating NPC differentiation. Together, our find-
ings uncover a role of PC1 and PC2 in maintaining a balance
between proliferation and differentiation of nestin-positive
NPCs.

Materials and methods
Cell culture and transfection

Primary cells were prepared from the cerebral cortices
of C57BL/6]J mouse embryos at embryonic day 13.5
(E13.5) as described [31]. This cell culture comprised
predominantly NPCs and a small amount of neurons, and
is denoted NPC culture in the following. The cells were
cultured in Neurobasal A medium containing the B27
supplement, 0.5 mM L-glutamine and penicillin/strepto-
mycin (all Invitrogen). To promote the proliferation of
NPCs, recombinant bFGF was added (Peprotech 100-18B,
10 ng/ml f. c.). For all experiments, the cells were trans-
fected 1 day after plating at days in vitro 1 (DIV1). The
transfections were performed with Effectene (Qiagen) or
Lipofectamine Stem (Thermo Fisher Scientific) accord-
ing to the manufacturer’s instructions. For the analysis of
NPC proliferation and differentiation, 50% of the culture
medium was exchanged at DIV3, and fresh bFGF was
added. For proliferation analysis, the cells were labeled
at DIV4 for 2.5 h with BrdU (Sigma-Aldrich, 5 pg/ml
f. c.), fixed with 4% paraformaldehyde (Carl Roth), and
processed for BrdU staining. The STAT3 inhibitor S31I-
201 (Sigma-Aldrich) was added to the NPC culture at
DIV2 (10 pM f. c.). For the analysis of NPC apoptosis,
the cells were fixed at DIV4 and stained for cleaved cas-
pase 3. To evaluate the differentiation potential of the
NPC culture, the cells were fixed at DIV4 and processed
for MAP2 staining, or assessment of the fluorescence



A role for polycystin-1 and polycystin-2 in neural progenitor cell differentiation

2853

derived from the Talp-DsRed2 sensor construct. For
cell cluster analysis, the NPC culture was fixed at DIV4
and then processed for nestin staining. The analysis of
BrdU-positive cell pairs with regard to Notch signaling
was performed following 6 h of BrdU labeling at DIV3,
cell fixation at DIV4, and triple staining for RFP (driven
by the polycystin shRNA constructs), GFP (driven by the
CBFRE-EGFP sensor construct) and BrdU. For the analy-
sis of Notch signaling, the fluorescence derived from the
CBFRE-EGFP sensor construct was assessed after fixa-
tion and GFP staining of the NPC culture at DIV3. For the
experiments with Bis(2-aminophenoxy)ethane tetraacetic
acid acetoxymethyl ester (BAPTA-AM, Thermo Fisher
Scientific), following transfection the NPC culture was
incubated with 3 pM BAPTA-AM for 45 min in Hank’s
balanced salt solution (HBSS) w/o Ca?*/Mg?*. After two
washes with phosphate-buffered saline (PBS) the cells
were cultured as described above.

DNA constructs

The target sequences for the sShRNA constructs Pkd1-kd1,
Pkd1-kd2, Pkd2-kd1, and Pkd2-kd2 on the backbones
of the pCGLH or pCRLH vectors were 5'-GTCTGCTTG
TCCAGTTTGA-3', 5'-GCACATCTGGCTCTCCAT
A-3', 5" " TGATGAGCTCCAATGTGTA-3’, and 5'-TTT
GTGTCTGTCAAAGACA-3'. The constructs Pkd1-kd1,
Pkd1-kd2, Pkd2-kd1, and Pkd2-kd2 correspond to the
siPKD1/12632, siPKD1/10071, siRNA1, and siRNA4
sequences, respectively, and have been specified and vali-
dated elsewhere [32, Fig. 1E and Suppl. Fig. 3C]; [33,
Fig. 2a, b, and Suppl. Table 1]. The target sequences for
the shRNA constructs kdcontrol and STAT3-kd1/2 were
5'-AACCCCAACCCCAGCCTTGAT-3', 5'-TGCAGG
ATCTGAATGGAAA-3', and 5'-TGCAGGATCTAGAAC
AGAA-3', respectively, and have been described earlier
[31, 34, 35].

The constructs CBFRE-EGFP (Addgene plasmid
#17705) and Talp-DsRed2 (Addgene plasmid #17707)
were gifts from Nicholas Gaiano [36]. The construct
pcDNA4/TO 3xFlag-m-PKD1-2xMyc/His, in the fol-
lowing designated FLAG-PC1, was a gift from Thomas
Weimbs (Addgene plasmid #83452) [37]. The con-
struct M-PKD2 (OF2-3), in the following designated
MYC-PC2, was a gift from Gregory Germino (Addgene
plasmid #21370) [38]. The construct Stat3 FLAG pRc/
CMYV, in the following designated STAT3-FLAG, was
a gift from Jim Darnell (Addgene plasmid #8707) [39].
The construct FLAG-PC2/UTR corresponds to the cod-
ing region and the 3'-UTR of mouse Pkd2 according to
NM_008861.3, cloned into the vector p3xFLAG-CMV-10
(Merck-Sigma).

Biochemical procedures

E14 mouse brains were homogenized in ice-cold phos-
phate-buffered saline containing a protease inhibitor cock-
tail (Roche, cOmplete). After sedimentation, the pellet was
denoted crude membrane fraction, and was further extracted
with detergent according to [31]. The SDS-PAGE was per-
formed with 5% acrylamide under reducing conditions.
A subsequent Western blot was analyzed with polyclonal
antibodies to PC1 (Bioss, bs-2157R) or PC2 (Santa Cruz
Biotechnology, sc-28331), respectively. The lysates of the
HEK?293 cells for the evaluation of the knockdown con-
structs were performed according to [31]. Monoclonal anti-
bodies for Western blot detection were mouse anti-FLAG
(Merck-Sigma, M2) or mouse anti-MYC (Roche, 9E10).

Immunohistochemistry and immunocytochemistry

Embryonic mouse brains of the indicated ages were fixed
with 4% paraformaldehyde. Cryostat sections (14 pm thick)
were prepared, permeabilized with PBS supplemented with
5% fetal calf serum and 0.2% Triton X-100, and then for-
warded to indirect immunostainings. For detection, poly-
clonal antibodies to PC1 (Bioss, bs-2157R), PC2 (Santa
Cruz Biotechnology, sc-25749), Pax6 (abcam, ab5790),
Tbr2 (abcam, ab23345), and monoclonal antibodies to PC1
(Santa Cruz Biotechnology, sc-130554), PC2 (Santa Cruz
Biotechnology, sc-28331), nestin (BD Biosciences, clone
Rat-401), and phospho-vimentin (pS55, Enzo Life Sciences,
clone 4A4) were applied. After fixation and permeabiliza-
tion, the NPC cultures were indirectly stained with poly-
clonal antibodies to GFP (abcam, ab6556 and ab13970),
DsRed (Clontech, #632496), cleaved caspase 3 (Chemi-
con, AB3623; Cell Signaling Technology, #9661), GFAP
(Diagnostic BioSystems, RP014), and with monoclonal
antibodies to BrdU (Sigma-Aldrich, clone BU-33), MAP2
(Sigma-Aldrich, clone HM-2), nestin (BD Biosciences,
clone Rat-401), GFAP (Chemicon, MAB360), and GFP
(Invitrogen, clone 3E6). The secondary antibodies Alexa
Fluor 488 or 568-conjugated goat anti-rabbit, Alexa Fluor
488-conjugated goat anti-chicken, and Alexa Fluor 488, 568
or 647-conjugated goat anti-mouse (Molecular Probes) were
used. All shRNA constructs applied in this study either drive
GFP or RFP expression (GFP, green fluorescent protein
and RFP, red fluorescent protein). Sections and cells were
imaged with a fluorescence microscope (Leica, DM 6000 B)
equipped with a Cool SNAP ES II digital camera.

Image acquisition and data analysis
Images were captured on a Leica TCS SP5 II scanning

confocal microscope with 20 x HCX PL APO, 0.7 NA
(dry) and 40 x HCX PL APO, 1.25 NA (oil) objectives.
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Fig. 1 PCI and PC2 are
expressed in nestin-positive
NPCs during neurogenesis.

a Coronal sections of E12.5
embryonic mouse brains were
analyzed by indirect immu-
nofluorescence staining with
polyclonal antibodies to PC1

or PC2, respectively, followed
by a monoclonal antibody to
nestin. PC1 and PC2 (green)
were expressed in the ventricu-
lar zone (VZ) of E12.5 brains,
labeled by the neuroepithelial
and radial glia marker nestin
(red). PC1 and PC2 expression
clearly overlapped with that of
nestin (merge), most promi-
nently at the apical site of the
ventricular zone, near the ven-
tricle (V). Especially PC2 could
also be detected in nestin-posi-
tive radial glial fibers (arrows).
Scale bar, 50 pm. b The expres-
sion of PC1 and PC2 (arrows)
in crude membrane fractions of
E14 embryonic mouse brains
as assessed by Western blotting
with polyclonal antibodies

to PC1 or PC2, respectively.

¢ Coronal sections of E14.5
embryonic mouse brains were
analyzed by indirect immu-
nofluorescence staining with
polyclonal antibodies to PC1 or
PC2, respectively, followed by
monoclonal antibodies to nestin,
Pax6, or phospho-vimentin,
respectively. Detail pictures of
the VZ are shown. PC1 and PC2
were expressed in nestin-posi-
tive cells. In addition, both poly-
cystins were expressed in cells
labeled by Pax6, a transcription
factor that is upregulated in
RGCs. PC1 and PC2 were also
detected in cells labeled by
phospho-vimentin, a cytoskele-
tal marker of mitotic radial glial
cells (RGCs) in the VZ. Scale
bar, 15 pm. PS pial surface, V
ventricle, VZ ventricular zone
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Z-stacks were collected at 1.0-pm steps for immunohisto-
chemical analysis of E12.5 cortical slices, and at 0.8-um
steps for immunocytochemical analysis (10-15 sections).
For higher magnification images of E14.5 cortical slices,
Z-stacks were collected at 0.5-pm steps (three sections).
For cell proliferation and apoptosis analysis, the percent-
age of BrdU or cleaved caspase 3-positive transfected
cells, respectively, was determined. To assess the activities
of the tubulin al promoter or the C promoter-binding fac-
tor 1 (CBF1)-responsive element (CBFRE), the DsRed?2 or
GFP fluorescence driven by the corresponding sensor con-
structs Talp-DsRed2 or CBFRE-EGFP, respectively, was
measured. The quantification of the fluorescence intensi-
ties was performed after indirect immunostainings with
the corresponding antibodies as described [31]. Net fluo-
rescence was quantified. The measurements were obtained
from regions of interest (ROIs). These ROIs represented
the areas of the cell bodies of the analyzed cells. The areas
of the cell bodies were defined by the fluorescence of the
“transfection control channel” (e.g. if the Ta sensor fluo-
rescence should be measured on the red channel, then the
cell area would have been defined on the green channel,
because the knockdown constructs in the pCGLH vector
drive GFP expression). The expression level of the knock-
down constructs did not differ significantly.

The Leica filter cubes (GFP, with BP470/40 for excita-
tion and BP525/50 for suppression; TX2ET, with BP560/40
for excitation and BP 645/75 for suppression) were chosen
such that a bleed through of fluorescence was minimized.
The measurements represented an averaged intensity. The
same acquisition parameters for each set of control and
experimental samples were used. All the imaging was done
in the same session. Data acquisition was performed with
wide-field epifluorescence microscopy using the equipment
described above and MetaMorph image analysis software
(Visitron Systems).

To obtain the percentage of cell clusters either containing
solely nestin-positive transfected cells, or comprising nestin-
positive and nestin-negative transfected cells (mixed clus-
ters), all cell clusters were counted that include at least two
transfected cells spaced at a distance of not more than two
cell diameters. For monitoring Notch signaling in sibling
cell pairs originating from a common mother cell, the cell
pairs chosen for the analysis of the GFP fluorescence derived
from the CBFRE-EGFP sensor construct had to meet the
following criteria: (1) each cell of a chosen cell pair had to
be co-transfected with the respective polycystin knockdown
construct and the CBFRE-EGFP sensor construct monitor-
ing Notch signaling; (2) each cell of a chosen cell pair had
to be BrdU positive; (3) the chromatin pattern (revealed by
the BrdU staining) of both cells of a chosen cell pair had to
be similar; and (4) the two cells of a chosen cell pair should
be spaced at a distance of not more than one cell diameter.

Acquisition and analysis of data were performed by inves-
tigators blind to the experimental conditions.

Statistical analysis

Statistical analysis was done with Excel 2011 (Microsoft)
and Prism 6 (GraphPad) software. Significance between
groups was assessed by the Kruskal-Wallis test followed
by post hoc analysis (Dunn’s multiple comparison test) or
the Mann—Whitney test. The number of replicates for each
experiment, the number of cell counts, the statistics includ-
ing mean + SEM for each group, and the related statistical
test are presented in the Supplementary Table 1. Values of
p <0.05 were considered significant.

Results

PC1 and PC2 are expressed in nestin-positive NPCs
during neurogenesis

In situ hybridization studies have suggested an early onset of
PC1 expression in the developing brain [29, 30]. To exam-
ine, whether the polycystin proteins are expressed in the
developing neocortex when neurogenesis is ongoing, we first
performed immunostainings of coronal sections of E12.5
mouse brain (Fig. 1a). We employed polyclonal antibodies
to the Pkdl and Pkd2 gene products. These antibodies rec-
ognized PC1 or PC2, respectively, in crude membrane frac-
tions of E14 brain extracts in the Western blot (Fig. 1b). The
immunostainings revealed a prominent expression of PC1
and PC2 in nestin-positive cells in the ventricular zone (VZ)
of E12.5 mouse neocortex (Fig. 1a). From the morphological
appearance (radial glial cells extend characteristic nestin-
positive processes, called radial glial fibers, towards the pial
surface), these cells most likely represent RGCs. The co-
expression of PC1 or PC2 with nestin was most prominent at
the apical site of the cells in the VZ facing the lateral ventri-
cle (V). Nestin is a marker for NPCs and at the apical site of
the VZ predominantly labels NECs and RGCs [22, 25, 26].
We next conducted immunostainings of coronal sections of
E14.5 mouse brain (Fig. 1c). Higher magnification images
confirmed that PC1 and PC2 are co-expressed with nestin in
the VZ. Pax®6 is a transcription factor that is upregulated in
RGCs. Co-immunostainings showed that PC1 and PC2 are
expressed in Pax6-positive cells in the VZ. Phospho-vimen-
tin was used as a marker for mitotically active RGCs in the
VZ [40]. Co-immunostainings revealed that PC1 and PC2
are not only expressed in resting RGCs but also expressed
in phospho-vimentin-positive mitotically active RGCs in the
VZ. Tbr2 is a transcription factor which becomes active in
basal progenitors (BPs, also called intermediate neural pro-
genitors, INPs), a NPC type that is generated from NEC or
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«Fig.2 Reduced PC1 or PC2 expression leads to an increase in the
number of proliferating NPCs. a Recombinant FLAG-tagged PCl1
was co-transfected with the shRNA knockdown constructs Pkd1-kd1
or Pkd1-kd2, both specific for PC1, or the control shRNA construct
kdcontrol into HEK293 cells. Whole cell lysates were prepared 32 h
after transfection and subjected to SDS-PAGE and Western blot
(WB). Following protein quantification, equal amounts of total lysate
proteins were loaded for each experimental condition. A monoclo-
nal anti-FLAG antibody was used for the detection of FLAG-tagged
PC1 (FLAG-PC1). Due to the very large size of PC1 (~450 kDa),
the SDS-PAGE was performed with 5% acrylamide (5% SDS). The
control SDS-PAGE (loading control) for the detection of p-Actin
(~40 kDa) contained 10% acrylamide (10% SDS). Exactly the same
volumes were loaded onto this 10% gel as was done for the 5% gel.
The intensities of six WB bands specific for FLAG-PC1 taken from
three independent experiments were measured and normalized to the
intensities of the corresponding f-actin bands. Data are presented as
mean=+SEM in a histogram (**p<0.01, *p <0.05; Dunn’s multiple
comparison post hoc test following Kruskal-Wallis). Both shRNA
knockdown constructs, Pkd1-kd1 and Pkd1-kd2, reduced the amount
of overexpressed FLAG-PC1 (to 32% and 41% of control) when
compared to kdcontrol. The evaluation of the knockdown efficiency
of the shRNA construct Pkd2-kd1 specific for PC2 was performed
in a similar manner as for the PC1-specific shRNA constructs. After
being separated on a 10% SDS-PAGE, MYC-PC2 and f-actin were
detected on the same WB membrane. Pkd2-kd1 reduced the amount
of overexpressed MYC-PC2 to 60% when compared to kdcontrol.
As the binding site for the PC2-specific knockdown construct Pkd2—
kd2 is in the 3'-UTR of PC2, we had to analyze an recombinant
PC2 expression construct including the 3'-UTR (FLAG-PC2/UTR).
Unfortunately, this construct could not be expressed in a stable man-
ner in HEK293 cells preventing an analysis of the knockdown effi-
ciency of Pkd2-kd2 with this technique. The key of a does also apply
to b. b FLAG-PC1 was co-expressed with either kdcontrol, Pkd1—
kdl, or Pkd1-kd2, respectively, in cultured E13.5 neocortical cells.
Similarly, FLAG-PC2/UTR was co-expressed with either kdcontrol,
Pkd2-kd1, or Pkd2-kd2 in NPCs. An indirect immunostaining was
performed 4 days after transfection to detect the FLAG epitopes of
the overexpression constructs in transfected cells. Only a small
number of transfected cells (expressing the shRNA constructs and
labeled green) co-expressed FLAG-PC1 or FLAG-PC2/UTR (labeled
red), respectively. The relative fluorescence intensities elicited by
anti-FLAG immunostaining (red) of all transfected cells (green)
were measured and corrected for background. Data are presented as
mean+SEM in histograms (***p<0.005; Dunn’s multiple com-
parison post hoc test following Kruskal-Wallis) and in scatter plots
(one dot represents the red fluorescence intensity of one analyzed
cell). Examples of cells co-expressing either FLAG-PC1 or FLAG-
PC2/UTR (FLAG is labeled red) together with the corresponding
knockdown or control constructs (these shRNA constructs drive GFP

RGCs [41]. However, most BPs leave the VZ to migrate to
the subventricular zone. When performing co-immunostain-
ings with a monoclonal anti-PC2 antibody and a polyclonal
Tbr2 antibody, a weak expression of PC2 in Tbr2-positive
cells in the transition from the VZ to the subventricular zone
was detected (Suppl. Fig. 1).

expression and are labeled green) are shown. Both shRNA constructs
specific for PC1 strongly reduced the expression of FLAG-PC1 (to
13% and 33% of control, respectively). Both shRNA constructs spe-
cific for PC2 strongly reduced the expression of FLAG-PC2/UTR (to
30% of control, respectively). Scale bars, 10 pm. ¢ Primary cells pre-
pared from the neocortices of E13.5 mice were cultured in the pres-
ence of 20 ng/ml bFGF, transfected on days in vitro 1 (DIV1) with
the indicated shRNA constructs (in the vector pCGLH driving GFP
expression; to better compare the single knockdowns with the dou-
ble knockdown in terms of the amount of transfected plasmid DNA,
all single knockdown constructs were co-transfected with the kdcon-
trol construct), and subjected to BrdU labeling 3 days later (DIV4).
Indirect immunofluorescence co-stainings were performed to mark
GFP-positive transfected cells (green) and BrdU-positive proliferat-
ing cells (red). Overlay pictures are presented to illustrate the BrdU-
positive transfected cells (merge). Scale bar, 15 pm. d The percent-
age of BrdU-positive transfected cells was assessed. Reducing PC1
expression by the shRNA-mediated knockdown with either the con-
struct Pkd1-kd1 or Pkd1-kd?2 significantly increased the percentage
of BrdU-positive proliferating cells (to 132% and 150%, respectively)
when compared to the control (kdcontrol). Similarly, Pkd2-kdl or
Pkd2-kd2 increased the percentage of BrdU-positive proliferating
cells (to 143% and 148%, respectively) when compared to the con-
trol. Data are presented as mean +SEM in a histogram (***p <0.005,
*#p <0.01, *p<0.05; Dunn’s multiple comparison post hoc test fol-
lowing Kruskal-Wallis) and in a scatter plot (one dot represents the
percentage of BrdU-positive transfected cells of a group of 100 ana-
lyzed transfected cells). e Primary neocortical cells were prepared
and cultured as described above. Without preceding BrdU labeling,
the cells were fixed and co-immunostained for GFP and cleaved cas-
pase 3 as an indicator of apoptotic cells. Neither knockdown of PC1
nor knockdown of PC2 significantly altered the percentage of apop-
totic transfected cells when compared to the control (Kruskal-Wal-
lis). Data are presented as mean+SEM. f Triple immunostainings
were performed to demonstrate that the BrdU-positive proliferat-
ing cells expressing kdcontrol or the polycystin-specific knockdown
constructs co-express the RGC marker nestin. All BrdU-positive
(labeled red) cells (100 cells for each shRNA construct analyzed),
which expressed the different shRNA constructs (labeled green), co-
expressed nestin (labeled magenta). Examples of triple stained NPCs
are shown for each shRNA construct. Scale bar, 10 pm. g The over-
expression of MYC-PC2 did not affect the number of BrdU-positive
proliferating cells when compared to cells overexpressing EGFP. Data
are presented as mean+SEM in a histogram (Dunn’s multiple com-
parison post hoc test following Kruskal-Wallis) and in a scatter plot
(one dot represents the percentage of BrdU-positive transfected cells
of a group of 300 analyzed transfected cells). The effect of overex-
pression of FLAG-PC1 on NPC proliferation could not be assessed as
the expression rate of this construct was too low to allow the gather-
ing of a sufficient number of cells for analysis

Taken together, our results show that during active neu-
rogenesis PC1 and PC2 are expressed most prominently in
nestin-positive NPCs at the VZ, most likely RGCs.
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«Fig. 3 The expression of PC1 and PC2 is vital for the neurogenic dif-
ferentiation of NPCs. a Primary mouse E13.5 neocortical cells were
cultured in the presence of 20 ng/ml bFGF, transfected on DIV1 with
the indicated constructs, and analyzed 3 days later following fixa-
tion. Double staining immunocytochemistry was performed to label
GFP-positive transfected cells (green) and MAP2-positive differ-
entiating cells (red). Overlay pictures are presented to illustrate the
MAP2-positive transfected cells (merge). Scale bar, 15 pm. b The
percentage of MAP2-positive transfected cells was ascertained. The
percentage of MAP2-positive transfected cells was reduced by knock-
down of either PC1 (to~64% for both Pkd1l knockdown constructs)
or PC2 (to~65% for Pkd2-kdl and~69% for Pkd2-kd2), when
compared to the control (kdcontrol). Data are given in a histogram
as mean+ SEM (*p <0.05; Dunn’s multiple comparison post hoc test
following Kruskal-Wallis) and in a scatter plot (one dot represents
the percentage of MAP2-positive transfected cells of a group of 600
analyzed transfected cells). ¢ Primary neocortical cells were prepared
and cultured as described above. However, on DIV1 the cells were
co-transfected with the indicated shRNA constructs and the Talp-
DsRed2 construct to report the expression from the Talp. The cells
were fixed on DIV4. The transfected cells were co-immunostained for
GFP (green) and DsRed (Ta sensor; red) to quantify the activity of
the Talp. Scale bar, 15 pm. d Knockdown of either PC1 (to~31%
for Pkd1-kd1 and~26% for Pkd1-kd2) or PC2 (to~48% for Pkd2-
kdl and~56% for Pkd2-kd2) led to a strong decrease of the expres-
sion from the Talp, when compared to the control (kdcontrol). Data
are presented in a histogram as mean+SEM (***p <0.005; Dunn’s
multiple comparison post hoc test following Kruskal-Wallis) and in
a scatter plot (one dot represents the red fluorescence intensity of one
analyzed cell). e Primary neocortical cells were prepared and cul-
tured as described in a. The cells were co-stained for DAPI (to label
all cell nuclei) and GFP (the transfected shRNA constructs drive GFP
expression), or DAPI and glial fibrillary acidic protein (GFAP; to
label astrocytes). No astrocytes could be detected in our NPC culture.
A mixed glial culture prepared from E19 cortices served as positive
control for the GFAP staining of astrocytes. Scale bars, 10 pm

The proliferation of FGF2-sensitive NPCs
is controlled by PC1 and PC2

Nestin-positive NPCs have proliferative potential and are
endowed with the ability for self-renewal [21, 24, 25].
Therefore, in a first step to figure out the functions of PC1
and PC2 in NPCs, we set out to examine the proliferative
capacity of NPCs in cultures prepared from E13.5 mouse
neocortex. In these cultures, we reduced the expression of
PC1 by RNA interference employing the shRNA constructs
Pkd1-kd1 and Pkd1-kd2 specific for the PkdI gene product
[32]. The shRNA constructs Pkd2-kd1 and Pkd2-kd2 were
applied to specifically reduce the expression of PC2 [33]. To
prove the knockdown efficiency of the PC1-specific shRNA
constructs, we co-expressed recombinant FLAG-PC1 with
either kdcontrol, a shRNA construct which does not bind any
specific target sequence, Pkd1-kd1 or Pkd1-kd2, respec-
tively, in HEK293 cells. We found that the knockdown con-
structs Pkd1-kd1 and Pkd1-kd2 were able to significantly
reduce the amount of overexpressed FLAG-PC1 (Fig. 2a,
left panel), when analyzed in the Western blot. Additionally,
FLAG-PC1 was co-expressed with these shRNA constructs

in cultured E13.5 neocortical cells. Relatively few cells co-
expressed FLAG-PC1 with the shRNA constructs, most
likely because of a low transfection efficiency caused by the
size of the plasmid (~ 18,000 bp). Nevertheless, a sufficient
number of co-expressing cells could be collected. After con-
ducting immunostainings to detect the FLAG epitope, we
quantified the immunofluorescence of transfected cells, and
affirmed that also in this assay both PC1-specific knock-
down constructs strongly reduced the expression of FLAG-
PC1 (Fig. 2b, left panel). Similarly, we substantiated the
knockdown efficiency of the PC2-specific ShRNA constructs
Pkd2-kd1 and Pkd2-kd2 (Fig. 2a, b, right panels). However,
the target sequence of the shRNA construct Pkd2-kd2 is
not situated in the coding region of Pkd2 (encoding PC2)
but in the 3'-UTR. Unfortunately, a recombinant FLAG-
PC2/UTR construct comprising the coding region and the
3'-UTR of Pkd2 could not be expressed in HEK293 cells
in a stable manner. A small but sufficient number of cul-
tured E13.5 neocortical cells co-expressed FLAG-PC2/UTR
together with the shRNA constructs. The bad expression of
the FLAG-PC2/UTR construct may be due to the fact that
the 3'-UTR of Pkd2 harbors a strong mir-17-5-p microRNA-
binding site (http://www.targetscan.org). Both knockdown
constructs specific for PC2 significantly reduced the amount
of FLAG-PC2/UTR expressed by E13.5 neocortical cells
(Fig. 2b, right panel). The knockdown construct Pkd2-kd1
was further evaluated in HEK293 cells. A recombinant
MYC-PC2 construct without the 3’-UTR was co-expressed
with either kdcontrol or Pkd2-kd1. The expression analy-
sis via Western blot confirmed that Pkd2-kd1 significantly
reduced the expression of overexpressed MYC-PC2 (Fig. 2a,
right panel).

By means of the knockdown constructs directed to PC1
or PC2, respectively, the proliferative capacity of NPCs in
cultures prepared from E13.5 mouse neocortex was analyzed
by determining the number of 5-bromo-2'-deoxyuridine
(BrdU)-positive cells (Fig. 2c). We found that both shRNA
constructs directed to PC1 increased the number of BrdU-
positive transfected cells (Fig. 2c, d). The same result was
obtained when reducing the expression of PC2 (Fig. 2c, d).
The effects of reducing PC1 and PC2 expression on the pro-
liferation of NPCs were not additive as assessed by a double
knockdown using the constructs Pkd1-kd2 and Pkd2-kd2
(Fig. 2d). None of the PC1- or PC2-specific knockdown con-
structs applied did significantly influence the cell survival
of the transfected cells (Fig. 2e). A triple immunostaining
to detect GFP*/BrdU*/nestin*-positive cells served as an
example to show that essentially all proliferating cells ana-
lyzed for each shRNA construct were nestin-positive NPCs
(Fig. 2f). Overexpression of MYC-PC2 did not significantly
change the proliferation of NPCs when compared to EGFP
(Fig. 2g). We observed, however, that the number of cortical
cells elaborating neurites increased by the overexpression of
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MYC-PC2 (data not shown). The effect of PC1 overexpres-
sion on NPC proliferation could not be evaluated because the
number of cells expressing the FLAG-PC1 construct was not
high enough to allow an analysis (see above). In conclusion,
PC1 and PC2 control the proliferation of NPCs in culture.

PC1 and PC2 promote the differentiation of NPCs

The results of the proliferation studies described above sug-
gest that the polycystin proteins would promote the differ-
entiation of NPCs. To verify this inference, the expression
of PC1 or PC2 in E13.5 NPC culture was reduced by trans-
fection of the shRNA constructs directed to PC1 or PC2,
respectively. Then, we analyzed the differentiation of NPCs
by determining the number of neurons emerging from the
transfected cells. MAP2 was used as a neuronal marker.
We found that either knockdown of PC1 or knockdown
of PC2 expression reduced the number of MAP2-positive
cells 3 days after transfection (Fig. 3a, b). To further prove
the impact of PC1 and PC2 in driving the differentiation of
NPCs towards a neuronal cell fate, we employed the sensor
construct Talp-DsRed2 reporting the expression driven by
the tubulin ol promoter (Talp) [36]. The activity of this
promoter has been shown to increase in neurogenic INPs, and
in young neurons. Very few RGCs have been found to drive
expression from this promoter [36]. E13.5 NPCs in culture
were co-transfected with polycystin knockdown constructs
and the Talp-DsRed?2 sensor construct. Three days after
transfection we measured the DsRed fluorescence intensity as
an indicator of the Talp activity of the co-transfected cells.
The data obtained from these experiments demonstrated that
a reduction of either PC1 or PC2 expression resulted in a
strong decrease of Talp activity (Fig. 3c, d). Interestingly,
the data values of DsRed fluorescence in the case of kdcon-
trol covered the whole range of low fluorescence to high
fluorescence. In contrast, a small gap in the middle range
of the Ta sensor fluorescences could be observed in case of
PC2 knockdown, and a large gap was evident in case of PC1
knockdown. From the morphological appearance (these cells
extended neurites), the cells presenting high DsRed fluores-
cence were most likely young neurons. These results sug-
gest that knockdown of PC2 and especially of PC1 forces the
NPCs to divide symmetrically proliferative, generating two
new NPCs with low Talp activity.

Finally we examined, to which extent a differentiation
to GFAP-positive astrocytes occured in our NPC culture
(Fig. 3e). We did not observe any GFAP-positive astrocytes
in our cultures, regardless which shRNA constructs were
expressed. This result is in accordance with published data
revealing that early cortical progenitor cells do not undergo
astrocytic differentiation [42]. Together, these findings
reveal that PC1 and PC2 promote the differentiation of NPCs
towards a neuronal cell fate.

@ Springer

PC1 and PC2 restrict Notch signaling in NPCs

Active Notch signaling has been documented to be funda-
mental for maintaining the early progenitor cell identity and
for inhibiting neuronal differentiation [36, 43—45]. Our data
show that reducing PC1 or PC2 expression restrains the
differentiation of NPCs into neurons. This result suggests
that a decrease of PC1 or PC2 expression could lead to an
enhanced Notch signaling in NPCs. To test this assump-
tion directly, we made use of a sensor construct known to
report canonical Notch signaling. On activation of Notch,
the intracellular domain of this protein (NICD) is cleaved
and translocates into the nucleus to interact with the tran-
scriptional regulator CBF1 (also called CSL or RBP-J). The
NICD-CBF1 complex then activates Notch target genes such
as Hesl and Hes5. We applied a CBFRE sensor construct
containing a CBF1-responsive element upstream of EGFP
[36]. This construct, CBFRE-EGFP, was co-transfected with
the different polycystin knockdown constructs into E13.5
NPCs in culture. Two days after transfection the GFP fluo-
rescence intensities of the co-transfected cells were meas-
ured as an indicator of the strength of Notch signaling. We
found that knockdown of PC1 or PC2 expression consid-
erably increased the number of cells with higher CBFRE
sensor fluorescence, indicative of enhanced Notch signaling
(Fig. 4a, b). Cells with low CBFRE sensor activity in the
mouse neocortical VZ have been characterized as neuro-
genic INPs [36]. Collectively, our results are in line with the
idea that PC1 and PC2 restrict Notch signaling in NPCs to
promote the neuronal differentiation pathway of these cells.

PC1 and PC2 drive asymmetric divisions of NPCs

In our NPC culture, there are three modes of cell divi-
sion that are most likely: (1) in a proliferative division, a
nestin-positive NPC divides symmetrically into two new
nestin-positive NPCs thus expanding the progenitor pool;
(2) in a consumptive neurogenic division, a nestin-posi-
tive NPC divides symmetrically into two nestin-negative
cells (most likely neurons, or possibly nestin-negative late
NPCs); and (3) in a differentiative neurogenic division, a
nestin-positive NPC divides asymmetrically into one nes-
tin-positive NPC and one nestin-negative cell (most likely
a neuron, or possibly a nestin-negative late NPC), this
way maintaining the progenitor pool but also promoting
neuronal differentiation [22-26, 35, 46, 47]. As PC1 and
PC2 restricted Notch signaling in NPCs, and Notch signal-
ing has been implicated in maintaining NPC identity, we
asked whether PC1 and PC2 could promote neuronal dif-
ferentiation by regulating the mode of NPC division. In an
initial experiment to answer this question, we transfected
E13.5 NPCs in culture with PC1-specific or PC2-specific
shRNA constructs driving GFP expression. After allowing
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Fig.4 Notch signaling is activated when PC1 or PC2 expression is
lowered. a Primary cells prepared from the neocortices of E13.5 mice
were cultured in the presence of 20 ng/ml bFGF, co-transfected on
DIV1, and analyzed 2 days later following fixation. The co-transfec-
tion was carried out with the indicated shRNA constructs (in the vec-
tor pCRLH driving RFP expression) and the CBFRE-EGFP construct
which allowed us to report the CBF1 activity. A co-immunostaining
for RFP (red) and GFP (CBFRE sensor; green) was performed to
quantify the activity from the CBF1-responsive element (CBFRE)

several rounds of cell division, a cell cluster analysis was
performed by determining the percentage of cell clusters
that encompassed solely GFP and nestin-positive (GFP*/
nestin') transfected cells (Fig. 5a, b). These cell clusters
represented cell division mode (1). Then we counted the
number of mixed cell clusters comprising GFP-positive
but nestin-negative (GFP*/nestin™) cells in addition to
GFP*/nestin™ transfected cells (Fig. 5a, ¢). These cell
clusters most likely arose due to cell division mode (3);
however, a combination of cell division modes (1) and (2)
could also be conceivable.

We found that knockdown of PC1 or PC2 expression
increased the number of cell clusters containing only GFP*/
nestin® double-positive cells, but decreased the number of
mixed cell clusters. This result suggests that knockdown of
PC1 or PC2 expression promotes proliferative symmetric

[ kdcontrol
B Pkd1-kd1
B Pkd1-kd2
[J Pkd2-kd1
[ Pkd2-kd2

04—
Transfected cells

of transfected cells. Scale bar, 15 pm. b A strong increase of CBF1
activity reported from the CBFRE was detected in the case of PC1
knockdown (to~167% for Pkdl-kdl and~222% for Pkd1-kd2) or
PC2 knockdown (to~247% for Pkd2-kd1 and ~209% for Pkd2-kd2)
when compared to the control (kdcontrol). Data are presented in a
histogram as mean+SEM (¥**p <(.005; Dunn’s multiple compari-
son post hoc test following Kruskal-Wallis) and in a scatter plot (one
dot represents the green fluorescence intensity of one analyzed cell)

cell divisions of nestin-positive NPCs, but reduced the num-
ber of asymmetric neurogenic cell divisions according to
cell division mode (3). For additional proof of the hypoth-
esis, that PC1 and PC2 promote asymmetric cell divisions,
we again took advantage of the CBFRE sensor construct
monitoring Notch signaling. We performed BrdU labeling
of NPCs in culture suffering from reduced PC1 or PC2
expression, respectively. Next, BrdU-positive pairs of cells
(siblings, originating from a common ancestor mother cell)
co-transfected with the CBFRE sensor construct and the
respective polycystin knockdown constructs were selected
(Fig. 5d). Then, the GFP fluorescence intensities (originat-
ing from the CBFRE sensor) of both cells of a chosen cell
pair were measured. In the end, the ratio of these fluores-
cence intensities was determined to figure out whether both
cells of a BrdU-positive cell pair do present equal or unequal
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«Fig.5 Reduced PC1 or PC2 expression promotes symmetric divi-
sions of NPCs. a Primary cells prepared from the neocortices of
E13.5 mice were cultured in the presence of 20 ng/ml bFGF, trans-
fected on DIV1 with the indicated constructs, and analyzed 3 days
later following fixation. Immunofluorescence co-stainings were
performed to label GFP-positive transfected cells (green) and nes-
tin-positive progenitor cells (red). Overlay pictures are presented to
illustrate the nestin-positive transfected cells in clusters (merge).
Scale bar, 15 pm. b, ¢ Knockdown of either PC1 (to~133% for
Pkd1-kdl and~138% for Pkd1-kd2) or PC2 (to~122% for Pkd2-
kdl and~127% for Pkd2-kd2) led to a rise in the number of cell
clusters containing only nestin-positive transfected cells, when com-
pared to the control (kdcontrol). Additionally, in the case of knock-
down of PC1 (to~49% for Pkdl-kdl and~42% for Pkdl-kd2) or
PC2 (to~59% for Pkd2-kdl and Pkd2-kd2), the number of mixed
clusters was decreased, when compared to the control (kdcontrol).
Mixed clusters comprised not only GFP*/nestin® double-positive
cells, but also GFP-positive but nestin-negative cells (GFP*/nestin™).
Data are presented in a histogram as mean+SEM (¥**p<0.005,
**p <0.01, *p <0.05; Dunn’s multiple comparison post hoc test fol-
lowing Kruskal-Wallis) and in a scatter plot (one dot represents the
percentage of GFP*/nestin® or GFP*/nestin™ clusters, respectively, in
a group of 35 analyzed cell clusters containing transfected cells). d
Primary cells prepared from neocortices of E13.5 mice were cultured
in the presence of 20 ng/ml bFGF, co-transfected on DIV1 with the
indicated constructs, and subjected to 6 h of BrdU labeling on DIV3.
The cells were fixed 18 h after the BrdU labeling. An indirect triple
immunostaining for RFP (red, label of transfected cells; not shown),
BrdU (magenta), and GFP (green) was performed to determine the
ratio of the CBFRE sensor fluorescence of transfected BrdU-positive
cell pairs (marked by oval windows). Scale bar, 5 pm. e Knockdown
of either PC1 or PC2 resulted in a decrease of the ratio of the CBFRE
sensor fluorescence of transfected BrdU-positive cell pairs (to~90%
of control). Data are presented in a histogram as mean+SEM
(**p<0.01; Dunn’s multiple comparison post hoc test following
Kruskal-Wallis) and in a scatter plot (one dot represents the ratio of
the CBFRE sensor fluorescences of both BrdU-positive sibling cells
of one cell pair). f Deduced from the data shown in e, the percent-
age of BrdU-positive cell pairs with a ratio of GFP fluorescence that
is equal to 1 (meaning equal CBFRE sensor fluorescences of both
BrdU-positive sibling cells) or greater than 1 (meaning unequal
CBFRE sensor fluorescences of both BrdU-positive sibling cells) is
presented

levels of Notch signaling. The data showed that knockdown
of PC1 or PC2 expression led to an increased number of
BrdU-positive cell pairs comprising cells with equal levels
of Notch signaling (the ratio of GFP fluorescence in these
cell pairs is 1; Fig. 5f), probably preferring the proliferative
symmetric mode of cell division (Fig. Se, f). Taken together,
the results of these experiments support the view that PC1
and PC2 drive asymmetric neurogenic divisions of NPCs.

STAT3 antagonizes PC1 and PC2 in controlling NPC
proliferation

The data obtained so far in this study suggest a role of the
polycystin proteins in restricting the proliferative expansion
of the NPC pool while promoting neuronal differentiation.
The transcription factor STAT3 has been described to pre-
serve a pool of RGCs by driving symmetric divisions of

RGCs, thereby maintaining the stemness of these NPCs [35].
Furthermore, reduced STAT3 expression in the cortex has
led to a decrease in the number of proliferating RGCs and
to a rise in the number of dividing INPs. As in the cortex,
STAT?3 has also been shown to inhibit the neuronal differen-
tiation of NPCs in cell culture [35]. Hence, STAT3 and the
polycystin proteins seem to operate in an opposite manner
with respect to the proliferation and fate determination of
NPCs. Thus, we asked whether reducing STAT3 expression
could inhibit the increased proliferation of NPCs in culture
elicited by knockdown of PC1 or PC2 expression. Again,
the proliferative capacity was assessed by determining the
number of BrdU-positive cells. Two independent STAT3
knockdown constructs were applied to reduce STAT3
expression [35]. According to published data, both STAT3
knockdown constructs reduced the number of BrdU-positive
transfected cells (Fig. 6a, d). STAT3 overexpression stimu-
lated proliferation by increasing the percentage of BrdU-
positive transfected cells (Suppl. Fig. S2). Furthermore,
scaling down STAT?3 expression abrogated the increase in
NPC proliferation elicited by knockdown of PC1 (Fig. 6b,
e) or PC2 expression (Fig. 6c, f). Finally, the STAT3 inhibi-
tor S31-201 was applied to decrease NPC proliferation [48].
This STAT3 inhibitor not only decreased NPC proliferation
but also abolished the rise in NPC proliferation evoked by
knockdown of PC1 expression (Fig. 7a, b). Together, these
data suggest that STAT3 antagonizes PC1 and PC2 in con-
trolling NPC proliferation.

Discussion

This study identifies PC1 and PC2 as critically involved in
the neuronal differentiation of NPCs.

PC1 and PC2 were shown to be prominently expressed
in nestin and Pax6-positive cells in the VZ during times
of active neurogenesis. These cells are likely RGCs, which
represents a prominent type of NPCs. Knockdown of PC1 or
PC2 expression increased the NPC proliferation and reduced
the differentiation of NPCs to MAP2-positive neurons in
primary NPC culture. Furthermore, knockdown of PC1 or
PC2 expression stimulated CBF1-dependent Notch signaling
and promoted symmetric divisions of NPCs. The transcrip-
tion factor STAT3 was shown to be essential for the increase
in NPC proliferation driven by knockdown of PC1 or PC2
expression (Fig. 7c¢).

PC1 and PC2 have been extensively analyzed in the con-
text of ADPKD [1-7]. These proteins physically interact to
form a complex with a prominent, but not exclusive, locali-
zation in the primary cilia of kidney tubule cells. Increased
cell proliferation and the growth of epithelial-lined cysts,
which in the end destroy the normal renal parenchyma, have
been widely observed in human ADPKD kidneys and in
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Fig.6 Knockdown of PC1 or PC2 expression increases the prolifera-
tion of NPCs in a STAT3-dependent manner. a—c¢ E13.5 neocortical
cells were treated and stained as described in Fig. 2. GFP-positive
transfected cells are labeled green and BrdU-positive proliferating
cells are shown in red. Overlay pictures are presented to illustrate the
BrdU-positive transfected cells (merge). Scale bar, 15 pm. d The pro-
liferation of NPCs decreased when reducing STAT3 expression by the
shRNA constructs STAT3-kd1 (to~67%) or STAT3-kd2 (to~64%),
respectively, compared to the control (kdcontrol). e, f Reducing

mouse models for this disease. Intriguingly, both overexpres-
sion of mutated PC1 or PC2, and also a reduction of PC1 or
PC2 expression is sufficient to initiate cystogenesis [8—11].
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STAT3 expression abrogated the increased proliferation of NPCs
evoked by knockdown of PC1 (to~73% for STAT3-kd1 and to~65%
for STAT3-kd2) or PC2 (to~61% for STAT3-kd1 and to~65% for
STAT3-kd2). Data are presented as mean+SEM in a histogram
(**p<0.01, *p<0.05; Dunn’s multiple comparison post hoc test fol-
lowing Kruskal-Wallis) and in a scatter plot (one dot represents the
percentage of BrdU-positive transfected cells of a group of 300 ana-
lyzed transfected cells)

Recently, a complex of PC1 and PC2 has been described in
the primary cilia of PO RGCs, and their genetic ablations
affect planar cell polarity in RGCs and E1 ependymal cells
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Fig.7 Inhibiting STAT3 function abrogates the effect of PC1 knock-
down on NPC proliferation. a Cells were treated as described in
Fig. 2. S31-201 (S3I), a cell-permeable STAT3 inhibitor, was added
24 h after transfection, where indicated. Scale bar, 15 pm. b S31-201
reduced cell proliferation under control conditions (kdcontrol+ S3I
versus kdcontrol) to~75%. Inhibition of STAT3 by S31-201 abro-
gated the increased proliferation of NPCs evoked by knockdown of
PC1 (to~66%). Data are presented as mean+SEM in a histogram
(*¥**%p <0.005, **p <0.01; Mann—Whitney test) and in a scatter plot
(one dot represents the percentage of BrdU-positive transfected cells
of a group of 300 analyzed transfected cells). ¢ Schematic model of
the proposed function of PC1 and PC2 in NPC differentiation. PC1
and PC2 are likely to operate as a complex, because either a reduc-
tion of PC1 or PC2 expression results in the same functional and
cellular phenotypes. A reduction of polycystin expression in NPCs
functionally leads to increased CBF1-dependent Notch signaling and
to enhanced STAT3 signaling. The reflections on the cellular level
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[27, 28]. We observed PC1 and PC2 expression in apical
RGCs in the VZ of E12.5 and E14.5 mouse neocortex. Dur-
ing this time, RGCs are actively involved in neurogenesis.
Like NECs, apical RGCs can pass through symmetric pro-
liferative cell divisions, thereby expanding the progenitor
pool. However, as neurogenesis progresses, apical RGCs
increasingly switch to an asymmetric differentiative, but
self-renewing mode of cell division, which preserves one
RGC per cell division [22-26]. We found that a reduction
of PC1 or PC2 expression in NPCs, like in kidney epithe-
lial cells, led to increased cell proliferation. Concomitantly,
the neuronal differentiation was reduced. Our data provide
strong evidence that a reduction of PC1 or PC2 expression
promotes symmetric proliferative cell divisions. Together,
these data suggest that PC1 and PC2 drive asymmetric dif-
ferentiative cell divisions of NPCs. In our cell culture model,
the PC1- and PC2-mediated asymmetric differentiative cell
divisions were most likely neurogenic, as knockdown of PC1
or PC2 expression reduced the activity of the Talp-DsRed2
sensor and decreased the number of MAP2-positive neurons.

Active Notch signaling has been implicated in the main-
tenance of RGC identity in the developing mouse neocortex
[43—45]. Additionally, CBF1-dependent Notch signaling has
been shown to promote RGC character in the VZ, while
loss of CBF1 signaling has been demonstrated to stimulate
neurogenesis [36]. The results from this study demonstrated
that a reduction of PC1 or PC2 expression enhances CBF1-
dependent Notch signaling, strengthening the view that
PC1 and PC2 are vital for advancing NPC differentiation.
Furthermore, knockdown of PC1 or PC2 expression led to
more progeny with an equal distribution of CBF1 activity of
both daughter cells originating from one mother cell during
cell division. This result suggests that PC1 and PC2 raise
the percentage of cell divisions generating daughter cells
with an unequal distribution of CBF1 activity implying an
asymmetry in Notch signaling in paired daughter cells. An
asymmetry of Notch signaling in daughter cells of asym-
metric cell divisions resulting in one differentiating sibling
(with low Notch signaling) and one self-renewing sibling
(with high Notch signaling) has also been described in the
zebrafish brain [49]. The transcription factor STAT3 has
emerged as an important propelling factor for renal epithe-
lial cell proliferation during development and during cystic
growth [5, 13]. PC1 in complex with PC2 has been found
to regulate STAT3, which is aberrantly activated in the kid-
neys of ADPKD patients and in ADPKD mouse models. In
the developing mouse neocortex, STAT3 has been shown
to be expressed in nestin-positive NPCs in the VZ, most of
which have been specified as RGCs [35, 50]. Here, STAT3
signaling has increased the proportion of dividing RGCs and
has maintained the stemness of RGCs at mid-neurogenesis,
whereas knockdown of STAT3 expression has led to pre-
mature neurogenesis. Additionally, elevated STAT3 activity
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has been correlated with symmetric divisions of RGCs. Our
findings revealed that either STAT3 knockdown or inhibi-
tion of STAT3 function inhibited the enhanced NPC pro-
liferation driven by reduced polycystin expression. These
results suggest that PC1 and PC2 reduce, inhibit, or modify
elevated STAT?3 signaling in NPCs leading to enhanced NPC
differentiation.

Intriguingly, PC1 and PC1-regulated STAT3 have been
described in different physiological settings both as a
stimulator of cell proliferation, but also as an inducer of
growth arrest and cell differentiation. For example, PC1 has
recently been shown to promote osteoblastic differentiation
by upregulating Runx2 expression via JAK2/STAT?3 signal-
ing [51]. Hence, an arising concern is how STAT3 can be
a stimulator of cell proliferation, but also an inducer of cell
differentiation. Probably, the regulation of STAT3 activity
by post-translational modifications could be important in
this context. Stimulated by seminal work that had elaborated
important cytokine signaling pathways, many studies ana-
lyzing STAT3 activity have focused on the phosphorylation
of the tyrosine residue 705 (pY705) [52]. Tyrosine-phos-
phorylated STAT3 has been shown to drive differentiation
towards an astroglial cell fate in later cortical development
(starting around E15), but has not been detected during NPC
self-renewal [53]. However, the phosphorylation of the ser-
ine residue 727 (pS727) of STAT3 might also be impor-
tant for the context-dependent regulation of STAT3 activity
[53]. For instance, the non-phosphorylatable STAT3 mutant
STAT3-S727A has been shown to considerably reduce the
number of nestin-positive NPCs developing from mouse
embryonic stem cells [54]. Phosphorylation of STAT3-S727
has been found in NPCs derived from embryonic stem cells
by expression of the homeobox protein Hoxb1, which also
maintained active Notch signaling [55]. The growth factors
FGF2 and EGF have been demonstrated to increase the num-
ber of NPCs which are immunopositive for STAT3-pS727
staining [56]. In our experimental system, knockdown of
PC1 or PC2 expression in NPCs subjected to growth stimu-
lation by FGF2 also led to an increase in the number of
STAT3-pS727-positive cells (data not shown) suggesting
that the phosphorylation of STAT3-S727 could contribute
to the maintenance of NPC identity driven by a reduction of
polycystin expression.

Our data show that a reduction of PC1 or PC2 expres-
sion stimulated the proliferation of NPCs in a STAT3-
dependent manner and enhanced CBF1-dependent Notch
signaling. Notch-dependent growth of NPCs has been func-
tionally associated with Notch-dependent phosphorylation
of STAT3-S727 [57]. On the other hand, STAT3 has been
described to increase the expression of the Notch ligand
DLL1 thus stimulating Notch signaling and leading to the
maintenance of NPCs [50]. How the STAT3 signaling and
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Notch signaling modulated by PC1/PC2 are mechanistically
interconnected is challenging for future studies.

This study additionally raises the question why knock-
down of either PC1 or PC2 induces a similar effect on pro-
liferation and differentiation. Since the double knockdown
of PC1 and PC2 did not evoke a stronger effect on NPC
proliferation compared to the single knockdowns (Fig. 2d),
and the overexpression of MYC-PC2 did not decrease NPC
proliferation (Fig. 2g), a likely explanation would be that
PC1 and PC2 have to operate as a heteromeric complex
to induce the differentiation of NPCs. A known function
of a co-assembled PC1/PC2 complex is that PC1 can acti-
vate the PC2 ion channel function, eventually allowing the
influx of Ca®* ions [18, 38]. In preliminary experiments,
we inhibited Ca®*-signaling by applying the cell-permeant
Ca?*-chelator BAPTA-AM. In our hands, the NPCs tol-
erate a single load of BAPTA-AM up to a concentration
of 5-10 pM. When NPCs expressing kdcontrol were pas-
sively loaded with 3 pM BAPTA-AM after the transfection,
an increase of NPC proliferation could be observed 3 days
later. The stimulation of NPC proliferation by knockdown
of PC1 was not affected by a single application of 3 pM
BAPTA-AM. Interestingly, however, the stimulation of NPC
proliferation by knockdown of PC2 was reduced by a single
application of this Ca>*-chelator (data not shown). Although
BAPTA-AM induced NPC proliferation in the control situ-
ation, it decreased proliferation in the case of PC2 knock-
down. A conceivable explanation of this result could be that
knockdown of PC2 enables PC1 to operate independently
of PC2 leading to increased NPC proliferation. This func-
tion of PC1 is proposed to depend on Ca>*-signaling. If the
Ca®*-signaling is inhibited by BAPTA-AM, PC1 would no
longer be able to stimulate NPC proliferation. Although only
a preliminary hypothesis, it would be in accordance to pub-
lished data demonstrating that PC1 can activate G;/,-type
G-proteins (Fig. 7c) to modulate the activity of Ca’* and
K™ channels, an effect that is abrogated by co-expressed PC2
[58].

In conclusion, the present findings show that PC1 and
PC2 are expressed in the mouse neocortex to the right time
at the right place to be involved in RGC differentiation. All
data obtained in primary NPC culture strengthen the view
that PC1 and PC2 are involved in regulating CBF1-depend-
ent Notch signaling and in controlling the mode of NPC
division (symmetric or asymmetric). This way, PC1 and PC2
take part in governing the decision of NPCs to proliferate for
expansion, or for self-renewal and differentiation to generate
neurons.

Our results implicate STAT3 signaling as functionally
connected to PC1 and PC2 in maintaining a balance between
proliferation and differentiation of NPCs.
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