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Prickle1 is expressed in distinct cell populations
of the central nervous system and contributes
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Development of axons and dendrites constitutes a critical event in neuronal maturation and seems to require
signaling through the planar cell polarity (PCP) pathway. Mutations in components of the PCP pathway lead
to a spectrum of neurological phenotypes and disorders. For example, a missense mutation in Prickle 1 (PkT)
is associated with progressive myoclonus epilepsy (PME) in humans, and its reduced gene dosage increases
sensitivity to induced seizure in mice. In an effort to unravel the role of the PCP pathway in mammalian neur-
onal development, we examined the expression of Pk1 in the central nervous system (CNS) using in situ hy-
bridization (ISH) in combination with a genetic knock-in approach. We show that Pk1 transcripts are detected
in the postmitotic cells of the subplate and cortical plate during mid- and late stages of cortical neurogenesis.
In adult brain, Pk1 is expressed in distinct neuronal and glial cell populations, with dynamic formation of den-
drites and glial processes during development. Of all the cell types in the mature retina, the highest expres-
sion of Pk1 is detected in cholinergic amacrine neurons. Knockdown of Pk71 by shRNA or dominant-negative
constructs causes reduced axonal and dendritic extension in hippocampal neurons. Similarly, Pk1 knock-
down in neonatal retina leads to defects in inner and outer segments and axon terminals of photoreceptors.
Our studies implicate Pk1 function in axonal-dendritic development associated with the maturation of CNS
heurons.

INTRODUCTION

Neuronal morphogenesis in the central nervous system (CNS)
involves active cytoskeletal rearrangements and membrane
compartmentalization, which seem to require signaling
through the planar cell polarity (PCP) pathway. The PCP
pathway is highly conserved in the animal kingdom from
arthropods to vertebrates; in mammals, PCP governs develop-
mental events including convergent extension during gastrula-
tion, tissue closures and hair orientation (1). The three integral
membrane proteins (Frizzled, Flamingo/Stan/Celsr and Vangl/
Strabismus) and three membrane-associated proteins (Dishev-
elled, Diego/Inversin and Prickle) constitute the core PCP
components (1,2). Other molecules, such as fat and dachsous
cadherins, also play significant roles in PCP in parallel to

the core pathway. Frizzleds, Celsrs, Dishevelled and Vangl
contribute to neurogenesis (3,4), neuronal survival (5), axon
guidance, target innervation and dendritic development (6—
11). Atypical cadherin Fat3 is reportedly essential for correct
dendritic configuration of a subset of retinal amacrine cells
(ACs) (12). However, little is known about the role of
Prickle proteins during CNS development.

In Drosophila, Prickle (Pk) coordinates hair orientation and
ommatidia polarity (13). The ommatidium orientation is
coupled to photoreceptor R3 and R4 fate determination,
which is controlled by PCP (14,15). Total four prickle homo-
logs have been identified in mammalian genomes with Pkl
and Pk2 are more similar to one another than Pk3 and Pk4.
Along the line with classic PCP function, Pk/ and Pk2 have
been implicated in inner ear hair cell development (16,17)
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and in the establishment of cell polarity during early embryo-
genesis as well (18,19). Interestingly, mouse Pkl and Pk2 are
differentially regulated by NRL (20), a transcription factor ne-
cessary for rod photoreceptor development (21). The data
bring out an interesting question of whether Prickle genes
function in mammalian photoreceptor development as well,
and an even bigger question of whether there is a PCP in mam-
malian retina. In separate lines, a recessive missense mutation
in the PET domain of human Pk/ gene is recently shown to be
associated with progressive myoclonus epilepsy (PME)
(22,23). Both Pkl and Pk2 genes share three LIM (Lin 11,
Isl-1 and Mec-3) and one PET domain (Prickle, Espinas and
Testin) at the N-terminus of the protein, and a CAAX prenyla-
tion motif at the C-terminus, functions of which have not been
addressed in a biochemical context. Mice with a reduced gene
dosage of either Pkl or Pk2 are prone to drug-induced seizures
(23). Additionally, overexpression of Pkl or Pk2 promotes
neurite outgrowth in neuroblastoma cells (24). These studies
suggest that Prickle genes have broader roles in the CNS.

Albeit all these findings, cell-type specific expression and
function of Prickle genes as general PCP players have not
been fully addressed. Here, we have investigated the expres-
sion of Pkl in mouse brain and retina and identified
Pkl-expressing cells using a genetic approach. We have also
explored Pkl function in neuronal morphogenesis using cul-
tured hippocampal neurons and by in vivo electroporation in
the retina. We found that Pk/ is expressed in the cortical sub-
plate, an important site for early neuronal maturation. Our
findings provide a framework for elucidating the broader func-
tion of Pkl in the CNS and may assist in defining the mechan-
ism of corresponding human disease(s).

RESULTS

Expression of PkI in the developing mouse brain
and retina

We first investigated Pkl expression in the CNS by in situ hy-
bridization (ISH). Pkl expression is first detected before gas-
trulation (19) and remained through all stages of development
(25). At E13.5, Pkl is weakly expressed in developing neocor-
tex without a distinct pattern (Supplementary Material,
Fig. S1A). At E15.5, Pkl expression is largely in cortical
intermediate and subventricular zones and lateral ganglion
eminence (LGE) (Supplementary Material, Fig. SIE-Q).
Intriguingly, Pkl expression becomes more restricted to the
subplate and early maturing cortical plate at E16.5 (Fig. 1A
and B), and mostly free of ventricular, subventricular and
intermediate zones (Fig. 1A and B, dashed lines demarcate
the right lateral ventricle, LV). The dynamic Pk/ expression
seems to follow the progressive neurogenesis from early to
late stages during cortical neuronal maturation. Consistent
with this idea, Pk/-expressing cells are postmitotic at stage
E16.5 demonstrated by ISH in combination with immunohis-
tochemistry (IHC) wusing Ki67 and pH3 antibodies
(Fig. 1Aa—c). Similarly, Pkl transcripts are also detected in
the subplate and cortical plate at E17.5, when majority of cor-
tical neurons are undergoing maturation (Fig. 1Ba). Pk/ is also
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expressed in other brain areas such as hippocampus (Fig. 1Bb)
and non-neural tissues as well such as lens (Fig. 1B, left panel;
Supplementary Material, Fig. S1J). A weak expression of Pk/
hippocampus anlage is detected from E13.5 (Supplementary
Material, Fig. S1A, domain between yellow lines); however,
its discrete expression in hippocampus started to be seen at
E17.5, since a barely detectable ISH signal is found in the
hippocampal area at E16.5 (Fig. 1A, right panel). Hippo-
campal Pkl expression continues to be seen at P1 and P5
(Supplementary Material, Fig. S1G and H). Together, Pk! is
expressed in postmitotic cells during mid- and late stages of
cortical neurogenesis.

We extended our investigations to the retina, a well-defined
model of neural development. Pk/ is only weakly expressed in
early developing retina at E13.5 (Supplementary Material,
Fig. SIB). A weak expression is then observed in the inner
neuroblast layer (INBL) at E16.5 (Fig. 1C). Pkl expression
is enhanced in PO retina, primarily in the differentiating
inner neuroblastic layer (INBL) (Fig. 1D). As more retinal
progenitors become postmitotic by PS5, Pkl is detected
throughout the retina (Fig. 1E). Patches of higher expression
are visible in newly postmitotic cells that are being organized
in the apical outer NBL (ONBL) (asterisks in Fig. 1E). By
P21, Pkl is largely restricted to the inner nuclear layer
(INL) (Fig. 1F), with enhanced patchy staining along the
inner portion of the INL, likely representing ACs (Fig. 1F).
In addition to the ganglion cell layer (GCL) and the INL,
Pkl is also weakly expressed in the outer nuclear layer
(ONL) of photoreceptors (Fig. 1F). We did not detect signi-
ficant signals using a Pkl sense probe in different stages
of retina and brain sections (Supplementary Material,
Fig. SIK-O0, data not shown).

Pk1 expression revealed by a knock-in reporter gene

For detailed analysis of Pkl expression and function, we
created a Pkl gene-trap allele and genetically labeled
Pkl-expressing neurons using an eYFP reporter, inserted
into the endogenous Pk/ locus via homologous recombination
(Fig. 2A). Southern analysis and PCR genotyping confirmed
correct integration of the engineered construct (Fig. 2B and
C). We explored Pkl expression by following the eYFP re-
porter in combination with a pan-neuronal marker, NeuN. Ex-
tensive colabeling of eYFP and NeuN was detected in the
cerebral cortex, hippocampus, thalamus, hypothalamus and
cerebellum (Fig. 2D-L, Supplementary Material, Fig. S2).
Notably, a small population of neurons in the CNS does not
express Pkl (cells above short lines in Fig. 2E, G and H,
data not shown). In hippocampus, Pk/ exhibits much lower
expression in CA3 in contrast to CAl and dentate gyrus
(DG) (Fig. 2F—H). In the cerebellum, Pkl is expressed in
NeuN-negative Purkinje cells, but not in NeuN-positive granu-
lar cells (Fig. 21 and J). Pkl is also present in glia throughout
the brain (asterisks in Fig. 2E, G and I), as clearly distinguish-
able in neuron-free areas such as corpus callosum (CC,
Fig. 2D) and white matter (WM) of the cerebellum (Fig. 2J).
The Pkl expression pattern revealed by the knock-in reporter
is largely concordant with the data given by ISH.
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Figure 1. Expression of Pk in the developing brain and retina detected by ISH. (A) ISH shows Pk/ expression in the anterior forebrain at E16.5. Top panels are
coronal sections from anterior levels of E16.5 forebrain with the left panel more anterior to the right. Pk/ transcripts are restricted to the subplate area (Sp), but
not in the ventricular germinal zone (dashed lines demarcate a lateral right ventricle). A weak hybridization signal is also present in LGE. A barely detectable
ISH signal is observed in developing hippocampus (Hip, black arrow). Boxed areas of (a, b and c¢) roughly correspond to the three rows of panel sets below (a, b
and c) (a) Sequential detection of Pkl mRNA and Ki67 protein by ISH and IHC, respectively. Pkl mRNA (purple, left panel) is in the subplate (Sp) of the
developing cortex; Ki67 (green, middle panel) is expressed in proliferating and dividing neuronal progenitors of the LV and intermediate zone; superimposed
image of Pkl mRNA and Ki67 indicates non-overlapping Pk/ and Ki67. (b, ¢) Sequential detection of Pk/ mRNA and phospho-histone H3 (pH3) protein by ISH
and THC, respectively. Pkl mRNA, purple, left panels; pH3, red, middle panels; superimposed images, right panels. (b) shows the Sp area where Pkl is
expressed, and the partial LV zone shows pH3 expression. (¢) The ventricular area labeled with pH3, but not Pk/. (B) ISH on horizontal sections of E17.5
brain showing Pk/ mRNA in lens (Le), olfactory bulb (OB), retina (Re), cerebral cortex (CCX), striatum (St) (Fig. 1B), subplate (Sp) (Fig. 1Ba), hippocampal
DG and Cornu Ammonis (CA) (Fig. 1Bb). (C), Pkl mRNA is detected in E16.5 (arrow) retinal INBL, which is primarily populated by early-born ganglion and
ACs. Le, lens; ONBL, outer neuroblast layer. (D) A similar Pk/ expression is observed in postnatal day 0 (P0) (black arrow) INBL, separated from the ONBL by
a thin newly formed inner plexiform layer (red arrow). (E) Pk/ transcripts are broadly expressed through retinal areas at PS5, with a patchy staining pattern in the
prospective ONL (asterisks). (F) At postnatal day 21 (P21), Pkl expression is upregulated in the INL, with only a weak expression in the ONL and GCL (arrows).

Characterization of PkI-expressing cells in the adult brain neurons, judging by their soma shapes (triangular shape,

GFP stained soma in Fig. 2D), distributions (mostly excluded
Over 75% of cortical neurons are pyramidal neurons, which  from layer I, Fig. 2D) and density (overlapping with most of
spread to all layers, except layer I. The others are inhibitory the NeuN staining) (27). The pyramidal expression of Pkl
GABAergic interneurons, which are distributed sparsely (¢YFP) could also be identified by MAP2 staining, which
among the pyramidal neurons and glial cells (26). A majority envelops the neuronal somata (Fig. 3A and B, dashed
of Pkl-expressing cortical neurons are typical pyramidal circles) and dendrites. Pkl-expressing glial cells (eYFP)
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Figure 2. Expression of Pk/ in adult brain, revealed by an eYFP reporter driven by the endogenous promoter. (A) An eYFP reporter gene, PGK-neo cassette, Frt
and loxP sites are targeted into the Pk/ exon 2 region in the order shown here. An Enl gene splicing acceptor is placed before eYFP start codon and several
polyadenylation signals are after eYFP stop codon. This gene-trap allele can be excised by Cre to generate a straight knockout allele. The Sox2-Cre transgenic
line is used to cross with Pkl gene-trap mice in this study. (B) Southern analysis of XAol-digested genomic DNA using a 5" probe reveals an 8.8 kb band, showing
correct integration of the knock-in gene-trap construct into the Pk/ locus (lane 2) and a 5.9 kb fragment for the WT allele (lane 1). (C) PCR genotyping of
gene-trap and straight knockout alleles after Cre excision. Primers 1 and 2 will amplify a 0.6 kb fragment from the straight KO allele (lane 2). Primers 3
and 4 will amplify a 0.65 kb fragment from the gene-trap allele (lane 3). L, DNA ladder. Lanes 1 and 4 are wild-type controls with no PCR products. (D—J)
Images shown in these panels are from adult brain at 4-week-old. (D) Pk/ is broadly expressed in the cerebral cortex, as identified by eYFP-positive cells,
except for layer I. A majority of the eYFP-positive cells (green) are NeuN positive (red). Boxed areas are shown in (E). (E) High magnification shows expression
of eYFP in both neurons (NeuN positive, arrows) and glia (asterisks). Short lines indicate a fraction of eYFP-negative neurons. Note that most eYFP-positive
neuronal somata are triangular, a typical shape for pyramidal neurons. (F) Pkl expression in hippocampus, with strong labeling in CA1 and DG and weaker
expression in CA3 (arrowheads demarcate the boundary). (G and H) A high magnification image shows overlapping of Pk/ expression (green) with NeuN
in CAl and DG. Note that some NeuN-positive neurons in the molecular layer are eYFP negative (above the short lines). (I and J) Cerebellar Pk/ expression
in Purkinje, but not in granular neurons. Purkinje neurons are NeuN negative; granular neurons are NeuN positive (red). Asterisks indicate glia; arrows indicate
Purkinje cells. Below the dashed lines, we observe WM showing sparsely distributed glia (green dots). (K and L) Schematic illustrations of sections of imaged
areas for the relevant panels, as indicated below the drawings. 4V, 4th ventricle; red box is the photo area in F and G; CIC, central nucleus of inferior colliculus;
CBCX, cerebellar cortex.

(Fig. 3A, asterisks) did not show somata MAP2 staining, and neurons, we investigated whether Pk/ was present in the in-
MAP2-negative neurons do not show Pkl in any instance hibitory interneurons of the cortex by examining several
(Fig. 3B, white short lines). To further classify Pkl/-expressing calcium-binding proteins. We observed that neurons
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Figure 3. Description of Pkl-expressing neurons in the brain. (A) Pkl expression overlaps with Map2, a neuronal maker that labels all pyramidal neurons in the
cortex (red). Asterisks indicate two Map2 negative glia cells expressing Pk/ gene (eYFP, green). Boxed areas are zoomed in (B). (B) Pk! colocalizes with soma
staining of Map2 enclosing the neurons’ nuclei indicated by dashed circles. Neurons negative for Map2 do not express Pk/ (above the short lines). (C—E) A
majority of PV (C), calbindin (D) and calretinin (E)-stained interneurons in the cortex do not express Pk/ (eYFP). Short lines indicate interneurons expressing the
calcium-binding proteins, but not eYFP. (F) In the SC, a few more calretinin neurons express a low level of Pk/ as indicated by arrows. (G) Cholinergic neurons
that are labeled with ChAT (red) in the VST do not express Pk (short lines in G). (H) ChAT neurons in VBF coexpress Pk/ (arrows in H). (I-K) Schematic
illustrations of sections of imaged areas for the relevant panels that are indicated below the diagram.

expressing parvalbumin (PV) (Fig. 3C), calbindin (Fig. 3D), cal-
retinin (Fig. 3E and F) and ChAT (Fig. 3G) largely excluded Pk1
expression. A few non-bipolar calretinin neurons co-localize
with Pkl in the cortex (Fig. 3E) and other areas, such as superior
collicullus (SC) (Fig. 3F). Pkl is completely absent in ChAT

neurons in most brain areas (Fig. 3G) including the cortex (not
shown), except for a subset of ChAT neurons in the ventral
basal forebrain (VBF, Fig. 3H) adjacent to the ventral striatum
(VST, Fig. 3G). Pkl expression is, therefore, absent in most
interneurons in the brain.



We next examined Pk/ expression in neural glia. The three
major types of glia in the brain are microglia, oligodendro-
cytes and astrocytes. eYFP expression is correlated with two
populations of glia—CDI11b-positive microglia (Fig. 4A)
and CNPase-positive oligodendrocytes (Fig. 4B and C). Inter-
estingly, eYFP expression is not detected in GFAP-positive
astrocytes in any instance (Fig. 4D). Therefore, Pkl is
expressed in two types of neuroglia that are known for their
dynamic cytoskeletal and membrane modifications.

Pk1 expression in retinal neurons

To identify Pkl-expressing cells in the retina, we first con-
firmed that eYFP expression in the adult retina recapitulates
the expression detected by ISH. Pkl is weakly expressed
throughout the ONL in a flat mount preparation (Fig. 5B, com-
pared with the control in 5A). Moderate eYFP signals can be
readily detected in the INL (Fig. 5C) and GCL (Fig. 5D) in
agreement with the Pkl pattern detected by ISH. Pkl is
highly expressed in and fully overlaps with cells expressing
ChAT, a specific marker of cholinergic starburst ACs
(Fig. SE—G). Pkl-positive cells also express calretinin and
Islet-1, the two markers of inner retina neurons including ama-
crine, ganglion and bipolar cells (arrows, Fig. SH—M). Lower
expression of Pkl is observed in the remainder of INL, partial-
ly overlapping with Isletl at the outer part of the INL (the top
row of arrows, Fig. SK—M). Pkl expression is undetectable in
Brn3a-positive retinal ganglion cells (RGCs) (Fig. SN—P) or
in Muller glia marked by glutamine synthetase (GS)
(Fig. 5Q—YS). Therefore, Pkl expression in the retina is specific
to neurons and highly enriched in Starburst amarcine cells.

Aberrant axon—dendrite growth in cultured hippocampal
neurons by Pkl knockdown

The general expression of Pkl seems to coincide with specific
neurons and glia that exhibit complex and/or dynamic mor-
phological presentations. We, therefore, explored Pk/ function
in axonal and dendritic development using two approaches
designed to disrupt Pkl function in cultured hippocampal
neurons one by delivering shRNA and the other by delivering
Pkl deletion constructs lacking selected domains and pre-
dicted to act as dominant-negative mutants. Pk/ shRNA was
validated in transfected HEK 293 cells (Supplementary Mater-
ial, Fig. S3A). Cultured neurons grown on an astrocyte feeder
layer (28) appear healthy and are positive for MAP2 (Supple-
mentary Material, Fig S3B—D). Introduction of Pkl shRNA
into hippocampal neurons causes a pronounced change in
neurite outgrowth, with neurons extending short, stubby and
punctate dendrites and/or axons (Fig. 6A, 9 out of 12 cells).
As PET and LIM domains in Pkl mediate protein interactions
and the CAAX prenylation motif confers the ability to associ-
ate with membranes, we examined whether the removal of
these domains would impact axonal and dendritic growth.
Myc-tagged versions of Pkl mutant constructs (Supplemen-
tary Material, Fig. S4A) were transfected into HEK 293
cells for validation of their successful expression (Supplemen-
tary Material, Fig. S4B and C). Interestingly, we also found
that differential localization of Pkl mutant proteins in
HEK293 cells (Supplementary Material, Fig. S4B-E).
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Transfection of APET, APET/LIM, ALIM/CIIS or APET/
LIM/CIIS construct into hippocampal neurons results in sig-
nificant axon—dendrite phenotypes. The severity of phenotype
induced by APET/LIM/CIIS (Fig. 6E; 9 out of 11 cells) is
similar to that of shRNA knockdown, whereas milder
defects are observed in APET (8 out of 11), APET/LIM (11
out of 14) and ALIM/CIIS-transfected neurons (12 out of
14) (Fig. 6B-D, F and Supplementary Material, Table S1).
Therefore, the deletion mutations of Pkl likely serve as
dominant-negative proteins, competing with the normal Pkl
function in transfected neurons. We further quantified the den-
dritic growth by looking at primary dendrites and dendritic
branches of shRNA and deletion constructs transfected
neurons (see Materials and Methods, Fig. 6I). While the
primary dendritic number retains little affected (Fig. 6G),
the branching index significantly increased in shRNA and
the mutant construct-transfected neurons (Fig. 6H), except
for that of APET/LIM/CIIS transfections, where the severity
of the phenotype could have hindered the dendritic outgrowth.
In most cases, both control and mutant construct-transfected
neurons exhibit Map2-positive and negative regions, implying
generally normal specification of dendrite and axon (Fig. 6J
and K). A similar staining pattern is also detected in neurons
transfected with other mutant constructs (data not shown).
Our results argue in favor of a role of Pkl in modulating
axon and dendrite development.

Rod photoreceptor defects by in vivo knockdown of Pkl
in mouse retina

As Pkl expression is significantly reduced in the cone-only
Nrl~'~ retina (20,29), we hypothesized that Pkl might play
a role in rod photoreceptor morphogenesis. We first examined
dynamic Pkl expression during retinal development by qPCR
(Supplementary Material, Fig. S5A) and confirmed the down-
regulation of Pkl protein in N/~ '~ retina by immunoblotting
(Supplementary Material, Fig. S5B). Then, we performed in
vivo electroporation to deliver Pkl shRNA into PO mouse
retina with ubiquitin promoter-driven GFP as a transfection
and morphological indicator. shRNA-transfected rods show
significantly smaller inner/outer segments from P9 to P21
(above dashed lines of the ONL, Fig. 7A—C). Interestingly,
the number of rod terminals in the outer plexiform layer
(OPL) is also significantly reduced in shRNA-transfected
photoreceptors (arrows, Fig. 7A—C). Quantification analysis
corroborates the above observations (Fig. 7Da and b). The
defects in axon terminals and IS and OS of photoreceptors
become more pronounced at P21 (Fig. 7Dc). However, the de-
fective photoreceptors do possess cilia as marked by acety-
lated alpha tubulin (Fig. 7E), indicating that loss or
shortening of inner/outer segments probably reflects both
impaired photoreceptor biogenesis and maintenance. Photore-
ceptors maintain their rod phenotype even after
Pki-knockdown, showing rhodopsin but not cone arrestin ex-
pression (Fig. 7F and G). Additionally, we did not observe any
altered protein trafficking at P21or P8 based on the localiza-
tion of rhodopsin and rds proteins (Fig. 7G, Supplementary
Material, Fig. SOA—E). Pkl was expressed in all the cells of
the ONL (Supplementary Material, Fig. S5C), including
cones (Supplementary Material, Fig. S5D—F, above short
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Figure 4. Identification of Pk/-expressing glia in the brain. (A) Colabeling of
CDl11b and Pkl (eYFP, green) in microglia (red) of the CC area (arrows). Not
all eYFP cells are CD11b positive (short lines), but all CD11b cells are eYFP
positive. (B and C) CNPase, a myelin protein staining oligodendrocytes (red),
colocalizes with Pkl expression in the brain (arrows). All CNPase-positive
cells are eYFP positive. (B and C) The CCX and CALl areas, respectively.
(D). Pkl is not expressed in astrocytes marked by GFAP (red) in either CC
or other brain areas (not shown). Imaged sections for panels refer to Figure 31.

lines). Hence, these results indicate a broader role of Pkl in
photoreceptors and during neuronal morphogenesis.

DISCUSSION

During mammalian development, complex interactions among
multiple signaling pathways produce millions of distinct cell
types, determine their unique organizational patterns and gen-
erate billions of specific connections. While established in
Drosophila and other model organisms, the role of PCP signal-
ing in mammals, and particularly in the CNS, is only recently

being delineated. Prickle is a core PCP component, and two
mammalian Prickle proteins—Pk1 and Pk2—appear to have
significant function in the CNS, as revealed by human and
mouse mutations (19), cell culture studies (24) and expression
data (30,31). Here, we have performed a comprehensive ana-
lysis of Pkl expression in developing and adult brain and
retina and loss-of-function studies in vitro and in vivo. To-
gether with the published data, our results suggest a significant
role of Pkl in neuronal morphogenesis and maturation, specif-
ically in axonal and dendritic configuration.

Our data reveal an unambiguous postmitotic expression of
Pkl during the mid—late stage of cortical neurogenesis at
E16.5, consistent with another report (31). Immediately after
exiting cell cycle at the ventricular zone, neurons start migrating
through the intermediate zone to reach the subplate and cortical
plate. Predominant Pk expression at the subplate indicates that
it is important for early onset neuronal maturation since sub-
plate harbors the earliest born and mature neurons that make
the earliest connections (32). The axon—dendrite development
and maturation of subplate neurons precede neurons in other
layers and undergoes more dynamic cytoskeleton rearrange-
ment, which may require more polarity-related molecules,
such as Pkl. Similarly in the retina, Pkl is expressed in the
early differentiating cells (see Fig. 1, E16.5). Pkl expression
in postnatal retina may reflect active shaping and polarization
of retinal neurons during maturation as well.

Genetic labeling of Pkl-expressing neurons, using an eYFP
knock-in reporter, allowed us to identify their characteristics
by co-localization with specific markers. In most adult brain
areas, eYFP co-localized with pan-neuronal markers, NeuN
and MAP2, at variable intensities. Cells in the cortex and
other brain areas showing no Pkl expression consist primarily
of inhibitory interneurons, as revealed by expression of dis-
tinct calcium-binding proteins. In the cerebellum, eYFP is
completely absent in granular cells but is strongly expressed
in Purkinje neurons. A wide expression of Pkl in the brain
suggests a broad generic function in neuronal maturation;
yet in the retina, Pkl is highly expressed in Starburst ACs
and virtually excluded from ganglion cells and Muller glia.
A low level of Pkl is detected in a subpopulation of bipolar
cells and in photoreceptors. The selectivity of Pkl expression
in distinct cell types of the adult brain likely reflects its func-
tional relevance. Pkl-expressing pyramidal neurons, Purkinje
cells and retinal cholinergic ACs have a large dendritic field
and extensive arborization. The morphogenesis, maturation
and synaptic plasticity of these neurons conceivably place a
greater demand on polarity components. This hypothesis is
also validated by strong Pk/ expression in microglia and oli-
godendrocytes. Microglia are immune cells with multiple pro-
cesses constantly monitoring the neuronal environment by
virtue of its mobility, and requiring dynamic cytoskeletal
and membrane rearrangements. Similarly, oligodendrocytes
have active membrane rearrangements for wrapping axons.
Taken together, Pkl is expressed in distinct cell populations
with dynamic morphological configurations in the CNS.

In accordance with its predicted role in neuronal morpho-
genesis, Pkl knockdown by shRNA or deletion constructs
compromised axon and dendrite extension in cultured hippo-
campal neurons. One interesting observation is that although
the shRNA-transfected neurons are stubby and less extended
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Figure 5. Characterization of Pkl-expressing neurons in the adult retina. (A—D) Endogenous eYFP from flat mount retina of 4-week-old Pkl-eYFP knock-in and
wild-type mice. (A) ONL of the wild-type mouse (control) does not reveal an EYFP signal. (B) ONL of the heterozygous Pkl-eYFP knock-in mouse shows a
faint eYFP signal, consistent with weaker Pkl expression in the ONL detected by ISH at the same age. (C) eYFP expression in a fraction of neurons in the INL.
(D) Expression of eYFP in the retinal GCL. (E—S) Immunohistochemical identification of PkI (eYFP)-expressing neurons using an anti-GFP/eYFP antibody and
additional markers. (E—G) Pkl is strongly expressed in cholinergic starburst ACs, as marked by ChAT (in red). Arrows indicate examples of starburst ACs that
are coexpressing Pkl (eYFP green) and ChAT. (H-J) Pkl-expressing amacine cells are calretinin positive. Arrows indicate colocalization of calretinin and Pk/
gene. (K—M) Pkl is weakly expressed in cells of the upper half of the INL, some of which are Islet] positive. Arrows indicate colabeled neurons. (N-P) Pkl
expression is excluded from Brn3a-labeled retinal ganglion cells (RGCs) (red). Arrows indicate Pkl expressing eYFP-positive cells (green). (Q—S) Pk! is not
detectable in Muller glia marked by glutamine synthetase (GS, red) in the INL. Arrows point to Muller glia somata (red).

in general, the dendritic branching index significantly
increased (by calculation of 25 pm surrounding area from
the soma). In vivo evidence has shown that knocking out
Fat3, a PCP component in Drosophila, causes the growth of
ectopic dendrites (12), which is consistent with shRNA knock-
down in hippocampal neurons here. As Pkl has several well-
characterized protein domains and motif, we investigated
whether these domains are critical for Pkl function in

neurons by constructing and introducing domain/motif dele-
tion constructs into cultured neurons. We observed a similar
dendritic branching phenotype to shRNA knockdown of Pkl,
which strongly suggests that these domain/motif-deleted pro-
teins function in a dominant-negative manner in competition
with wild-type Pkl. However, a direct biochemical assay
needs to be established to examine the functional properties
of each Pkl domain.
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Figure 6. Functional analysis of Pk/ in cultured hippocampal neurons. (A) Cultured hippocampal neurons transfected with a GFP construct and Pk/ shRNA.
Control GFP-transfected neurons show gross normal neuronal morphologies with certain degree of variations (control, 14 out of 16 neurons, 87.5%). Knocking
down Pkl caused aberrant axon—dendrite growth (9 out of 12 neurons, 75%). The dendrites cannot extend well and became stubby and branchy. Arrow indicates
an axon of a GFP (control)-transfected neuron. (B—E) Transfection of constructs with deletions of Pk1 key domains and prenylation motif into cultured hippocam-
pal neurons. (B) APET, 8 out of 11 neurons (72%); (C) APET/LIM, 11 out of 14 neurons (78%). (D) ALIM/CIIS, 12 out of 14 (85.7%). (E) APET/LIM/CIIS, 9 out of
11 (81%). (F) Graphic presentation of affected neurons with transfection of different mutant Pk/ DNA constructs. (G) Graphic presentation of primary dendrites



Although Pkl has been shown to be regulated by NRL previ-
ously, knockdown of Pk! in rod photoreceptors led to morpho-
logical defects in inner/outer segments and axonal terminals, but
not the cell fate. The less-extended axon terminals and stubby
inner segments in Pkl knockdown photoreceptors may also
reflect the same aspects of neuronal morphogenesis in hippo-
campal neurons. Growth of outer segments distal to the connect-
ing cilia is a key step in photoreceptor differentiation and
requires precise control of microtubule and actin filament dy-
namics at the ciliary stalk, where new outer segment morpho-
genesis takes place (33,34). A well-characterized PCP target is
the cytoskeletal system. Since knockdown of Pkl does not
seem to disrupt the initiation of ciliogenesis, which highly
relies on microtubule functioning, it is plausible that the actin as-
sembling at the ciliary stalk is compromised, which in turn
causes abnormal shape of the outer segment. The more pro-
nounced reductions of axonal terminals at the late stage of
retinal development could imply two functional aspects of
Pkl: one is to promote axonal/dendritic extension at early
stages, for instance, from P9 to P14; and second is to main-
tain/stabilize the synaptic connections at later stages, for in-
stance, from P14 to P21. The data further imply that Pkl
might not be important for synaptogenesis since synaptic con-
nection occurs actively before the mouse eye opens around
P12—-P14 (35). We did not observe any significant rhodopsin
trafficking and programmed cell death. One interpretation
could be that the general metabolic state of shRNA-transfected
photoreceptor has been slowing down such that little rhodopsin
is accumulated. Another possibility is that Pkl might affect
rhodopsin expression, as it is a potential target of NRL. NRL
is a key transcription factor regulating the expression of a
large cohort of genes required for terminal differentiation of
rods including the rhodopsin gene. Consistent with downregula-
tion of Pkl in NRL retina, NRL ChIP-Seq data identified two
binding peaks within the first intron of the Pk/ gene (36). Add-
itionally, we noticed that Pkl is also expressed in cones, which
probably functions in a similar way as in rods; however, this
might be regulated by different mechanisms from that of rods.
It will be of interest to further investigate the differential regula-
tions of PkI gene in rods versus cones in future. As complete loss
of Pkl appears to result in early embryonic lethality, future
studies employing tissue-specific and conditional gene targeting
will be needed to obtain in vivo functional insights into the role
of Pkl in the CNS.

MATERIALS AND METHODS

Histology, in situ hybridization, immunolocalization
and imaging

Procedures for preparation of flat mount retina, light micros-
copy, ISH and IHC have been described previously (4,37).
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To generate probes for ISH, C-termini of Pk/ and Pk2 comple-
mentary DNAs (cDNAs) were cloned into a pBluescript IT SK
(4) plasmid. RNA probes were synthesized using a T3 or T7
RNA polymerase. In some experiments, after completion of
color development in ISH using X-phos substrates (37), the
sections were subjected to blocking with 1X TBST containing
5% goat serum before performing IHC using standard proto-
cols. Frozen, 4% paraformaldehyde fixed retina sections
were used for IHC staining, whereas brain tissue IHC was per-
formed on 50—100 wm thick floating vibratome sections.

Antibodies and dilutions used in this study are as follows:
mouse anti-Brn3a, 1:1000 (Santa Cruz, sc-8429); mouse
anti-GFAP, 1:1000 (Millipore, MAB3402); mouse anti-Islet],
1:2000 (DSHB, 40.3A4); mouse anti-calretinin 1:1000 (MAB
1568); goat anti-ChAT 1:100 (Millipore AB144P); rat
anti-CD11b 1:200 (Millipore, MAB1387Z); rabbit anti-
phospho-histone H3, 1:150 (Cell Signaling, 9701); mouse
anti-Ki67, 1:200 (Abcam, ab8191); rabbit anti-cone arrestin,
1:500 (Millipore, ab15282); mouse anti-rhodopsin 1D4,
1:200 (ab5417); mouse anti-GS, 1:1000 (laboratories,
610518); rabbit anti-GFP 1:1000 (Torrey Pines Biolabs,
Inc, TP401); mouse anti-NeuN, 1:1000 (Millipore, MAB
377), mouse anti-myc, 1:1500 (DSHB, 9E10), mouse anti-
CNPase, 1:200 (Millipore, clone 11-5B), rabbit anti-Pkl,
1:1000 (custom-made, and a gift from Dr Bassuk), mouse
anti-MAP2, 1:1000 (Millipore, MAB3418), mouse anti-
calbindin D28, 1:2000 (Sigma, C9848, CB-955), mouse
anti-PV, 1:2000 (Swant, code No. 235), rabbit anti-Arl13B,
1:1000 (proteintech, 17711-1-AP); mouse anti-acetylated
alpha tubulin, 1:1000 (Sigma, T6793); chick anti-Rds/periph-
erin, 1:2000 (Customized). Fluorescent images were collected
using a Leica SP5 confocal microscope.

qRT-PCR and immunoblot analysis

Total RNA and protein extracts were prepared from different
stages of mouse retina. Quantitative RT—PCR and immuno-
blot analysis have been described previously (4).

Generation of Pkl mutant alleles

A Pkl gene-trap mutant strain was generated by NEI Genetic
Engineering Core. All procedures involving the use of mice
were approved by National Eye Institute Animal Care and
Use Committee. The knockout strain was engineered similar
to the ‘knocjou-first’ (38). Briefly, a gene-trap construct was
engineered with a Frt site and En2 gene splicing acceptor se-
quence (SA) preceding the eYFP reporter gene, followed by a
polyadenylation signal, loxP, PGK-neo, Frt and loxP. This
gene-trap cassette was placed into the upstream of Pkl exon
2 without disruption of its splicing acceptor (Fig. 3). A third

(green numbers in I) of different mutant Pk/ DNA constructs. There exists a trend of increased primary dendrites in average of mutant construct-transfected neurons
but with a big error range. (H) The dendritic branching in mutant construct-transfected neurons is significantly increased compared with the controls (red lines),
except for the APET/LIM/CIIS PkI construct. The index of dendritic branching is derived from counting the crossing points that a 25 pum radius circle maximally
meets with dendrites when placed outside of primary dendrites of a neuron (small red squares and numbers in I). (I) An example of counting primary dendrites
(green numbers) and dendritic branching of a APET Pkl-construct transfected neuron. Note: some crossing points with the fine dendritic arborizations in
neurons transfected with Pk/ mutant constructs are ignored for the sake of reliability in counting. (J) GFP and Map?2 (red) labeled a control neuron showing den-
drites (yellow arrows) and axon(s) (white arrows). (K) GFP and Map2 labeled neurons transfected with APET/LIM/CIIS.
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Figure 7. Rod photoreceptor defects in Pk/ shRNA electroporated retina in vivo. (A). Shortened inner/outer segments (above dashed lines) and a reduced number
of axon terminals at P9 caused by Pk/ shRNA (arrows in the inner plexiform layer, IPL). (B) Similar defects are observed at P14 compared with P9. (C). Severe
defects in both inner/outer segments and synaptic terminals at P21 (dashed lines and arrows). (D) (a) A significant decrease of inner/outer segments’ length in
shRNA electroporated retina at different ages. A length index is generated by measuring the inner/outer segments of GFP-positive photoreceptors using ImageJ.
(b) A significant decrease of synaptic terminals in shRNA-electroporated retina at different ages. The axon/synaptic terminal index is the ratio of GFP dots in the
OPL to the total GFP-positive cells on the section, multiplied by a factor of “100”. (c) Progressed reduction of axonal terminals in sShRNA electroporated retinas
occurs between P14 and P21, but not P9 and P14. The original data used to plot the graph are the same as in (b). (E) Acetylated alpha tubulin (red) stains cilia in
both control and Pk/-shRNA photoreceptors (green). (F) PkI-shRNA rods (green) do not change to cones (red) identified by cone arrestin. (G) Pkl-shRNA

photoreceptors still express rhodopsin (above the short lines).

loxP was then placed right after exon 2, which is used for the
generation of a conditional knockout allele later. The engi-
neered allele was named Pk/ gene-trap allele, in which
eYFP reporter expression is under the control of an endogen-
ous Prickle 1 promoter. Upon a complete excision by Cre, this

allele is converted to a straight knockout carrying eYFP re-
porter. The Sox2-Cre transgenic line (JAX laboratory) was
used to cross with the gene-trap allele.

Southern analysis was used to identify the F1 knock-in Pk/
gene-trap allele using a 5’ probe outside of the left arm after



Xhol site. Xhol was used for digesting the genomic DNA that
was transferred to Amicon nylon membrane for Southern hy-
bridization using o®*P dCTP labeled probes as described (5).
Labeled probes detected 8.8 and 5.9 kb DNA fragments,
which corresponded to the wild-type and mutant alleles, re-
spectively. CL-pkl-7 (pl) and CL-pkl-8 (p2) primer pair
was used to genotype the Pkl straight knockout allele,
giving a 610 bp product. Neo (p3) and CL-pkl-6 (p4) pair
was used to genotype the Pkl gene-trap allele, giving a
650 bp product. PCR procedure was as follows: 94°C 1 min;
35 cycles: 94°C 30, 60°C, 30s; 72°C 45s; 72°C 10 min.
Genotyping primers: CL-pkl-6: ACCCATGCATACTCTT
CAAGTGCACAG; CL-pkl-7: ATCACTCTCGGCATGGAC
GAGCTGTACAAG; CL-pkl-8: GTTGTCAAAGGCCATGT
TTATCAGCAAC; Neo: ATCGCCTTCTTGACGAGTTCTT
CTGA.

Pk1 shRNA and deletion constructs

A DNA primer used for generating Pk/ shRNA is as follows
(the targeted sequence is underlined): 5'-GGCAGCACTGGC
ACGCCACAAAGCTTTGTGGCGTGCCAGTGCTGCCCTT
TTTG-3'. The embedded HindIII site (bold in sequence) was
used for the hairpin structure. The oligomer DNA was cloned
into the pBS/U6 vector with an U6 promoter (39). Pkl deletion
constructs were made using a set of PCR primers to put together
the desired Pk! cDNA fragments, a myc-tag and an optimized
Kozak sequence into the pRKS vector with a CMV promoter.
A Pkl cDNA clone was originally purchased from Open
Biosystems.

Tissue culture and DNA transfection

HEK293 cells were cultured in DMEM/F12 (Invitrogen, Cat.
12660-012) medium with supplement of 10% FBS and peni-
cillin/streptomycin (Invitrogen, Cat. 15070-063). Transfec-
tions were performed using FuGENE 6, as recommended by
the manufacturer (Roche, 11814443001). Five nanograms of
shRNA were applied to 2 x 10* cells for evaluating shRNA
knockdown efficacy (Fig. 6A); 100 ng DNA was used for ex-
pression of Pkl deletion constructs. Cells were grown on
poly-p-lysine-coated coverslips, methanol-fixed after 48 h trans-
fection and stained with anti-myc and/or anti-Pk1 antibody.

The hippocampal neuronal culture primarily followed the
published protocol (28), with some modifications. Briefly,
astrocytes were prepared separately from the mouse cerebral
cortex at PO, cultured for 7 days, split into 24-well dishes at
2 x 10* cells per well, grown for 3 days in glia medium
and then changed into neuronal culture medium. Freshly
dissociated hippocampal neurons were plated on 12 mm
poly-p-lysine coated coverslips in a 24-well dish with 3 to 4
wax posts on the cell growing surface. After 3 to 4 h, cover-
slips with settled hippocampal neurons were transferred into
24-well dishes of feeder glial cells with the wax posts facing
the feeder glia. Neurons were cultured on day 3, transfected
with DNA constructs using Lipofectamine 2000 (Invitrogen,
11668-019). Coverslips were flipped with neurons facing up
during the transfection and flipped back afterwards. Neurons
were continually cultured on day 7. Coverslips with cells
were fixed with methanol for IHC.
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In vivo electroporation in mouse retina

Retinal electroporation was essentially performed as described
(36). Eyes of PO CD1 pups (Charles River Laboratories) were
injected with DNA constructs containing Pk/ shRNA into the
sub-retinal space, followed by in vivo electroporation with
BTX EC M830. pUb-GFP plasmids were coinjected and elec-
troporated into mouse retina for tracking the transfection effi-
ciency and to analyze photoreceptor morphology.

Quantification neuronal processes

For cultured neurons, primary dendrites and dendritic branch-
ing were quantified. The dendritic branching index is derived
from counting the crossing points that a 25 wm radius circle
maximally meets with dendrites when placed outside of
primary dendrites of a neuron. The more the crossing points
are, the more complex the dendritic branching is. Some cross-
ing points with the fine dendritic arborizations in neurons
transfected with Pkl mutant constructs are subjectively
ignored for achieving more reliable data (Fig. 6I). For quanti-
fying the length of inner/outer segments of the photoreceptors,
a length index is generated by measuring the inner/outer seg-
ments of GFP-positive photoreceptors using Image]. The
length is, therefore, in pixels, which is not calibrated to the
real length.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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