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A Unique Role for Protocadherin yC3 in Promoting Dendrite
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The establishment of a functional cerebral cortex depends on the proper execution of multiple developmental steps, culminat-
ing in dendritic and axonal outgrowth and the formation and maturation of synaptic connections. Dysregulation of these
processes can result in improper neuronal connectivity, including that associated with various neurodevelopmental disorders.
The y-Protocadherins (y-Pcdhs), a family of 22 distinct cell adhesion molecules that share a C-terminal cytoplasmic domain,
are involved in multiple aspects of neurodevelopment including neuronal survival, dendrite arborization, and synapse devel-
opment. The extent to which individual y-Pcdh family members play unique versus common roles remains unclear. We dem-
onstrated previously that the y-Pcdh-C3 isoform (yC3), via its unique “variable” cytoplasmic domain (VCD), interacts in
cultured cells with Axinl, a Wnt-pathway scaffold protein that regulates the differentiation and morphology of neurons.
Here, we confirm that yC3 and Axinl interact in the cortex in vivo and show that both male and female mice specifically
lacking yC3 exhibit disrupted Axinl localization to synaptic fractions, without obvious changes in dendritic spine density or
morphology. However, both male and female yC3 knock-out mice exhibit severely decreased dendritic complexity of cortical
pyramidal neurons that is not observed in mouse lines lacking several other y-Pcdh isoforms. Combining knock-out with res-
cue constructs in cultured cortical neurons pooled from both male and female mice, we show that yC3 promotes dendritic
arborization through an Axinl-dependent mechanism mediated through its VCD. Together, these data identify a novel mech-
anism through which yC3 uniquely regulates the formation of cortical circuitry.
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The complexity of a neuron’s dendritic arbor is critical for its function. We showed previously that the y-Protocadherin (y-Pcdh)
family of 22 cell adhesion molecules promotes arborization during development; it remained unclear whether individual family
members played unique roles. Here, we show that one y-Pcdh isoform, yC3, interacts in the brain with Axinl, a scaffolding pro-
tein known to influence dendrite development. A CRISPR/Cas9-generated mutant mouse line lacking yC3 (but not lines lacking
other y-Pcdhs) exhibits severely reduced dendritic complexity of cerebral cortex neurons. Using cultured yC3 knock-out neurons
and a variety of rescue constructs, we confirm that the -yC3 cytoplasmic domain promotes arborization through an Axinl-depend-
Kent mechanism. Thus, y-Pcdh isoforms are not interchangeable, but rather can play unique neurodevelopmental roles. /
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Introduction

Cell-cell interactions mediated through adhesion molecules are
critical for the establishment of properly functioning neuronal
circuits (Sanes and Zipursky, 2020). The mammalian clustered
Protocadherin (cPcdh) family, comprising over 50 adhesion mol-
ecules encoded by the Pcdha, Pcdhb, and Pcdhg gene clusters,
contributes to molecular diversity at neuronal cell surfaces (Peek
et al., 2017; Mountoufaris et al., 2018). Each cPcdh gene encodes
6 cadherin-like extracellular (EC) domains, a transmembrane
domain, and a unique, variable cytoplasmic domain (VCD); a
shared, C-terminal “constant” domain is encoded by three small
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exons to which each “variable” exon is spliced (Wu and Maniatis,
1999; Wu et al., 2001; Tasic et al., 2002; Wang et al., 2002a). The
cPcdhs mediate homophilic trans-interactions via antiparallel EC1-
4 contacts, while promiscuous cis-interactions are mediated by
EC5-EC6. cPcdh interactions allow for zipper-like interfaces to
form between cell surfaces, depending on the degree to which iso-
form repertoires match (Schreiner and Weiner, 2010; Thu et al,
2014; Nicoludis et al., 2015; Rubinstein et al., 2015; Goodman et al.,
2016).

The 22-member 7y-Pcdh family is critically important for
multiple facets of neurodevelopment, including synapse forma-
tion/maturation (J.A. Weiner et al., 2005; Garrett and Weiner,
2009; Molumby et al,, 2017; LaMassa et al., 2021; Steffen et al.,
2021), dendrite self-avoidance (Lefebvre et al., 2008, 2012; Ing-
Esteves et al., 2018), axon arborization (Prasad and Weiner,
2011; W.V. Chen et al., 2017), interneuron survival (Wang et al.,
2002b; Prasad et al., 2008; Ing-Esteves et al., 2018; Carriere et al.,
2020; Mancia Leon et al., 2020), and dendrite arborization
(Garrett et al., 2012; Suo et al.,, 2012; Keeler et al., 2015a, b;
Molumby et al., 2016). While most studies have focused on roles
of the entire y-Pcdh family, increasing evidence supports iso-
form-specific functions for the three “C-type” isoforms that are
more broadly and highly expressed than others. yC5 interacts
with the GABA, receptor (Li et al., 2012) and regulates synaptic
dysfunction in mouse models of Alzheimer’s disease (Li et al.,
2017). yC4 specifically regulates neuronal survival in the spinal
cord and retina, and is the only y-Pcdh required for postnatal
survival in mice (Garrett et al, 2019). Finally, we identified a
unique interaction between the yC3 VCD and the DIX domain
of Axinl (Mah et al., 2016), a scaffolding protein first identified
as important for axis formation in mouse embryos (Zeng et al.,
1997). In addition to its role in Wnt signaling, Axinl mediates
key steps in neurodevelopment (Luo and Lin, 2004; Ye et al.,
2015), including neurogenesis (Fang et al., 2013) and axon for-
mation (Fang et al., 2011). Knock-down of Axinl in cultured
hippocampal neurons reduces dendritic arbor complexity, which
could be rescued by overexpression of Cdc42 (Y. Chen et al,
2015). Here, we investigated whether yC3 mediates important
isoform-specific roles in cortical development via Axinl.

We used CRISPR/Cas9 genome editing to create a mouse line
(Pedhg™ ) lacking the yC3 isoform because of disruption of the
Pcdhge3 variable exon, but retaining expression of the other 21
v-Pedhs. C3KO mice exhibit significant reductions in synapse-
associated Axinl and Cdc42 that were not associated with altered
dendritic spine density or morphology. C3KO mice, but not Pcdhg
mutant lines lacking a variety of other isoforms, exhibit significant
reductions in the complexity of Layer V neurons in vivo and mixed
cortical neurons in vitro. By re-expressing full-length or truncated
vC3 in cultured C3KO neurons * knock-down/overexpression
of Axinl, we identified a mechanism by which yC3 VCD-Axinl
interactions promote dendritic arborization. Together, our data
(1) confirm a specific interaction between yC3 and Axinl in the
cortex in vivo; (2) demonstrate that the previously-identified role
for y-Pcdhs in dendrite arborization is due largely to the yC3
isoform; (3) support the importance of yC3-Axinl interactions
for normal dendrite arborization in cortical neurons; and (4)
reveal that the 22 y-Pcdhs are not functionally interchangeable,
but play crucial isoform-specific roles.

Materials and Methods

Animals
All experiments included both male and female animals and were con-
ducted in accordance with the University of Iowa’s Institutional Animal
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Care and Use Committee and National Institutes of Health guidelines.
All mice were healthy, not involved in previous procedures, naive to
treatment, and kept under standard housing and husbandry conditions
with food and water provided ad libitum and 12/12 h light/dark cycles.
All control and mutant mice were on a C57BL/6] background. The spe-
cific targeting of the Pcdhgc3 variable exon used CRISPR/Cas9 genome
editing. An sgRNA (5'-GGCTTACCAGTCCGCTGCTCCGG-3', com-
plementary strand sequence, PAM site underlined) was used. The PAM
site is in the 5th and 6th codons of the open reading frame, such that a
double-stranded break and imprecise repair by nonhomologous end
joining would create a small frame-shift deletion just downstream of the
initiator codon. The guide (50 ng/pl) and Streptococcus pyogenes Cas9
mRNA (100 ng/pl) were microinjected into C57BL/6] zygotes, which
were subsequently implanted into pseudopregnant female C57BL/6]
mice. Founders were identified by PCR genotyping, and one foun-
der carrying the 13-base pair (bp) deletion described (Fig. 1B) was
bred to wild-type (WT) C57BL/6] mice for two generations to elimi-
nate mosaicism and possible off target effects. Mice were genotyped
via PCR using primers spanning the CRISPR cut site (C3KO for-
ward: 5'-CCGGGATGAGGCAGAGACTGAA-3" and C3KO reverse:
5'-ACTCCCACCGTTCTCCAGG-3’). The 13R1 and C4KO mutants
were generated through a shotgun CRISPR/Cas9 genome editing
screen performed at The Jackson Laboratory gene targeting facility
and have been extensively described and characterized previously
(Garrett et al., 2019). Control mice for C3KO mice were C57BL/6]
wild-type littermates. Experiments with C4KO and 13RI lines used
trans-heterozygotes to avoid neonatal lethality observed in homozy-
gotes: genotypes of experimental animals were EmxI-Cre;C4KO™'™;
Pcdhg’f“"d/+ and mel-Cre;lSRl+/7,'Pcclh(g’fc"’73/4r and controls were
Emx1-Cre; Pcdhg’co"3/+. EmxI-Cre mice (Gorski et al., 2002) were
obtained from The Jackson Laboratory (https://www.jax.org/strain/
005628), as was the Thyl-YFPH line (Feng et al., 2000) used for neu-
ronal tracing (https://www.jax.org/strain/003782). The Pcdhg™"* al-
lele has been previously described and extensively characterized in
prior publications (Prasad et al., 2008; Garrett et al., 2012; Molumby
et al., 2016, 2017; Steffen et al., 2021)

Plasmids

Full-length, HA-tagged yC3, yC3Acyto, yC3Acon, and yC3Aecto
expression constructs, as well as the yC3-VCD expression con-
struct, have been previously described (Schreiner and Weiner, 2010;
Mah et al., 2016). Full-length, HA-tagged mouse Axinl, Axinl
shRNA, and scramble shRNA constructs were a kind gift from
Nancy Ip and were previously described (Y. Chen et al., 2015). The
zebrafish-derived CAAX-Axinl (DIX domains, critical for yC3-
Axinl interaction (Mah et al., 2016), are ~93% conserved between
zebrafish and mouse) construct was a gift from Doug Houston pre-
viously described (Schneider et al., 2012).

Tissue preparation and immunofluorescence

Tissues from control and knock-out animals were prepared using two dif-
ferent methods: (1) tissue was dissected, immersed in Tissue-Tek OCT
compound (Sakura Finetek) and snap frozen in isopentane cooled in a dry
ice/ethanol bath; or (2) tissue was fixed in 4% paraformaldehyde (PFA) by
transcardial perfusion followed by immersion overnight in the same fixa-
tive at 4°C. For cryostat sectioning, fixed tissues were sucrose sunk in 30%
sucrose in PBS at 4°C, and immersed in Tissue-Tek OCT compound and
frozen in isopentane cooled in a dry ice/ethanol bath. Cryostat sections
were cut at 15 pm and thawed onto gelatin-subbed slides. For immunoflu-
orescence, briefly, sections were rehydrated, blocked with 2.5% BSA, 0.1%
Triton X-100 in PBS, and incubated with primary antibody overnight at
4°C in the same solution. The next day, sections were washed with PBS
and incubated with fluorophore-conjugated secondary antibody for 1 h at
room temperature (RT). Slides were then washed and DAPI added to the
final wash to stain nuclei. FluoroGel (Electron Microscopy Sciences) was
used to mount coverslips over the sections.

Image collection and analysis of dendritic spine morphology
Control and mutant mice harboring the ThyI-YFPH allele were perfused
transcardially with 4% paraformaldehyde (PFA) at five weeks of age.
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Generation of the (3KO mouse. A, Schematic representation of: the mouse Pcdhg locus, comprising 22 variable exons (yA-types: blue, -yB-types: cyan, and yC-types: dark blue)

which are spliced to three constant exons (red); the Pcdhg®™* locus, with frameshift deletion in the 3 variable exon indicated by a red asterisk; and the (3 protein domain structure, with
six extracellular cadherin repeats, a transmembrane domain, and a short variable cytoplasmic domain (all encoded by the variable exon) followed by a shared cytoplasmic domain (encoded by
the three constant exons). B, Start of the mouse Pcdhgc3 gene with protein translation. A 13-bp deletion in the (3KO allele results in a frameshift, leading to an early stop codon. C,
Quantitative PCR performed on cortical (DNA for multiple cPcdh genes shows specific loss of the (3 isoform (no signal using a forward primer spanning the deletion; reduced transcript levels
using a forward primer at the 3" end of the variable exon), while other cPcdh and overall Pcdhg expression remain unaltered. Data are presented as relative mRNA as compared with GAPDH.
= SEM from six individual animals. A two-way ANOVA with Bonferroni post hoc test was performed to assess statistical significance. ****p <0.0001. D, Western blottings from cortical lysates
show no (3 expression in the (3KO, while expression of other y-Pcdhs remain largely unaltered. E, F, Cryosections of adult (3KO, and control ST cortices were stained with multiple layer-
spedific and cell type-specific markers, which indicate grossly normal cell types and morphology in (3KO mice, save for a somewhat thinner Layer |, suggesting a loss of apical dendritic tufts as

was seen for complete Pcdhg cluster KO mice (Garrett et al., 2012). Scale bar: 100 pm.

Brains were then immersed in 4% PFA overnight. Fixed brains were
then embedded in 2% agarose before being vibratome sectioned into
150-pum coronal sections. Images were collected and dendritic spine
morphometrics were analyzed as previously reported (Anderson et al.,
2020), with slight modifications. Basal dendritic segments (50-200 pm
from the soma) of Layer V pyramidal neurons from the S1 cortex were
collected using a 100 objective (N.A. of 1.4) on a Leica TCS SPE confo-
cal microscope via the Leica LAS X software. Z-stacks were collected in
the z-dimension with a step size of 0.1 pm. Z-stacks were deconvolved
with Huygens Essential software using the Standard mode of the Express
Deconvolution function. Images were saved as 16-bit TIFFs and opened
in NeuroLucida 360 software for three-dimensional analysis. Pixel
dimensions (0.07 x 0.07 x 0.10 pum) were entered to override the default
x and y scaling. Dendritic segments were traced using the Rayburst Crawl
user-guided method. To ensure that the tracing encompassed the whole
segment, the thickness of the tracing was manually adjusted. Dendritic
spines were semi-automatically detected using the following user-defined
parameters. Outer range: 3 im; minimum height: 0.3 pm; detector sensi-
tivity: 95%; minimum count: 20 voxels. Detected spines were character-
ized by morphologic subtype using the following parameters: thin or

mushroom spines were characterized if the head-to-neck ratio was >1.1,
with spines having a head diameter >0.35um classified as mushroom,
and otherwise were considered thin. Spines with a head-to-neck diameter
ratio of <1.1 were also classified as thin if the spine length-to-neck diam-
eter ratio was >2.5, otherwise they were classified as stubby. Classified
spines were then viewed in NeuroLucida Explorer, where spine density
and various morphometric details, including dendritic spine surface area
and volume were obtained using the Branch Structure analysis.

Image collection and analysis of dendrite arborization

Control and mutant mice harboring the ThyI-YFPH allele were perfused
transcardially with 4% paraformaldehyde (PFA) at three and six weeks
of age. Brains were then immersed in 4% PFA overnight. Fixed brains
were then embedded in 2% agarose before being vibratome sectioned
into 200-pm coronal sections. Images were collected from Layer V py-
ramidal neurons from the S1 cortex using a 20x objective on a Leica
TCS SPE confocal microscope via the Leica LAS X software. Z-stacks
were 100 pm in the z-dimension with a step size of 0.5 pm. Individual
neurons were traced using FIJT's Simple Neurite Tracer plugin, Sholl
analysis was conducted for each individual neuron using the Sholl
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Analysis plugin. Area under the curve for each neuron was calcu-
lated and statistical significance was tested using one-way ANOVA
with Bonferroni-corrected post hoc tests using Prism (GraphPad).

Layer I thickness measurements

Tissue was prepared and collected as described above for cryostat sec-
tioning. Cryostat sections were briefly dried and then stained with
DAPI. Images collected using a 10x objective from the M1/S1 region of
the cortex in C3KO or WT sections were imported into FIJI. A perpen-
dicular line from the cell body-rich Layer II to the pial surface of the
brain was drawn and measured in microns. Measurements were made at
six mediolateral points throughout the dorsal cortex in each brain sec-
tion, and these measurements were averaged to obtain one number per
section. Thirty-two to 48 brain sections were analyzed across three ani-
mals per genotype. Statistical analysis was performed using Student’s ¢
test in Prism (GraphPad).

Cortical neuronal cultures

Cultures were prepared from control or knock-out animals as
described in (Garrett et al., 2012) with some modifications. In brief,
cortices were isolated from postnatal day (P)0 animals, and treated
with a papain enzyme solution (20 U/ml) for dissociation. The tissues
were rinsed briefly in a light inhibitor solution (1 mg/ml trypsin in-
hibitor, 1 mg/ml BSA) and were then transferred to a heavy inhibitor
solution (10 mg/ml trypsin inhibitor, 10 mg/ml BSA). The tissues
were then transferred to plating media solution (Basal Medium Eagle,
5% FBS, Glutamax, N2 supplements, and 1% penicillin/streptomy-
cin). Cells were triturated in plating media solution and plated onto
German cover glass coated with Matrigel (Corning) at a density of
250,000-300,000 cells per coverslip. After 4 h, and every 2d subse-
quent, media were changed to Neurobasal media supplemented with
Glutamax, N21-MAX media supplement (R&D Systems) or B27-Plus
(Invitrogen) and 1% penicillin/streptomycin (100 U/ml). Transfections
were performed with Lipofectamine 2000 at 1 or 2d in vitro (DIV) in
Neurobasal media without antibiotics. Each coverslip was incubated
with 0.5-pg total plasmid DNA or 15 pmol shRNA plasmid and 1-pl
Lipofectamine 2000, mixed in OptiMEM according to manufacturer’s
instructions for 4 h, before being changed back to regular complete
Neurobasal media. For Western blottings of cortical cultures, neurons
were nucleofected using an Amaxa Nucleofector at the time of dissoci-
ation according to manufacturer’s protocols for the Mouse Neuron
Nucleofection kit (Lonza) and program G-013. Nucleofected neurons
were plated at 1000,000 cells per coverslip and lysed for Western blot-
tings as detailed below.

Immunoprecipitation

Cortical lysates for immunoprecipitation were prepared from control
and knock-out animals at 21d of age. Cortical tissue was homogenized
in mild lysis buffer (50 mm tris-HCI, pH7.4, 150 mm NaCl, 25 mm NaF,
1% Triton X-100) using a Wheaton overhead-stirrer. Protein concentra-
tions were calculated using the Pierce BCA protein assay, and were sub-
sequently diluted to equal amounts before preclearing with 20 pl of
Pierce Protein A/G Agarose Beads. Samples were precleared by rotating
at 4°C for 30 min. Results shown are representative of three to four
experiments using different cortical lysates.

Synaptosome preparations

Cortices were dissected from mice at three weeks of age. Tissues were
then homogenized in Syn-Per Synaptic Protein Extraction Reagent
(Thermo) supplemented with Protease and Phosphatase inhibitors using
a Dounce homogenizer (1-ml Syn-Per for 100 mg of cortical tissue).
Homogenized tissues were centrifuged at 1200 x g for 10min at 4°C.
The resulting supernatant was then centrifuged again at 15,000 x g for
20 min at 4°C. The supernatant (cytoplasmic fraction) was collected for
analysis. The pellet (synaptosome fraction) was resuspended in more
Syn-PER reagent (250 pl of Syn-Per reagent for 100 mg of starting tis-
sue). Protein concentrations of both cytoplasmic and synaptic fractions
were quantified using Pierce BCA Protein Assay. Samples were diluted
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Table 1. List of primers used for quantitative PCR

Primer name Primer sequence (5" —3')
Pedh-a(R F AGAGCAGGCATGCACAGC
Pcdh-aR R GACTGTTTGGGGTTGCC

Pcdh-B22 F AACTATGGTAGGCAACCAGATGATC
Pcdh-B22 R GAATACAGAGAGCGAAATGTGACG
Pcdh-yA3 F (TCAAGATTTACTTGAAACGAAAGAAGACC
Pcdh-yB2 F CAGGTACTCTTGGAGACAC
Pcdh-yB7 F GGCACTGTTGGCTAGTATTTTAACTC
Pcdh-yA10 F CTTTGTTAGATGATTCCAAGTGTCCTG
Pedh-y@3 F CCTGTGTTCTATAGACAGGTGTTG
Pcdh-yC4 F GTCCACCCTCTGATCTTCTC
Pedh-yC5 F GTTCCCGCTCTAGTACGCTG
Pcdh-yA~C5 R CAGGTGCCAGTTTCATCACC
Pcdh-y(R F (TGGCGTTTCTCTCAAGCCC
Pcdh-y(R R CATGGCTTGCAGCATCTCTG

GAPDH F AATGTGTCCGTCGTGGATCT

GAPDH R GTTGAAGTCGCAGGAGACAA

to a concentration of 2 pg/pl in Laemmli buffer and boiled for 10 min at
95°C. Samples were analyzed by SDS/PAGE and Western blotting.

SDS/PAGE and Western blottings

Protein samples of equal amounts were loaded into TGX precast gels
(Bio-Rad) and separated via SDS/PAGE and transferred onto nitrocellu-
lose membranes using a TransBlot Turbo System (Bio-Rad). After protein
transfer, membranes were blocked in 5% nonfat milk in Tris-buffered
Saline with 0.1% Tween 20 (TBST) for at least 1 h. Membranes
were then washed three times for 5 min in TBST. Primary antibod-
ies were diluted in 5% TBST and membranes were incubated over-
night at 4°C. Blots were once again washed three times for 5min.
The membrane was then incubated for at least 1 h in horseradish peroxi-
dase (HRP)-conjugated secondary antibodies diluted into 5% nonfat milk
in TBST. Signals were detected using SuperSignal West Pico or Femto
Enhanced Chemiluminescent Substrates (Thermo Fisher Scientific) on a
LI-COR Odyssey FC imager.

Quantitative PCR

Cortical tissue was isolated and used for RNA isolation using TRIzol
reagent (ThermoFisher) according to manufacturer’s protocol. Three
ng of total RNA was used for cDNA synthesis using SuperScript II
Reverse Transcriptase (ThermoFisher). The ¢cDNA produced was
diluted 1:10 for use with Power SYBR Green Real-Time PCR Master
Mix (ThermoFisher) with the primers listed in Table 1. A Roche
LightCycler instrument was used to carry out qPCR reactions.

Retina immunostaining

Retinas were stained as described previously (Garrett et al., 2016). For
whole mounts, eyes were removed and punctured with a needle, then
fixed overnight by immersion in 4% PFA. Retinas were dissected from
the eye and rinsed in PBS, then stained in primary antibodies diluted in
2.5% BSA with 0.5% Triton X-100 for 2-4d at 4°C. The longer staining
time was used for ChAT labeling. They were then rinsed extensively
before labeling with secondary antibody overnight in the same diluent.
For sectioning, fixed eyes were dissected to remove the front of the eye
and the lens, cryopreserved in 30% sucrose, and frozen in Tissue-Tek
OCT; 12-pm sections were cut on a cryostat, then stained on the slide
with primary antibody diluted in blocking solution for 48 h at 4°C, rinsed
in PBS, and labeled with secondary antibody for 1 h at room temperature.

Image analysis
For cell density, cells positive for the indicated markers were manually
counted in Image] using the Cell Counter plugin and used to calculate
cell density. Densities from two to four images per retina were averaged,
and 6 retinas per genotype were compared using Student’s ¢ test.

For self-avoidance, loss of self-avoidance in starburst amacrine cells
(SAGs) results in larger gaps between dendrites labeled with antibodies
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against ChAT (Kostadinov and Sanes, 2015). This was assayed in both
the OFF and ON SAC strata using two methods. First, an observer blind
to genotype manually chose and measured the seven largest interden-
dritic areas from each image in Image]. These seven values were aver-
aged per retina, and 6 retinas per genotype were compared using
Student’s ¢ test. Second, images were compared using a custom web-
based program and an Elo algorithm as described previously (Garrett et
al,, 2016). Users, blind to genotype, were instructed to compare two
images and choose which had more evenly distributed dendritic cover-
age (i.e., smaller individual interdendritic spaces). Two random images
were presented, and the user clicked on his or her choice. After choosing,
a new pair of images was presented. An image’s score was updated after
each matchup according to the following Elo algorithm:

SCOY€pe,, = SCOT€yy 10(outcomefexpected).

The value for outcome is 1 for a win and 0 for a loss, while expected is
a value between 0 and 1, determined by the difference in score between
the two images entering the matchup. For a matchup between images A
and B, expected for image A is described by the following formula:

Scoreg—scoreq *

1+ 10 200

expected, =

The image set was scored by six to eight users. Scores from each indi-
vidual retina were averaged (two to four images per retina), and these
retinal mean scores were used to compare across genotypes using a pair-
wise Wilcoxon ranked sum test.

Experimental design and statistical analysis

Statistical analysis was performed using GraphPad Prism 9 software.
Data points for Western blotting graphs represent individual animals,
data points for dendritic arborization graphs represent individual neu-
rons, and data points for dendritic spine graphs represent individual
dendritic segments. However, for statistical tests, the unit used was indi-
vidual animals in all cases. Unpaired ¢ test was used for comparisons
between two groups. One-way ANOVA with either Bonferroni or
Dunnett’s post hoc test was used to correct for multiple comparisons
when three or more experimental groups were compared. Pairwise
Wilcox ranked sum test was used for SAC self-avoidance analysis.

Antibodies

Primary antibodies and associated information used for this study are
found in Table 2. Secondary antibodies were conjugated with Alexa-488,
Alexa-568, or Alexa-647 (1:500, Invitrogen) or HRP (1:1000-1:5000,
Jackson ImmunoResearch).

Results

Generation and validation of a Pcdhgc3 knock-out mouse

To investigate the role of Pcdhgc3 during cortical develop-
ment, we used CRISPR/Cas9 genome editing to generate a
yC3 knock-out mouse (Pcdhg“**©) by targeting the 5" end of
its variable exon (Fig. 1A). The resulting mutation generated a
13-base pair (bp) deletion introduced into Pcdhgc3 8 bp after
the transcriptional start site, which created a frameshift result-
ing in a stop codon after 6 amino acids (Fig. 1B). Pcdhg<*<°
(hereafter, C3KO) mice were viable, fertile, and exhibited no
outward morphologic defects. To confirm that discrete muta-
tion of the Pcdhgc3 variable exon did not influence the expres-
sion of other cPcdh genes, we used qPCR. While we found the
expected nonsense-mediated reduction of cortical Pcdhgc3
transcripts (using a forward primer in the 3’ end of the yC3
variable exon; no signal was found using a forward primer
covering the deletion site), there were no significant reduc-
tions in Pcdha transcripts encoding a-Pcdhs (using primers to
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Table 2. Primary antibodies used in these studies

Antibody Host  Concentration Company RRID
Tyrosine hydroxylase Sheep  1:500 Millipore AB_11213126
bNOS Rabbit  1:500 Sigma-Aldrich AB_260796
Melanopsin Rabbit  1:1000 Advanced Targeting AB_126799
Systems
VGLUT3 Guinea 1:10,000 Millipore AB_2187832
Pig
PKCor Rabbit  1:1000 Sigma-Aldrich AB_477345
ChAT Goat  1:400 Millipore AB_2079751
Glyt1 Goat  1:500 Millipore AB_90893
Calbindin Rabbit  1:500 Millipore AB_2068336
PKARIIB Mouse  1:500 BD Biosciences AB_397957
Pan-y-Pcdh N159/5 Mouse  1:500 UC Davis/NIH NeuroMab AB_2877195
Pan-y-Pcdh-A N144/32  Mouse 1:500 UC Davis/NIH NeuroMab AB_2877459
y-Pcdh-B2 N148/30 Mouse  1:500 UC Davis/NIH NeuroMab AB_2877457
7y-Pcdh-C3 N174B/27 ~ Mouse  1:500 UC Davis/NIH NeuroMab AB_2877444
[ -Tubulin Mouse  1:500 Sigma-Aldrich AB_477577
NeuN Mouse 1:500 Millipore AB_2298772
(tip2 Rat 1:200 Abcam AB_2064130
Cux1 Rabbit  1:100 Santa Cruz AB_2261231
Biotechnology
Parvalbumin Mouse  1:400 Sigma-Aldrich AB_477329
GFAP Mouse  1:500 Sigma-Aldrich AB_477010
(leaved caspase-3 Rabbit  1:500 Cell Signaling AB_2341188
Axin1 Rabbit  1:500 Cell Signaling AB_2274550
(dc42 Mouse  1:500 Cytoskeleton Inc. AB_10716593
B-Actin Mouse  1:1000 Cell Signaling AB_2242334
PSD-95 Mouse  1:1000 Cell Signaling AB_2721262
GFP Chicken 1:500 Thermo Fisher AB_2534023
HA Rat 1:500 Roche AB_390918
HA Rabbit 1:250 Cell Signaling AB_1549585
FoxP2 Rabbit  1:4000 Abcam AB_2107107
Pax2 Rabbit  1:200 Thermo Fisher AB_2533990
Neurofilaments (SMI-312) Mouse 1:1000 Covance AB_2314906

the a constant exons), in transcripts encoding B-Pcdh-22 (the
Pcdhb cluster contains no constant exons, so we used this gene
as a proxy), yA3, yAl0, yB2, yB7, yC4, yC5, or in the Pcdhg
cluster as a whole (using primers to the Pcdhg constant exons;
Fig. 1C; ANOVA with Bonferroni’s multiple comparison tests;
all nonsignificant p values > 0.9999, ***p values < 0.0001,
six animals per genotype). This is consistent with our prior
analysis of an allelic series of Pcdhg CRISPR mutants (Garrett
et al,, 2019) in which expression of remaining functional vari-
able exons was maintained. Western blotting of cortical lysates
from C3KO and wild-type littermates with multiple specific
monoclonal antibodies confirmed the loss of yC3 protein,
with the expected maintained expression of other y-Pcdh pro-
teins (Fig. 1D). Histologically, the adult cerebral cortex did
not display any gross disorganization, with evidence of normal
neuronal density and no change in apoptosis as assessed with
immunostaining for cleaved caspase-3 (Fig. 1E). However, as
we found previously for mice lacking all 22 y-Pcdh isoforms
(Garrett et al., 2012), C3KO mice exhibited a small but signifi-
cant reduction in the extent of the cell-sparse, dendritic pro-
cess-rich Layer I (Fig. 1F; t test; *p=0.019, three mice and
32-48 sections per genotype).

Many neuronal populations in the spinal cord and retina
undergo excessive apoptosis in mice lacking all 22 y-Pcdhs
(Wang et al.,, 2002b; J.A. Weiner et al., 2005; Lefebvre et al.,
2008; Prasad et al., 2008). In recent work, we presented evi-
dence that the yC4 isoform was uniquely important for main-
taining neuronal survival in the spinal cord and retina (Garrett
et al,, 2019). To confirm this, we analyzed these tissues in the
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(3KO mice do not exhibit increased apoptosis of spinal interneurons. A, Cryosections of PO spinal cords from control and (3KO pups immunostained for the indicated markers

(green) and counterstained with DAPI for nuclei (blue). Scale bar: 200 pum. No gross abnormalities of the spinal cord (previously observed in complete Pcdhg null mutants; Wang et al., 2002b;
Prasad et al., 2008) were observed in (3KO mutants, nor were any alterations in the number of FoxP2-labeled ventral interneurons (B), C(3-labeled apoptotic cells (C), or Pax2-labeled dorsal

and ventral interneurons (D). ns = not significant.

C3KO mouse line. Consistent with Garrett et al. (2019), C3KO
neonatal spinal cords exhibited no gross morphologic alterations
with no increase in apoptotic cells or loss of particular inter-
neuron populations (Fig. 2; ¢ test; all ns, p = 0.14-0.44; three ani-
mals and 25-36 sections per genotype). Similarly, loss of yC3
did not cause alterations to overall retinal morphology, cellular
organization, or the density of VGlut3+ or TH+ amacrine cells
and melanopsin+ retinal ganglion cells [f test (Fig. 3G,T,U) or
Wilcoxon (Fig. 3V); all ns, p=0.07-0.76; six retinae per geno-
type]. These data support the unique, isoform-specific role of
vC4 in mediating neuron survival (Garrett et al., 2019) and dem-
onstrate that yC3 is not strictly required for grossly normal for-
mation of the nervous system.

yC3 interacts with Axinl in vivo and influences its synaptic
localization

In our previous work, we established the isoform-specific ability
of overexpressed, affinity-tagged yC3 to interact, via its VCD,
with Axinl and to promote its association with the membrane in
HEK293 cells in vitro (Mah et al., 2016). We thus sought to es-
tablish that these proteins in fact interact in the brain in vivo.
Cortical lysates were obtained from control and C3KO mice at
postnatal day (P)21 and subjected to immunoprecipitation with
an antibody that recognizes the shared C terminus of all 22
v-Pcdhs (mAb N159/5). Following this, protein complexes were
separated using SDS-PAGE, and Western blotted using antibod-
ies against Axinl, yC3, and all y-Pcdhs. Axinl was robustly
immunoprecipitated with y-Pcdhs in wild-type lysates (Fig. 4A).

Consistent with yC3 being a primary Axinl interactor among
v-Pcdhs, comparatively little Axinl was apparent in immuno-
precipitations from C3KO cortical lysates (Fig. 4A).

Considering the roles played by both Axinl and y-Pcdhs at
the synapse, we asked whether the loss of yC3 affected Axinl’s
reported (Y. Chen et al,, 2013) localization to synaptic fractions.
We prepared synaptosomes from control and C3KO cortices at
P21 and analyzed fractions by quantitative Western blotting (Fig.
4B,C). We found that C3KO samples contained decreased synap-
tic Axinl without alterations to the amount of Axinl found in
the cytoplasmic fraction (Fig. 4D; t test; cytoplasmic, ns p=0.65,
synaptic, p =0.0009; six samples per genotype). Because Axinl is
known to play an important role as a scaffolding protein at the
synapse (Hirabayashi et al., 2004; Fang et al., 2011; Y. Chen et al,,
2013, 2015), we hypothesized that reductions in Axinl at the
synapse might also reduce the amount of Axinl’s interactors.
Indeed, we also found reduced synaptic levels of Cdc42 (Fig. 4E;
t test; cytoplasmic, ns p =0.14, synaptic, p = 0.04; six samples per
genotype) and S -actin (Fig. 4F; t test; cytoplasmic, ns p=0.07,
synaptic, p=0.04; six samples per genotype). Together with our
prior work (Mah et al., 2016), these data suggest that yC3 inter-
actions with Axinl affect its localization in neurons.

Cortical dendritic spines of mice lacking yC3 are
morphologically normal

Considering the alterations to synaptic scaffolding elements we
found at the synapse, we next asked whether C3KO mice exhib-
ited alterations in dendritic spine morphology or density. We
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Figure 3. (3KO mice do not exhibit altered cell survival or dendrite self-avoidance in the retina. Whole-mount retinas were stained for (4, B) Viglut3 to label glutamatergic amacrine cells, (€, D) tyro-
sine hydroxylase (TH) to label dopaminergic amacrine cells (DA cells), and (E, F) melanopsin to label intrinsically photosensitive retinal ganglion cells (ipRGCs). For all cell types, there was no significant
change in cell density in adult (3KO mutants (quantified in G). Self-avoidance in starburst amacrine cells (SACs) was assayed by analyzing interdendritic space in (H, /) the OFF strata and (J, K) the ON
strata. T-V, No increase in the space between SAC dendrites was observed when quantified by Elo analysis (see Materials and Methods) or manual measurement. Projections of representative cell types
within the inner plexiform layer (IPL) were analyzed to assess general retinal organization. L—M, SACs (ChAT+), Vglut3+ amacrine cells and rod bipolar cells (PKCa+) targeted normally, as did (N, 0)
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expected organization of projections, which was observed in both control and (3KO retinae, is presented in W. For all experiments, six adult retinas per genotype were analyzed. ns = not significant.
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Figure 4.

(3 interacts with AxinT in vivo and is required for normal Axin1 subcellular localization. A, Endogenous Axin1 co-immunoprecipitates with ~y-Pcdhs from P21 control cortical

lysates; comparatively little AxinT is co-immunoprecipitated from cortical lysates of (3KO mice. Representative Western blot images of (B) cytoplasmic and (C) synaptic fraction preparations
from P21 cortex. Quantification of Axin1 (D), (DC42 (E), and 3 -actin (F) intensity normalized to total protein from cytoplasmic and synaptic fractions from C3KO and control mice. Levels of all
three proteins are significantly reduced in synaptic, but not cytoplasmic fractions. n = 6 animals per genotype. Unpaired ¢ test; *p <<0.05, ***p < 0.001; ns = not significant.

crossed C3KO mice with the Thyl-YFPH transgenic (Feng et al.,
2000), in which a subset of Layer V pyramidal neurons express
YFP, which fills their processes and enables analysis of morphol-
ogy. Basal dendritic segments of Layer V pyramidal neurons
from the S1 region of the cortex (50-200 pum from the soma)
were imaged from C3KO mice and littermate controls at
five weeks of age and analyzed using Neurolucida software (Fig.
5A). We found no alterations in overall dendritic spine density
(Fig. 5B; t test; ns p=0.79; at least 54 dendritic segments from

at least seven mice per genotype), nor in the density of thin,
mushroom, or stubby spine classes (Fig. 5C; ¢ test; ns p =0.40-
0.98; at least 54 dendritic segments from at least seven mice per
genotype). As dendritic spine measurements such as volume
and surface area have been shown to correlate with synaptic
strength and efficacy (Harris and Stevens, 1988, 1989; Harris et
al., 1992; Grutzendler et al, 2002; Nimchinsky et al., 2002,
2004; Mizrahi and Katz, 2003; Holtmaat et al., 2005; Ashby et
al., 2006), we analyzed these across spine types in both C3KO
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mice and controls. Again, we found no sig- A
nificant alteration in average spine volumes
(Fig. 5D; t test; ns p=0.50-0.87; at least 54
dendritic segments from at least seven mice
per genotype) or surface areas (Fig. 5E; t
test; ns p=0.46-0.84; at least 54 dendritic
segments from at least seven mice per geno-
type). While somewhat surprising given the
altered synaptic localization of Axinl and
Cdc42 in C3KO cortex (Fig. 4B-F), this lack
of effect is not inconsistent with our B 40
prior results indicating that the effect of
the y-Pcdh family on synapse density is
associated primarily with their promis-
cuous extracellular cis-interactions with
the synaptic organizers Neuroligin (Nlg)-1
and Neuroligin-2 (Molumby et al., 2017;
Steffen et al, 2021). C3KO mice retain
expression of 21 other y-Pcdhs that could
interact with Neuroligins and maintain nor-
mal spine density.

Control

C3KO

spines/ 10 um

Mice lacking yC3, but not other y-Pcdh

isoforms, exhibit decreased dendritic

complexity

In addition to its role in dendritic spines,

Axinl plays a role in promoting dendritic

arborization in cultured forebrain neurons

(Y. Chen et al., 2015). Our prior work

showed that loss of the y-Pcdh family

led to greatly reduced arborization of

cortical neuron dendrites, and that both

homophilic y-Pcdh interactions and in-

hibition of a FAK/PKC signaling pathway E
by the shared constant cytoplasmic do-
main promotes arbor complexity (Garrett
et al,, 2012; Keeler et al., 2015b; Molumby
et al., 2016). Because yC3 is both highly
and broadly expressed compared with other
y-Pcdh isoforms (Esumi et al., 2005; Kaneko
et al., 2006; Hirano et al,, 2012) and because
of the interaction of its unique VCD with
Axinl (Mah et al,, 2016), we hypothesized
that yC3 specifically contributes to the for-
mation of dendritic arbors. The observed
reduction in the extent of cortical Layer I in
C3KO mice (Fig. 1F) supports this, as this
layer consists largely of pyramidal neuron
apical dendritic tufts.

We again bred C3KO mice to Thyl-
YFPH mice to label cortical Layer V neu-
rons and collected brains from C3KO and
control littermates at three weeks (when
much dendrite growth is occurring) and six weeks of age (when
arbors have largely formed; Koleske, 2013). YFP-labeled Layer V
neurons were imaged from 200-pm Vibratome sections, 3D
stacks obtained using confocal microscopy, and arbor com-
plexity determined using Sholl analysis. We found that pyramidal
neurons lacking yC3 indeed exhibited significantly decreased den-
dritic complexity both at threeweeks (Fig. 6A-C; t test;
p=0.001; at least 80 neurons from at least four mice per geno-
type) and at six weeks (Fig. 6G-I; t test; p =0.0005; at least 80
neurons from at least four mice per genotype) of age. We also

Figure 5.
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(3KO mice show no alterations in dendritic spine density or morphology. A, Representative images showing
dendritic spines of Thy1-YFPH-labeled Layer V pyramidal neurons from the S1 cortex of five-week-old mice. Scale bar: 5 pm.
Quantification of overall dendritic spine density (B) and of the density of thin, mushroom, and stubby dendritic spine types
(€). Quantification of average spine volume (D) and of average spine surface area (E) of all spines and of each dendritic spine
class (thin, mushroom, and stubby). n > 58 control dendritic segments across 7 mice, n = 54 (3KO dendritic segments across
9 mice. Error bars represent the SEM. No significant differences were observed between control and (3KO genotypes. ns =

found significant reductions in other dendritic morphologic
properties including number of branch points, and total den-
dritic length (but not in average branch length) at three weeks
[t test; p=0.001 (Fig. 6D), 0.0007 (Fig. 6E); ns, 0.07 (Fig. 6F);
at least 80 neurons from at least four mice per genotype] and
six weeks [f test; p=<<0.0001 (Fig. 6]), 0.0009 (Fig. 6K); ns, 0.19
(Fig. 6L); at least 80 neurons from at least four mice per geno-
type] in C3KO mice. We showed previously that mice lacking
all y-Pcdh proteins exhibited a reduction of ~40% in cortical
Layer V dendritic arbor complexity compared with controls
(Garrett et al., 2012); in comparison, our present results indicate
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(3KO mice exhibit decreased dendritic complexity. A, Representative YFP images (top) and tracings (bottom) of Thy1-YFPH-labeled Layer V pyramidal neurons of mice three weeks

of age. B, Sholl analysis graphs show dendritic crossings at spheres of increasing 10-pum intervals of mice at three weeks of age. Graphs showing area under the curve of Sholl graphs (C), aver-
age number of branch points per neuron (D), total dendritic length (E), and average branch length (F) of mice at three weeks of age. G, Representative YFP images (top) and tracings (bottom)
of Thy1-YFPH-labeled Layer V pyramidal neurons of mice six weeks of age. H, Sholl analysis graphs show dendritic crossings at spheres of increasing 10-pum intervals of mice at six weeks of
age. Graphs showing area under the curve of Sholl graphs (I), average number of branch points per neuron (J), total dendritic length (K), and average branch length (L) of mice at six weeks of
age. Significant reductions in dendritic complexity are seen in (3KO compared with control at both ages. Scale bar: 25 um. n = ~80 neurons from at least 4 mice per genotype. Unpaired ¢
test. Error bars represent the SEM; *p << 0.05, **p << 0.01, ***p << 0.001, ****p << 0.0001; ns = not significant.

a reduction of ~30% in C3KO mice. This suggests that yC3
plays a particularly critical isoform-specific role in regulating
dendritic complexity.

To establish that this morphologic phenotype was associated
specifically with the loss of the yC3 isoform, and not simply
with a reduction of the number of y-Pcdh isoforms or total
amount of protein, we analyzed dendritic complexity at six weeks
of age in two additional Pcdhg mutant lines derived in our prior
work (Garrett et al.,, 2019): line 13R1, in which nine of the 22
v-Pcdh isoforms are absent while the other 13 (including yC3)
remain expressed; and a specific C4KO line, which lacks only

vC4, but retains the other 21 y-Pcdhs (Fig. 7A). Because both of
these lines lack yC4, which is the y-Pcdh isoform uniquely criti-
cal for neuronal and postnatal organismal survival (Garrett et al.,
2019), they die shortly after birth. To enable analysis of postnatal
dendrite arborization, these lines were therefore bred as trans-
heterozygotes over the Pcdhg™™ conditional locus KO allele
which was excised only in the forebrain using an Emx1-Cre allele
(Gorski et al,, 2002; Lefebvre et al., 2008). In the resulting mice,
which also carried the ThyI-YFPH allele (Feng et al., 2000), exci-
tatory cortical neurons contained one 13R1 or C4KO allele and
one Pcdhg null allele, allowing us to analyze dendrite complexity
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Figure 7.

Pedhg™® mutant mouse locus lacking only yC4, and the Pedhg'*’

Dendritic arborization deficits found in (3KO mutants are not observed in other Pcdhg locus mutants. A, Schematic representation of the mouse Pcdhg locus (control), the
mutant locus lacking nine isoforms (mutations indicated by red asterisks). B, Representative images and tracings of Thy1-

YFPH-labeled Layer V pyramidal neurons of mice six weeks of age. C, Sholl analysis graphs show dendritic crossings of spheres of increasing 10-pum intervals of mice at six weeks of age. D,
Graphs showing area under the curve of Sholl graphs, (E) total branch points, (F) total dendritic length, and average branch length (G) of mice at six weeks of age. Although 13R1 neurons ex-
hibit a slight trend toward lower complexity, neither they nor C4KO neurons were significantly different from controls on any measure. Scale bar: 25 um. n > 49 neurons per genotype and at
least 3 animals from each genotype. One-way ANOVA; Dunnett’s multiple comparisons test. Error bars represent the SEM; ns = not significant.

in the absence of yC4 only, or in the absence of nine isoforms
(yAl, yBI1, yA5, yA7, yA9, vAl0, vB6, yB7, and yC4). For
this experimental paradigm, it is important to note that Pcdhg
heterozygous mutant neurons exhibit normal dendrite complex-
ity (Garrett et al., 2012). For simplicity, we will use “C4KO” to
refer to mice with the genotype EmxI-Cre;Pcdhg ¥ “* %, Thy1-
YFPH and “13R1” to refer to mice with the genotype EmxI-Cre;
Pcdhg’" 3R, Thy1-YFPH.

In contrast to C3KO mice, neither C4KO nor 13R1 Layer V
neurons exhibited significant reductions in overall dendritic
complexity, total dendritic length, average branch length, or the
number of branch points (Fig. 7B-G; ANOVA; ns, p=0.52-0.61;
at least 49 neurons from at least three animals per genotype), de-
spite a small trend toward less complexity in 13R1. This result
confirms that at least some individual y-Pcdh isoforms have dis-
tinct, nonoverlapping neuronal functions: of the isoforms tested,
only yC3 is required for normal dendrite arborization (Figs.
6, 7), while only yC4 is required for neuronal and organis-
mal survival (Garrett et al., 2019). While our analysis of these
three mutant Pcdhg alleles cannot entirely preclude the pos-
sibility that a small number of other y-Pcdh isoforms might
contribute to dendritic arborization, it does provide strong
evidence that yC3 plays a uniquely important role in the

establishment of proper dendritic morphology in the cortex
in vivo.

yC3-mediated dendritic arborization is Axinl dependent
We next hypothesized that the dendritic arborization deficits
observed in C3KO mice might be because of yC3’s interaction
with Axinl. To investigate this, we cultured cortical neurons from
C57BL/6] WT and C3KO pups at P0 and transfected them at low
efficiency with an shRNA construct previously shown to efficiently
target Axinl (Y. Chen et al.,, 2015) or with a control scrambled
shRNA construct (Fig. 84) along with a GFP construct to identify
transfected cells. Neurons were fixed after 8d in vitro, arbors
traced using GFP fluorescence, and Sholl analysis performed
to quantify dendritic complexity. First, we confirmed that
C3KO cortical neurons in vitro (which include a mix of all
layer specifications) exhibited a similarly substantial reduc-
tion in dendritic complexity as observed for Layer V neurons in
vivo, compared with control neurons (Fig. 8B,C; ANOVA with
Tukey’s multiple comparison test; C3KO+Scramble shRNA vs
Control+Scramble shRNA, p < 0.0001; at least 25 neurons per
condition for this and all subsequent comparisons).

Next, we found that control neurons transfected with the
Axinl shRNA construct exhibited a significant decrease in
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y(3-mediated dendritic arborization is dependent on Axin1. A, Cortical neurons cultured from PO pups and nucleofected (~50% efficiency) at plating with Axin1 shRNA (previ-

ously characterized by Chen et al., 2015) or its scrambled control. Neurons were lysed at day in vitro (DIV)8 and lysates analyzed by Westem blotting using antibodies against Axin1. As
expected, Axin1 levels are drastically reduced in neurons expressing the Axin1 shRNA knock-down construct. B, Quantification of area under the curve for Sholl analysis of control and C3KO cul-
tured cortical neurons transfected with GFP, either Axin1 shRNA or the scrambled control shRNA, = a full-length (3 construct and analyzed at DIV8. Bars to the left indicate reduced com-
plexity; bars to the right indicate increased complexity. €, Representative traces of neurons from each transfection condition. (3KO neurons exhibit significantly reduced dendrite complexity in
culture as in vivo. Arbor complexity can be rescued by re-expression of -y(3, but only if normal Axin1 levels are present. Scale bar: 50 um. n > 25 neurons per condition. One-way ANOVA;
Dunnett’s multiple comparisons test. Error bars represent the SEM; *p << 0.05, **p << 0.01, ***p < 0.001, ****p << 0.0001; ns = not significant.

dendritic complexity that was comparable to that found in C3KO
cultures (Fig. 8B,C; ANOVA with Tukey’s multiple comparison
test; Control+Scramble shRNA vs Control+Axinl shRNA, p=
0.0009). Importantly, C3KO neurons transfected with the
Axinl shRNA construct exhibited no further effect on arbori-
zation compared with C3KO neurons transfected with the
scrambled control shRNA (Fig. 8B,C; ANOVA with Tukey’s mul-
tiple comparison test; C3KO+ Scramble shRNA vs C3KO+ Axinl
shRNA, ns p =0.98), consistent with yC3 and Axin1 loss affecting
neurons through the same pathway. We next asked whether
it was possible to rescue dendritic defects in C3KO neurons
by transfecting with a construct that re-expressed full-length
yC3 protein. Indeed, we found that C3KO neurons re-
expressing full-length yC3 returned to levels of dendritic
complexity that were statistically indistinguishable from those
of control neurons (Fig. 8B,C; ANOVA with Tukey’s multiple

comparison tests; C3KO+ Scramble shRNA+ C3FL vs Control+
Scramble shRNA ns, p =0.45; C3KO+Scramble shRNA vs
C3KO+Scramble shRNA+C3FL, p=0.04). Interestingly,
transfection of control neurons with the full-length yC3
construct did not increase arbor complexity, a result con-
sistent with our prior work in vivo (Molumby et al., 2016)
indicating that variation in total y-Pcdh protein levels is
not a primary driver of arborization (note also that low effi-
ciency lipofection did not typically result in two nearby neurons
both re-expressing yC3, so homophilic interactions do not
come into play in this experiment; Fig. 8B,C; ANOVA with
Tukey’s multiple comparison tests; Control+Scramble shRNA
vs Control+Scramble+C3FL shRNA ns, p =0.81). Importantly,
this rescue of C3KO neurons by re-expression of full-length yC3
was completely abrogated by Axinl knock-down (Fig. 8B,C;
ANOVA with Tukey’s multiple comparison tests; C3KO+ Axinl
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The intracellular domain of (3 is required for Axin1-mediated dendritic arborization. A, B, Quantification of area under the curve for Sholl analysis of control and (3KO cultured

cortical neurons transfected with GFP, either Axin1 shRNA or the scrambled control shRNA, and a (3 construct lacking either the cytoplasmic ((3Acyto; 4), or the extracellular domain
((3Aecto) and analyzed at DIV8. B, Bars to the left indicate reduced complexity; bars to the right indicate increased complexity. €, Schematic depiction of (3 deletion transfection constructs
transfected. D, Representative traces of neurons from each transfection condition. Scale bar: 50 um. n > 25 neurons per condition. One-way ANOVA; Dunnett’s multiple comparisons test. Error
bars represent the SEM; *p << 0.05, **p << 0.01, ***p << 0.001, ****p < 0.0001; ns = not significant.

shRNA+C3FL vs Control+Scramble shRNA p < 0.0001).
Together, these data indicate that (1) reduced dendritic com-
plexity is a general, intrinsic feature of cortical neurons lack-
ing yC3 and (2) yC3 and Axinl likely operate in the same
signaling pathway affecting dendrite arborization.

Our previous work (Mah et al., 2016) identified the VCD of
vC3 as the site of interaction with Axinl, and found that this
interaction facilitates the association of Axinl with the mem-
brane. To confirm a link between yC3 and Axinl signaling in
the promotion of dendritic complexity, we next used a variety of
deletion constructs to determine what portion of the yC3 pro-
tein was critical. In the first set of experiments, control and
C3KO neurons were transfected with either (1) a C3Aecto con-
struct (which encodes a protein lacking the 6 EC repeats, leaving
only a short extracellular stub, the transmembrane domain, the
VCD, and the constant cytoplasmic domain) or (2) a C3Acyto
(which encodes a protein containing only the 6 EC repeats and a
transmembrane domain with a short intracellular stub, lacking
both the VCD and constant cytoplasmic domain (Schreiner and
Weiner, 2010; Fig. 9C) along with either the scrambled shRNA,
or the Axinl shRNA knock-down construct. We found that
C3KO neurons transfected with C3Acyto still exhibited sig-
nificant dendritic arborization defects (Fig. 9A4,D; ANOVA
with Tukey’s multiple comparison tests; C3KO+Scramble
shRNA +C3Acyto vs Control+Scramble shRNA p=0.027; at
least 25 neurons per condition for this and all subsequent
comparisons), while those transfected with C3Aecto were
rescued, displaying dendritic complexity indistinguishable
from that of controls (Fig. 9B,D; ANOVA with Tukey’s mul-
tiple comparison tests; C3KO+Scramble shRNA+C3Aecto

vs Control+Scramble shRNA, ns p=0.98). As expected from
our first set of culture experiments (Fig. 8), we found that
expression of the C3Aecto construct was only able to rescue
dendritic arborization in C3KO neurons when normal levels
of Axinl were present: C3KO neurons transfected with both
the C3Aecto and Axinl shRNA constructs exhibited similar
dendritic defects as C3KO neurons transfected with the inef-
fective C3Acyto construct (Fig. 9B,D; ANOVA with Tukey’s
multiple comparison tests; C3KO+Axinl shRNA+C3Aecto
vs Control+Scramble shRNA p=0.019). Again, neither the
C3Acyto nor the C3Aecto construct affected dendritic complex-
ity significantly in control neurons that already expressed normal
levels of yC3 (Fig. 9A,B,D; ANOVA with Tukey’s multiple com-
parison tests; Control+Scramble shRNA vs Control+Scramble
shRNA+C3Acyto, ns p=0.88; Control+Scramble shRNA vs
Control+Scramble shRNA +C3Aecto, ns p = 0.98).

Together, these data and those in our prior work (Mah et al.,
2016) are consistent with the hypothesis that yC3 promotes den-
dritic arborization via interactions of its VCD with Axinl. To
provide additional support for this, we performed a further set of
rescue experiments in cultured C3KO neurons (Fig. 10). In addi-
tion to the already-tested C3FL and C3Aecto constructs, we
transfected C3KO neurons with a C3 construct lacking only
the constant domain but retaining the VCD (C3Acon; Fig.
10A). These proteins, as well as the C3Acyto protein dis-
cussed above (Fig. 9), localized to small puncta or patches
along dendrites in transfected neurons (Fig. 10D) in a grossly
similar manner. Consistent with our prior results showing
that any C3 construct containing the VCD was able to bind
to Axinl and mediate C3 functions (Mah et al., 2016), we
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GFP + C3ACyto

The y(3 variable cytoplasmic domain is necessary and sufficient to rescue dendritic arborization in (3KO neurons. A, Schematic depiction of (3 deletion transfection constructs

transfected. Asterisk indicates palmitoylation sequence at the N terminus of the (3-VCD construct. B, Quantification of area under the curve for Sholl analysis of C3KO cultured cortical neurons
transfected with GFP (control), a full-length (FL) y(3 construct, constructs lacking either the extracellular domain ((3Aecto) or the constant domain ((3Acon), or a construct encoding only a
palmitoylated y(3 variable cytoplasmic domain (C3-V(D) and analyzed at DIV8. All constructs significantly rescued arborization toward wild-type levels (indicated by the dashed line), indicat-
ing that the (3 V(D is necessary (Fig. 9) and sufficient. n > 25 neurons per condition. One-way ANOVA; Dunnett’s multiple comparisons test. Error bars represent the SEM; ****p < 0.0001. C,
Representative traces of neurons from each transfection condition. D, Representative images of transfected neurons immunostained for GFP (transfected to fill neuronal processes) and the HA

tag on the indicated construct. All constructs localize in a punctate or patchy manner in neuronal dendrites. Scale bar: 50 pum (C) or 10 pm (D).

found that the C3Acon construct significantly rescued
dendritic arbor complexity when expressed in C3KO neu-
rons, just as the C3FL and C3Aecto constructs did (Fig.
10B,C; ANOVA with Tukey’s multiple comparison test;
Control transfection vs C3FL, p < 0.0001; Control transfection
vs C3Aecto, p<0.0001; Control transfection vs C3Acon, p <
0.0001; at least 29 neurons per condition for this and all sub-
sequent comparisons). Finally, we transfected C3KO neurons
with a construct expressing the isolated C3 VCD with a palmi-
toylation signal at its N terminus (Mah et al., 2016) to localize it
to the cytoplasmic face of the plasma membrane (C3VCD; Fig.
10A); this construct also rescued arborization to the same
extent (Fig. 10B,C; ANOVA with Tukey’s multiple comparison
tests; Control transfection vs C3-VCD, p < 0.0001). Together,
these rescue experiments indicate that yC3 promotes dendritic
arborization through a mechanism involving its unique VCD
and Axinl.

Reduced dendritic complexity of C3KO neurons can be
rescued by targeted Axinl overexpression

Finally, we sought evidence that yC3’s role in stabilizing Axinl
at the membrane (Mah et al., 2016) contributes to its promotion
of dendritic complexity. We reasoned that if this were the case,
we might be able to rescue arborization defects in C3KO neu-
rons by overexpressing wild-type and/or membrane-targeted
Axinl, along with GFP to allow for visualization. C3KO cortical
neurons in vitro were transfected with a wild-type Axinl con-
struct, or a construct encoding Axinl fused to a CAAX box rec-
ognized by enzymes that prenylate, and thus membrane-target,
proteins. Compared with the reduced complexity of C3KO neu-
rons expressing GFP alone (Fig. 11A), we found a substantial
increase in dendritic complexity among proximal arbors for
C3KO neurons transfected with wild-type Axinl, though a lack
of effect in more distal processes meant that the overall area
under the curve difference did not reach statistical significance
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Figure 11.

Reduced dendritic complexity of C3KO neurons can be rescued by targeted Axin1 overexpression in vitro. A, Representative images of DIV8 (3KO neurons transfected with GFP,

and either an empty vector, Axin1 overexpression construct, or membrane-targeted CAAX-tagged Axin1. B, Sholl analysis graphs show dendritic crossings of spheres of increasing 10-pm inter-
vals of neurons analyzed at DIV8. Expression of either Axin1 or CAAX-Axin1 rescues low arbor complexity proximal to the soma; only CAAX-Axin1 maintains that rescue at more distal Sholl
spheres. €, Quantification of area under the curve of Sholl analysis of transfected (3KO neurons for all conditions. A significant rescue is observed with membrane-targeted CAAX-Axin1. n > 25
neurons per transfection condition. One-way ANOVA; Dunnett’s multiple comparisons test. Scale bar: 25 pum. Error bars represent the SEM; *p << 0.05. D, E, Western blottings of C0S7 cells
transfected with the indicated constructs and blotted using Axin1 and (3 -tubulin (loading control) antibodies. Quantification of three replicate experiments indicates no significant difference in

expression levels between the two constructs.

(Fig. 11B,C; ANOVA with Tukey’s multiple comparison tests;
ns p=0.18; at least 25 neurons per condition for this and subse-
quent comparisons). When C3KO neurons were transfected
with the construct encoding membrane-targeted CAAX-Axinl,
however, complexity was increased throughout the entire arbor,
and an overall statistically significant increase was observed
(Fig. 11B,C; ANOVA with Tukey’s multiple comparison tests;
p=0.019). This difference was not likely due simply to higher
expression levels of CAAX-Axinl compared with wild-type
Axinl, as there was no significant difference in expression
level in transfected cell lines between the two constructs (Fig.
11D,E; t test; ns p=0.48, three replicates; expression levels
of the wild-type construct trended higher). Together, our data

support a model in which yC3, as the primary (possibly
unique) y-Pcdh isoform regulating cortical neuron dendrite
complexity, interacts with Axinl via its VCD to stabilize it at
the membrane and allow its downstream signaling pathways
to promote arborization.

Discussion

Here, we tested the hypothesis that one of the 22 y-Pcdh
proteins, yC3, plays a specialized role in brain development
by promoting dendrite arborization via a unique interaction
with the scaffolding and signaling protein Axinl. We cre-
ated a new mouse line using CRISPR/Cas9, Pcdhg“**?, in
which the Pcdhgc3 variable exon was specifically disrupted,
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leaving the other 21 isoforms intact. C3KO mice are viable
and fertile; dendritic arbor complexity of cortical neurons is,
however, severely reduced in C3KO mice, and this phenotype
is not recapitulated in Pcdhg mutant mouse lines lacking other
v-Pcdh isoforms. Axinl can be co-immunoprecipitated with
vC3 in cortical lysates, and C3KO mutants exhibit alterations
in Axinl’s subcellular localization. Reduced arbor complexity
can be rescued in cultured C3KO neurons by re-expressing
vC3 constructs containing its VCD, but only if Axinl levels
are normal; conversely, overexpression of membrane-targeted
Axinl can rescue C3KO neurons even in the continued ab-
sence of yC3. Together, these data support our hypothesis
and-more broadly-enhance the emerging view that individual
members of the clustered protocadherin family are not func-
tionally interchangeable, but rather perform isoform-specific
functions that are crucial to brain development.

Uncovering specific roles for individual clustered
protocadherins
While the >50 cPcdhs have, as a group, been shown to play
many crucial roles in neurodevelopment (for review, see Peek et
al,, 2017; Mountoufaris et al., 2018), recent studies have begun to
identify isoform-specific roles mediated by the C-type cPcdhs, a
highly related subfamily comprised of five proteins: «Cl and
aC2 encoded within the Pcdha gene cluster, and yC3, yC4, and
vC5 encoded within the Pcdhg cluster (Wu and Maniatis, 1999;
Wu et al,, 2001). For example, a-Pcdh-C2 has been shown to be
critical for the projection of serotonergic neurons within multi-
ple brain regions by regulating axonal tiling (W.V. Chen et al,,
2017; Katori et al., 2017). Mice lacking the Pcdhgc3, Pcdhgc4, and
Pcdhgc5 variable exons largely phenocopy the spinal interneuron
apoptosis, Ia afferent axonal defects, and neonatal lethality first
observed in mice lacking all 22 y-Pcdhs (Wang et al., 2002b;
Prasad et al., 2008; Prasad and Weiner, 2011; W.V. Chen et al,,
2012). Confirming the special importance of these three Pcdhg
genes, cortical interneurons lacking them undergo increased cell
death (Mancia Leon et al, 2020) similar to that observed in
Pcdhg-null cortical interneurons (Carriere et al., 2020).

Individual isoform-specific neurodevelopmental roles are also
beginning to emerge for these Pcdhg genes. The yC5 protein can
interact with the 2 subunit of the GABA, receptor and pro-
mote its surface expression through cis cytoplasmic interactions
(Li et al,, 2012). The yC5 isoform has also been shown to be up-
regulated in APP/PS1 mice, a model for Alzheimer’s disease, and
this upregulation was associated with synaptic dysfunction in
neurons cultured from these animals (Li et al., 2017). Using an
unbiased CRISPR screen to assess the role of isoform diversity
within the Pcdhg gene cluster, we showed that yC4 is the only
isoform required for postnatal survival in mice, and the only iso-
form needed for normal neuronal survival in the spinal cord
and retina (Garrett et al., 2019). Given this surprising result,
it seems likely that loss of yC4 is also the crucial determinant
underlying the increased cortical interneuron death observed
in Pcdhg mutant mice (Carriere et al., 2020; Mancia Leon et
al., 2020). Further, a recent study found that mutations in
human PCDHGC4 are associated with intellectual disabil-
ities and seizures (Igbal et al., 2021). Consistent with this,
PCDHGCH4 is the only cPcdh gene predicted to be signifi-
cantly constrained in humans according to the gnomAD
database (Garrett et al., 2019; Karczewski et al., 2020).

In addition, there are now several studies indicating pos-
sible isoform-specific roles for yC3 in non-neuronal cells.
In adenoma cells, modulation of yC3 protein levels through

J. Neurosci., February 8, 2023 - 43(6):918-935 - 933

either overexpression or RNAi mediated knock-down was
shown to regulate S-catenin/Wnt and mTOR signaling and
affect apoptosis and colony formation (Dallosso et al., 2012). It
has also been suggested that yC3 may be important for main-
taining integrity of the blood brain barrier: when Pcdhgc3 was
disrupted in cultured brain microvascular endothelial cells
(BMEC:s), tight junction protein expression was altered and trans-
endothelial electrical resistance was lowered (Dilling et al., 2017).
Consistent with this, BMECs in which Pcdhgc3 was knocked out
in vitro exhibited increased cell proliferation and migration speed
in wound healing assays (Gabbert et al., 2020). As noted earlier,
our previous work identified a unique and specific interaction
between the VCD of yC3 and the DIX domain of Axinl; evidence
suggests that yC3 competes with Dishevelled for Axinl binding,
and this results in increased Axinl localization to the membrane
in HEK293 cells (Mah et al., 2016).

yC3 regulates Axinl localization to the synapse without
altering dendritic spine morphology or density

Our data suggest a role for yC3 in stabilization of Axinl at the
synapse. Following up on our prior work using overexpressed
proteins in vitro (Mah et al., 2016), we found here that endoge-
nous yC3 and Axinl interact in the cortex in vivo, and that mice
lacking yC3 showed a significant decrease in Axinl and Cdc42
within synaptic fractions. Despite this and Axin1’s reported role
in regulating dendritic spine density (Y. Chen et al,, 2015), we
found no significant differences in the dendritic spine density or
morphology in C3KO cortex. It is important to note that in our
C3KO mice, the mutation is constitutive. Thus, the entire devel-
opmental process for cortical neurons occurs in the absence of
yC3. While loss of yC3 clearly reduces Axinl and Cdc42 levels
in synaptic fractions, substantial protein remains, and compensa-
tory factors during development may act to maintain spine den-
sity and morphology. In any case, the lack of effect on spines is
actually consistent with our previous findings in which we iden-
tified extracellular interactions between multiple y-Pcdh iso-
forms with both Neuroligin (Nlg)-1 and Nlg-2 as the primary
way in which y-Pcdhs regulate synapse density (Molumby et al.,
2017; Steffen et al., 2021). The C3KO mice have 21 remaining
v-Pcdh extracellular domains that are capable of regulating syn-
apse density via Nlg interactions. Of course, it is possible that
even in the absence of clear changes in spine density or morphol-
ogy, synaptic function is abnormal in C3KO mice; future studies
could be directed at assessing this possibility through electro-
physiological recordings in cortical slices.

A specific role for the yC3 VCD in regulating dendritic
arborization via Axinl

Binding of the y-Pcdh constant cytoplasmic domain to focal ad-
hesion kinase (FAK) and its homolog PYK2 inhibits these cell
adhesion kinases (J. Chen et al., 2009). In a series of subsequent
studies, we found that this interaction leads to decreased activity
of PKC signaling, which in turn results in higher levels of hypo-
phosphorylated (active) myristoylated alanine-rich C-kinase sub-
strate (MARCKS), a protein that promotes actin stabilization at
the membrane and thus dendritic arborization (Garrett et al.,
2012; Keeler et al,, 2015a). This well-supported mechanism (see
also Suo et al., 2012) is presumably not specific to any of the 22
v-Pcdh isoforms, as all share the constant domain.

Here, we have identified an additional mechanism through
which a single isoform, yC3, specifically promotes dendritic
arborization though its unique VCD. Given the magnitude of
arborization defects observed in C3KO mice-a reduction in
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arbor complexity of ~30% (Fig. 6), compared with a reduction
of ~40% in mice lacking all y-Pcdhs (Garrett et al., 2012), it is
possible that yC3 VCD interactions with Axinl play a primary
role, with constant-domain interactions with FAK/PYK2 modu-
lating this. It is also possible that some unique aspect of yC3
VCD conformation increases the ability of its contiguous con-
stant domain to inhibit FAK/PYK2 in a way that does not occur
in other isoforms, but the ability of both the C3ACon and
C3VCD constructs to rescue C3KO dendritic arborization (Fig.
10) suggests this is not determinative.

Interestingly, a series of studies indicates that a motif within
v-Pcdh VCDs controls their trafficking to the endolysosomal
system (O’Leary et al., 2011; Shonubi et al., 2015; Phillips et al.,
2017). This has been best characterized for yA3, but a number
of residues are conserved in the VCDs of other yAs, yBs, and
vC3, as well as @ and B -Pcdhs (Shonubi et al., 2015). While our
prior work (Mah et al., 2016) and the rescue of C3KO dendritic
arborization by overexpression of membrane-targeted Axinl
(Fig. 11) suggests yC3 may promote branching at the plasma
membrane by recruiting Axinl, it would be interesting to test
whether the yC3 VCD’s binding to Axinl affects its trafficking
into the endolysosomal system, or whether Axin1 signaling con-
tinues after yC3 is endocytosed. Indeed, it has been reported
that endosomal Axinl in the context of Wnt signaling can nucle-
ate tubulin for dendritic growth in Drosophila (A.T. Weiner et
al,, 2020), an intriguing potential mechanism. There is also
substantial evidence that y-Pcdh homophilic interactions,
including those mediated by yC3, promote dendritic arbo-
rization in cortical neurons (Molumby et al., 2016). A major
outstanding question is how homophilic engagement of y-Pcdh
extracellular domains might result in altered conformations of ei-
ther the VCD or the shared constant domain in such a way that
their activation of arborization-promoting signaling pathways is
potentiated.
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