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In brief
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glial cells (RGCs) is essential for brain
development. Xu et al. show that
Ccdc85c¢, a coiled-coil protein, interacts
with the polarity protein Par3 to control
RGC proliferation by regulating the Notch
signaling pathway via phase separation
coupled to percolation (PSCP).
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SUMMARY

Polarity proteins regulate the proliferation and differentiation of neural progenitors to generate neurons dur-
ing brain development through multiple signaling pathways. However, how cell polarity couples the signaling
pathways remains unclear. Here, we show that coiled-coil domain-containing protein 85¢ (Ccdc85c) interacts
with the polarity protein Par3 to regulate the proliferation of radial glial cells (RGCs) via phase separation
coupled to percolation (PSCP). We find that the interaction with Ccdc85c relieves the intramolecular auto-
inhibition of Par3, which leads to PSCP of Par3. Downregulation of Ccdc85c causes RGC differentiation.
Importantly, the open conformation of Par3 facilitates the recruitment of the Notch regulator Numb to the
Par3 condensates, which might prevent the attenuation of Notch activity to maintain RGC proliferation.
Furthermore, ectopic activation of Notch signaling rescues RGC proliferation defects caused by the down-
regulation of Ccdc85c. These results suggest that Ccdc85c-mediated PSCP of Par3 regulates Notch

signaling to control RGC proliferation during brain development.

INTRODUCTION

Tight control of the balance between proliferation and differenti-
ation of neural progenitor cells is essential for generating the
proper number of neurons during brain development. In the
developing mouse neocortex, radial glial cells (RGCs) are neural
progenitor cells that produce most, if not all, cortical neurons
directly or indirectly.” At the onset of neurogenesis around
embryonic day 10.5 (E10.5), RGCs mainly undergo proliferative
divisions to expand the progenitor pool. During the peak of
neurogenesis around E14.5, RGCs divide asymmetrically to
generate either neurons or intermediate progenitors (IPs) that un-
dergo limited rounds of symmetric division to generate neu-
rons.”™* RGCs are highly polarized and connect the ventricular
zone (VZ) surface with apical processes and the pial surface
with basal processes, while their cell bodies are located in the
VZ adjacent to the ventricle.® After differentiation, nascent neu-
rons migrate radially from the VZ along the basal processes of
RGCs into the cortical plate.® During brain development, early-
born neurons settle in the deep layers, and late-born neurons
populate the superficial layers, which results in an “inside-out”
cortical pattern.” Disruption of the balance between proliferation
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and differentiation of RGCs leads to abnormal neuronal produc-
tion, which ultimately results in cortical malformation.®*°

The polarized structure of RGCs has been implicated in the
control of their proliferation and differentiation.” Particularly,
the preferential inheritance of apical or basal processes by the
daughter cells after RGC divisions has instructive roles in deter-
mining the daughter cell fate.'®'? One of the underlying mecha-
nisms is that certain molecular determinants are asymmetrically
segregated into daughter cells, for example, the RNA-binding
protein Staufen2'®'* and the polarity protein partition defective
protein 3 (Par3).">'® However, how these proteins regulate
RGC proliferation and differentiation remains poorly understood.
In Drosophila neuroblasts, the polarity protein Bazooka (Par3 ho-
molog in Drosophila) interacts with other polarity proteins, such
as Par6 and atypical protein kinase C (aPKC), to form a core
complex and asymmetrically localizes at the apical cortex of
neuroblasts during mitosis of the cell cycle,’”'® which is ess-
ential for the subsequent asymmetric segregation of cell fate
determinates.’” In the mammalian brain, Par3 is located in the
adherens junctions at the VZ surface'® and asymmetrically seg-
regates into the daughter cell with the RGC fate through the inter-
action with Notch signaling.'® Loss of Par3 leads to RGC
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Figure 1. Downregulation of Ccdc85c leads to the delamination of RGCs from the apical surface

(A) Representative images of brain sections electroporated with plasmids expressing scramble, ShCcdc85c, or ShCcdc85c together with a shRNA-resistant form
of human CCDC85C (hCCDCB85C; rescue is used to represent this group in the following text). The apical surface is outlined with a dashed line.

(B) The quantification of the distribution of Ccdc85¢c downregulated progenitors (GFP* cells) shown in (A).

(C) Representative images of brain sections electroporated with plasmids expressing GFP with BLBP promoter (BLBP-GFP) together with plasmids expressing
scramble, ShCcdc85c¢, or ShCcdc85¢c and hCCDC85C (rescue).

(D) The quantification of the distribution of GFP* cells shown in (C). At least 3 brains were used for analysis in each condition.

(E) Representative images of sections stained for Pax6, Tbr2 in scramble, ShCcdc85c, or rescue construct electroporated brains. Embryonic brains were
electroporated at E14.5 and analyzed 3 days later.

(legend continued on next page)
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differentiation.'®'® However, the detailed mechanisms of Par3-
mediated RGC proliferation remain elusive.

To address how polarity cues regulate RGC development, we
searched for the interaction partners of the polarity protein Par3
and identified the coiled-coil domain-containing protein 85c
(Ccdc85c) as an interaction partner. Ccdc85c is localized at
the apical junctions of RGCs in the developing mouse
neocortex.”’ Disruptions of Ccdc85¢ have been implicated in
hemorrhagic hydrocephalus.?®?' However, the exact roles of
Ccdc85¢ in brain development have not been addressed.
Here, we found that the interaction between Par3 and Ccdc85c
is essential for the maintenance of RGC proliferation through
Par3-mediated phase separation.

RESULTS

Loss of Ccdc85c leads to RGC differentiation
To examine the role of Ccdc85c in RGCs, we first generated a
short hairpin RNA (shRNA) against Ccdc85c (ShCcdc85¢) to inter-
fere with Ccdc85c expression (Figure S1). The attenuation of
Ccdc85c was rescued by over-expression of an RNAi-resistant
form of human CCDC85C (hCCDC85C) (Figure S1). To study
whether Ccdc85¢ regulates RGC development, we electropo-
rated plasmids expressing ShCcdc85c into cortical progenitor
cells of the mouse embryonic brains through in utero electro-
poration at E14.5. When analyzing the brains 3 days after
electroporation at E17.5, we found that the distribution of electro-
porated cells was altered upon downregulation of Ccdc85¢ (Fig-
ure 1A). In brains electroporated with plasmids expressing
scramble, RGCs were distributed in the VZ, and neurons migrated
away from the VZ to the cortical plate (CP) (Figure 1A). However,
we observed few cells in the VZ when Ccdc85c was downregu-
lated (Figure 1A), while most cells expressing ShCcdc85c
were distributed in the intermediated zone (1Z) (Figures 1A and
1B). The abnormal distribution of ShCcdc85c electroporated cells
was attenuated by the over-expression of hCCDC85C (Figures 1A
and 1B). When we examined the neuronal distribution at postnatal
day 7 (P7), when neuronal migration is completed, we found that
neurons lacking the expression of Ccdc85¢ could not migrate
properly (Figure S2). To further confirm the reduction of RGCs in
the VZ, we co-electroporated constructs expressing ShCcdc85¢c
and constructs expressing GFP driven by a BLBP promoter
(BLBP-GFP), which specifically is expressed in RGCs and differ-
entiating progenitors.>”> We found that GFP* RGCs were largely
absent in the VZ (Figures 1C and 1D) of ShCcdc85c electropo-
rated brains, suggesting that RGCs may undergo differentiation
upon the downregulation of Ccdc85c.

To ask whether the reduction of RGCs in the VZ was due to the
differentiation of RGCs upon the loss of Ccdc85c¢, we examined
the cell fate of RGCs. We found that the number of Pax6-
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expressing neural progenitors (Pax6* progenitors) was reduced
when Ccdc85c¢ was knocked down compared with the scramble
electroporated progenitors (Figures 1E and 1F), which could be
recused by over-expression of hCCDC85C (Figures 1E and
1F). RGCs can differentiate into IPs, which also contribute to
neuronal production. We then asked whether the number of
IPs was altered when Ccdc85c was attenuated. Indeed, we
found that the number of IPs was reduced in ShCcdc85c electro-
porated progenitors by examining the number of cells express-
ing Tbr2, a marker for IPs, suggesting that Ccdc85c is essential
for the maintenance of the progenitor pool (Figures 1E and 1G).
The reduction of the progenitor pool could be caused by an in-
crease in neuronal differentiation. To overcome the difficulties
in identifying neuronal identity using the traditional immature
neuronal marker Tuj1, we examined the number of cells that
were negative for both Pax6 and Tbr2, as no glial cells are gener-
ated at this time. We found that the number of neurons (GFP?,
Pax6~, Tbr2™) was increased (Figures 1E and 1H). To further
confirm this, we performed a cell cycle exit assay, which exam-
ines the number of cells exiting the cell cycle by labeling cells
with EdU and Ki67 (Figure 1I). We performed electroporation at
E14.5 with constructs expressing either only ShCcdc85c or
ShCcdc85c paired with hCCDC85C (rescue). EAU was adminis-
trated at E16.5, and the embryonic brains were analyzed 24 h
later. When examining the number of cells that exited the cell cy-
cle (percentage of GFP*EdU" Ki67~ cells in total GFP*EdU™"
cells), we found a significant increase in the cell cycle exit rate
when Ccdc85¢c was downregulated, which could be rescued
by expressing hCCDC85C (Figures 11 and 1J). Taken together,
these data demonstrate that Ccdc85c is essential for the main-
tenance of neural progenitor proliferation.

Par3 interacts with Ccdc85c through the 4N2 domain
The phenotype resulting from the loss of Ccdc85c is similar to
the phenotype resulting from the lack of the polarity protein
Par3 in RGCs during brain development.'>'® We then examined
the expression pattern of Par3 and Ccdc85 in RGCs. To over-
come the lack of high-quality antibodies for immunostaining of
both Par3 and Ccdc85c, we performed the electroporation
with plasmids expressing Par3 and Ccdc85c in RGCs. We found
that Ccdc85c is co-localized with Par3 at the endfeet of RGCs
(Figure S3A). Interestingly, consistent with the asymmetric distri-
bution of Par3 during RGC divisions, '® we found that Ccdc85¢
localized at the apical endfeet of RGCs in the interphase (Fig-
ure S3B) and showed an asymmetric distribution pattern
together with Par3 during mitosis (7 cells out of 13 cells exam-
ined) (Figure S3B). These data suggest that Ccdc85¢c may
interact with Par3 to regulate RGC proliferation.

We confirmed the interaction between Par3 and Ccdc85c by
performing a co-immunoprecipitation experiment (Figure 2A).

(F-H) Quantifications of Pax6-expressing progenitors (F), Tbr2* intermediate progenitors (G), and neurons that are Pax6~ and Tbr2~ (H).
(I) Representative images of sections stained for Ki67 and EdU examining the cell cycle exit rate in scramble, ShCcdc85c or rescue construct electroporated

brains.

(J) Quantification of the number of progenitors that exited the cell cycle that is positive for GFP and EdU but negative for Ki67. VZ, ventricular zone; SVZ,

subventricular zone; 1Z, intermediate zone; CP, cortical plate.

Scale bar: 50 um. At least three brains were analyzed for each condition. Data are shown as mean + SEM. One-way analysis of variance (ANOVA) test was used.

*p < 0.05, **p < 0.01.
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Figure 2. Ccdc85c coiled-coil domain specifically binds to the 4N2 region of Par3
(A) Co-immunoprecipitation (colP) confirms the interaction between Myc-Par3 and FLAG-Ccdc85c.
(B) Schematic diagrams showing the domain organizations of Par3. A summary of the binding properties of various Par3 fragments to Ccdc85¢ (50-160), as

shown in (E), is given at the right of the panel.

(C) Schematic diagrams showing the domain organizations of Ccdc85c. A summary of the binding properties of various Ccdc85¢ fragments to Par3C (aa 686-

1340), as shown in (D), is given at the right of the panel.

(D) GST pull-down assay of Trx-Par3C with MBP-His-GST-tagged hCcdc85c (1-180, 50-160) and GST-tagged hCcdc85c¢ fragments (181-419).
(E) GST pull-down assay of various Trx-tagged human Par3 fragments with MBP-His-Ccdc85c (50-160).
(F) Analytical gel filtration analysis showing that Trx-Par3 (1070-1217) forms a stable complex with MBP-His-Ccdc85c (50-160). The elution volumes of the

molecular size markers are indicated at the top of the panel.

(G) ITC-based measurement of the binding between Trx-Par3 (1070-1217) and MBP-His-Ccdc85c (50-160).
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Figure 3. Ccdc85c binds to Par3 via the electrostatic interaction

Ccdc85¢c

(A) Multiple sequence alignment of Ccdc85c¢ and Par3 in different species and color coded by sequence identity in blue or pink, respectively. The residues

responsible for electrostatic interaction are indicated with red rectangles.

(B) GST pull-down assay showing that NaCl significantly weakens the interaction between MBP-His-Ccdc85c (50-160) and Trx-Par3 (1070-1217) in a dose-

dependent manner.

(C) Mutagenesis of the positively charged clusters in Trx-Par3 (1070-1217) impairs the binding to MBP-His-Ccdc85c (50-160). K' 15 1116R1118/A s referred to as
K1115A, R''37Q"139R140R1142Q1143/A a5 R1137A, and R''%"~"5%/A as R1157A.

(legend continued on next page)
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Par3 contains an N-terminal domain (NTD) followed by three PDZ
domains at the N terminus (referred to as Par3N hereafter) and
three 4N domains at the C terminus (referred to as Par3C) (Fig-
ure 2B),>>?* and Ccdc85¢ contains a coiled-coil domain at the
N terminus (Figure 2C). GST pull-down experiments showed
that the coiled-coil domain (aa 50-160) of Ccdc85c¢ directly inter-
acted with Par3 (Figures 2C and 2D). Though PDZ domains are
essential protein-binding modules,?® we found that the C-termi-
nal part of the Par3 4N2 domain (aa 1070-1217) was responsible
for binding to Ccdc85c¢ (Figures 2B and 2E). In line with the pull-
down results, analytical gel filtration analysis and isothermal
titration calorimetry (ITC) measurement demonstrated that
Par3 (1070-1217) formed a stable complex with Ccdc85c
(50-160), with a dissociation constant at about 7 uM (6.94 +
1.35 uM) (Figures 2F and 2G). Taken together, we identified
Ccdc85c¢ as a binding partner of Par3.

Identification of Par3-Ccdc85c binding sites

We next investigated how Ccdc85c interacts with Par3.
Ccdc85c and Par3 are highly conserved among the vertebrates
(Figure 3A). Sequence analysis of Par3 and Ccdc85c revealed
several evolutionarily conserved clusters of charged amino acids
(highlighted with red rectangles, Figure 3A). Intriguingly, a high
salt concentration (up to 500 mM) significantly reduced the
amount of Par3 pulled down by Ccdc85c (Figure 3B), suggesting
a charge-mediated interaction between Par3 and Ccdc85c. We
then substituted these charged residues to alanine to probe their
influence on Ccdc85c/Par3 binding. The K!115-1116R1118/
(referred to as K1115A hereafter), R''%’Q" %R "*0R1142Q"143/A
(referred to as R1137A hereafter), and R'"'5"1'59/A (referred to
as R1157A hereafter) mutants of Par3 all showed a weakened
binding avidity to Ccdc85c (Figure 3C). Furthermore, mutations
of D"®8%A (referred to as D79A hereafter), D%2°4/A (referred to
as D92A hereafter), and D'®2E'53-154/A (referred to as D152A
hereafter) of Ccdc85¢ significantly attenuated the interaction
with Par3, and a combinational mutation of the negatively
charged residues (referred to as D/A hereafter) above disrupted
Ccdc85c/Par3 packing (Figure 3D). Taken together, our
biochemical analysis indicated that the specific interaction be-
tween Par3 and Ccdc85c is mainly driven by charge-charge
interactions.

The interaction between Ccdc85c and Par3 is required
for the maintenance of RGCs in the VZ

To ask whether the interaction between Ccdc85¢c and Par3 is
required for the maintenance of RGCs in the VZ, we performed
in utero electroporation using constructs expressing ShCcdc85c
together with either hCCDC85C or hCCDC85C bearing the D/A
mutation (hCCDC85C-D/A) (Figure 3D), which dramatically
impaired the interaction between Ccdc85c¢ and Par3 (Figure 4A).
Meanwhile, we electroporated plasmids expressing BLBP-GFP
for labeling RGCs. While we found that the expression of
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hCCDC85C rescued RGC differentiation caused by downregula-
tion of Ccdc85c (Figures 4A-4C), the expression of hCCDC85C
harboring the Par3-binding-deficient mutation did not result
in rescue phenotype (Figures 4A-4C). In addition, we found
that the number of Pax6* RGCs was reduced upon the interfer-
ence by ShCcdc85c, which was rescued by the expression of
hCCDC85C but not hCCDC85C-D/A (Figures 4A and 4D). These
results suggest that the interaction between Ccdc85c and Par3
is important for the maintenance of RGCs in the VZ.

Ccdc85c relieves intramolecular auto-inhibition of Par3
to promote Numb recruitment
We then investigated the mechanism underlying the interaction
between Ccdc85c and Par3 in regulating RGC proliferation. Pre-
viously, we showed that Par3 exhibits cell cycle-dependent api-
cal condensation through phase separation during Drosophila
neuroblast asymmetric divisions, thus setting up the apical-
basal polarity of neuroblasts at mitosis.® To further examine
the mechanism of Par3 phase separation, we characterized
the saturation concentration (Csat; ~4 pM; Figure S4A) of
recombinant Par38N using a spin-down-based absorbance
assay.27 Above this threshold concentration, Par3N concentra-
tion in the supernatant reached a plateau, which is the prominent
indication of macromolecular phase separation.”® Consistent
with this data, fluorescent microscopy-based measurements
showed that condensate formation of iFluor488-labeled Par3N
was only observed at or above Csat ~4 uM (Figure S4B). More-
over, the dynamic light scattering (DLS) analysis of Par3N subsa-
turated solutions suggested the presence of a heterogeneous
distribution of clusters (Figure S4C). The average sizes of these
clusters shifted toward larger ones as protein concentrations
increased and approached Csat, indicating a phase separation
coupled to percolation (PSCP).?® In contrast to pure phase sep-
aration, PSCP generates unique distributions of clusters that are
specific to the sequence, chemistry, and structure. These clus-
ters can form at concentrations significantly lower than that
required for phase separation.?’**° Given that the PB1 domain
has been shown to facilitate condensate formation,*° it is pre-
sumable that the presence of PB1 containing Par6 could further
enhance the phase separation of Par3.%°

Due to the conserved apical localization of Par3 in Drosophila
and mouse neural stem cells, we asked whether Ccdc85c¢ bind-
ing plays a regulatory role in Par3 PSCP. Expression of the full-
length GFP-Par3 or mCherry-Ccdc85c (50-160) alone showed
a diffused localization pattern in COS7 cells (Figure 5A). Surpris-
ingly, when Par3 was co-expressed with Ccdc85c (50-160), or
the full-length Ccdc85c, GFP-Par3 and mCherry-Ccdc85c¢ spon-
taneously assembled into highly condensed puncta in the cyto-
plasm, indicating that Ccdc85c binding promotes Par3 PSCP
(Figure 5A). In fact, we did observe that Par3 and Ccdc85c
assembled into puncta-like structures in RGCs when plasmids
expressing Par3 and Ccdc85c were electroporated into

(D) Mutagenesis of the negatively charged clusters in MBP-His-Ccdc85c¢ (50-160) impairs the binding to Trx-Par3 (1070-1217). D"98%A is referred to as D79A,
D%2-%%/A as D92A, and D'92E1%3-1%4/A as D152A, and the combinational mutation of all the above negatively charged residues is referred to as D/A. All statistical
data in this figure represent the results of three independent batches of experiments and are expressed as the means + SD; *p < 0.05, **p < 0.01, **p < 0.001, and

****p < 0.0001 using one-way ANOVA with Tukey’s multiple comparison test.
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Figure 4. The interaction between Ccdc85c and Par3 is required for the maintenance of RGC in the VZ

(A) Representative images of brain sections electroporated with plasmids expressing BLBP-GFP together with either plasmid expressing scramble, ShCcdc85c,
ShCcdc85¢c and hCCDC85C, or ShCcdc85¢c and hCCDC85C-D/A. Expression of hCCDC85C-D/A-carrying mutations disrupted the interaction between
Ccdc85¢ and Par3, which could not rescue the delamination of RGC from the VZ, causing the downregulation of Ccdc85c¢. The identity of the RGC is verified by

staining for Pax6.
(B and C) Quantifications of the distribution of GFP* cells in VZ (B) and 1Z (C).
(D) Quantifications of the percentage of GFP* and Pax6™ cells.

Scale bar: 50 um. At least three brains were analyzed. Data are shown as mean + SEM. One-way ANOVA test was used. *p < 0.05, **p < 0.01, **p < 0.001.

RGCs (36% of electroporated cells showed puncta staining)
(Figure S3A, arrowheads). This puncta distribution propensity
dramatically decreased when the Ccdc85c-binding-deficient
Par8R1137A mutant was co-expressed with Ccdc85c (Figures
5A and 5B), suggesting that the interaction between Par3 and
Ccdc85c is essential to mediate Par3 PSCP.

A previous study showed that the C-terminal 4N region of Par3
interacts with its N-terminal PDZ domains to induce a closed
conformation.®' We recently showed that the 4N1 and 4N2 re-
gions also inhibit the PSCP ability of Par3.>° We reasoned that
the occurrence of PSCP in Figure 5A might reflect the relief of
the auto-inhibited conformation of Par3 upon Ccdc85c binding.
To verify our assumption, we first demonstrated that the PDZ1
domain (but not the NTD) in Par3N is responsible for interacting
with Par3C via cell lysate GST pull-down assay (Figure S5A).
Interestingly, the binding between Par3C and PDZ1 was disrup-
ted when cells were treated with high-concentration salt (1 M
NaCl; Figure 5C), suggesting that charge-charge interaction is
the main driving force for auto-inhibition of Par3. As Ccdc85¢c
also interacted with the 4N2 region of Par3C via electrostatic
interaction (Figure 3), Ccdc85¢c might compete with Par3 PDZ1
directly for binding to Par3C. Indeed, Ccdc85¢c significantly
impaired the interaction between Par3 PDZ1 and Par3C in a

dose-dependent manner (Figure 5C). However, the Ccdc85c-
binding-deficient Par3C R1137A mutant exhibited a similar bind-
ing avidity to Par3N compared with Par3C wild type (WT) (Fig-
ure S5A), indicating that the PDZ1 and Ccdc85c binding sites
on Par3C are only partially overlapped. Taken together, these
data suggest that the auto-inhibition of Par3 mediated by
PDZ1 and Par3C interferes with the phase separation of the
NTD, whereas Ccdc85c¢ binding to Par3C releases PDZ1, lead-
ing to NTD-mediated PSCP of Par3.

To further support this model, we fused Cerulean (a cyan fluo-
rescence protein [CFP] variant) and yellow fluorescence protein
(YFP) to the N terminus and C terminus of Par3, respectively, and
then performed fluorescence resonance energy transfer (FRET)
experiments in COS7 cells. Upon bleaching the acceptor fluoro-
phore YFP, the fluorescence intensity of the donor fluorophore
Cerulean was markedly increased (Figures 5D and S5B),
implying that FRET occurred between the two fluorophores
and that the N- and C termini of Par3 were in spatial proximity.
When Ccdc85¢c was co-expressed with CFP-Par3-YFP, the
FRET signal was barely detectable (Figures 5D and S5B), indi-
cating that the auto-inhibited conformation of Par3 was relieved
and that the two termini were far away from each other. Deletion
of 4N1-2, which disrupted the intramolecular interaction,
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Figure 5. Ccdc85c binding relieves Par3 from the auto-inhibited conformation to undergo phase separation and bind to Numb

(A and B) Par3/Ccdc85c complex forms condensed puncta in living cells.

(A) Representative images showing subcellular localization of Par3 and Ccdc85c, when expressed in COS7 cells. When expressed alone, mCherry-Ccdc85c¢ (50—
160) and GFP-Par3 both showed diffused cytoplasmic localization. Co-expression of Ccdc85c¢ and Par3 WT, but not the R1137A mutant, formed scattered bright
puncta in cells. Nuclei were stained by DAPI. Scale bar: 20 um.

(B) Statistical data for (A). n represents the number of independent experimental cell culture batches, with >600 cells counted for each batch. Specimens’
statistics are presented as mean + SEM; n.s., not significant, “p < 0.05, **p < 0.01, and ***p < 0.001 using one-way ANOVA with Tukey’s multiple comparison test.
(C) Competition assay showing that MBP-His-Ccdc85c (50-160) could weaken the interaction between GST-Par3 PDZ1 and HA-Par3C in a dose-dependent
manner. High-concentration salt (1 M NaCl) could also disrupt PDZ1/Par3C packing. HA-Par3 was detected by western blotting, and the other proteins were
stained by Coomassie brilliant blue.

(D) Quantification of FRET efficiency for CFP-YFP (n = 11), CFP-Par3-YFP (n = 11), CFP-Par3-YFP co-expressed with Ccdc85¢ (n = 11), and CFP-Par3A4N1/N2-
YFP (n = 11). Error bars represent SEM. ***p < 0.0001.

(E) colP assay showing that MBP-His-Ccdc85c (50-160) can enhance the interaction between full-length FLAG-Numb and Myc-Par3 in a dose-dependent
manner. MBP-His-Ccdc85c¢ (50-160) was stained by Coomassie brilliant blue, and the other proteins were detected by western blotting.

eliminated FRET of CFP-Par3-YFP, serving as the negative con-  co-expressed with Ccdc85c¢, or with 4N1-2 truncated, but not for
trol. In line with these data, obvious puncta, which are a signature  Par3 alone (Figure S5C). Furthermore, we found that the pres-
of phase separation, were only observed for the CFP-Par3-YFP  ence of Ccdc85c¢ significantly promoted the interaction between
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Figure 6. Ccdc85c promotes the recruitment and concentration of Numb to Par3 condensates

(A) Co-expression of mCherry-Numb, GFP-Par3 WT, or R1137A mutant and FLAG-Ccdc85c in COS7 cells. Numb was enriched in Par3 puncta when co-ex-
pressed with Ccdc85c¢, whereas the introduction of the Par3 R1137A mutation or the absence of Ccdc85c led to diffused localization of Numb and Par3 in the
cytoplasm. Scale bar: 20 um.

(B) Statistical data for (A). n represents the number of independent experimental cell culture batches, with >600 cells counted for each batch. Specimens’
statistics are presented as mean + SEM; n.s., not significant, *p < 0.05, **p < 0.01, and ***p < 0.001 using one-way ANOVA with Tukey’s multiple comparison test.
(C) Representative time-lapse FRAP images showing that GFP-Numb, GFP-Par3, and GFP-Ccdc85c signals within the condensed puncta recovered within a few
minutes after photobleaching. Scale bar: 10 um.

(D) Statistical data for (C). The green curve represents the averaged FRAP data of 20 puncta from 10 cells. The black curve represents the averaged FRAP data of
15 puncta from 8 cells. The red curve represents the averaged FRAP data of 20 puncta from 14 cells. Time 0 refers to the time point of the photobleaching pulse.

All data are represented as mean + SD.

Par3 and Numb (Figure 5E), an important Par3-interacting part-
ner to regulate Notch signaling.’® Importantly, the enhanced
binding of Par3 with Numb was not due to the interaction be-
tween Ccdc85c and Numb (Figure S5D). Taken together, these
data demonstrate that the interaction between Ccdc85c and
Par3 releases the auto-inhibition to promote PSCP of Par3 and
recruitment of its targets (e.g., Numb).

Like Par3 and Ccdc85c, Numb also localizes to adherens junc-
tions of RGCs at the VZ surface and is required for the mainte-
nance of RGC polarity.>> We wondered whether the junctional
localization of Numb relies on Ccdc85c-mediated Par3 local
condensation. To test this hypothesis, we co-expressed
mCherry-Numb, GFP-Par3, and FLAG-Ccdc85c in COS7 cells

and found that Numb could be effectively recruited into the
condensed Par3 puncta as expected (Figures 6A and 6B).
Consistently, Par3 was co-localized with Numb in puncta when
plasmids expressing Par3 and Numb were electroporated into
RGCs (Figure S6). In sharp contrast, the puncta formation disap-
peared when Par3 harbored the Ccdc85c-binding-deficient
R1137A mutation or when Ccdc85c was replaced by a mock
vector (Figures 6A and 6B). As a control, mCherry-Numb alone
exhibited a diffused distribution in the cytoplasm of COS7 cells
(Figure 6A). Importantly, we found that Par3, Ccdc85c, and
Numb in the condensed puncta rapidly exchanged with proteins
in the surrounding environment, revealed by fluorescence recov-
ery after photobleaching (FRAP) analysis (Figures 6C and 6D),
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suggesting the dynamic nature of the condensed puncta. In
summary, these data demonstrate that Ccdc85c acts as an
important switch to initiate PSCP of Par3, thus leading to
the recruitment and concentration of target Numb to Par3
condensates.

Ccdc85c regulates neural progenitor proliferation
through Notch signaling

Numb has been reported as an essential Notch regulator.
Thus, the recruitment and release of Numb to and from the
Par3 condensates mediated by the interaction with Ccdc85c
could be a regulatory mechanism for Notch activity. Thus, we
reasoned that the enhanced neural progenitor differentiation
upon the downregulation of Ccdc85¢ could be rescued by the
activation of Notch signaling. To test this hypothesis, we exam-
ined whether the activation of Notch activity through the exp-
ression of Notch intracellular domain (NICD) could attenuate
the differentiation of RGCs from the proliferative VZ upon the
downregulation of Ccdc85c. Progenitors were labeled by the
plasmids expressing GFP driven by the BLBP promoter (Fig-
ure 7). The differentiation of RGCs from the ShCcdc85c brains
was rescued by the expression of NICD or the downregulation
of Numb and Numb-like (Numbl) (Figures 7A and 7B). To
examine the proliferation status of RGCs, we stained the sec-
tions for Ki67, a marker for proliferating cells, and found that
the number of Ki67* RGCs was reduced upon the interference
by ShCcdc85c, which was rescued by the expression of
hCCDC85C or the downregulation of Numb and Numbl (Figures
7A and 7C). Therefore, these data suggest that Ccdc85¢c regu-
lates progenitor proliferation through Notch signaling.

33-35

DISCUSSION

In this study, we have examined the role of Ccdc85c¢ in regulating
neural progenitor proliferation in the developing mouse
neocortex. Our data suggest that Ccdc85c acts as a molecular
switch that relieves the auto-inhibitory status of the polarity pro-
tein Par3, leading to its PSCP and efficient recruitment and
condensation of Numb in RGCs at the VZ surface (Figure 7D).
The polarized localization of Numb results in high Notch activity
to maintain RGC proliferation. Disruption of the interaction be-
tween Ccdc85c and Par3 promotes the auto-inhibited confor-
mation of Par3, which cannot recruit Numb. Freely distributed
Numb attenuates Notch activity to drive RGC differentiation
(Figure 7D). Thus, our data demonstrate that polarity protein
Par3-mediated PSCP regulates Notch activity and thereby the
proliferation of RGCs in the developing neocortex.

Apical complex proteins, including Par3, Cdc42, and
Pals, 163537 play important roles in regulating RGC prolifera-
tion and differentiation.®® Particularly, the polarity protein Par3
is asymmetrically segregated into different daughter cells after
RGC division, which allows the daughter cell to inherit a larger
amount of Par3 to maintain as an RGC through higher Notch ac-
tivity.’® However, how the cell polarity bridges the Notch
signaling pathway and how this connection is regulated remain
unclear. Here, we present compelling evidence supporting that
Ccdc85c-mediated PSCP of Par3 provides a local environment
to enhance the recruitment of Notch regulator Numb to Par3 in

10 Cell Reports 42, 112677, July 25, 2023

Cell Reports

its open conformation and thus to control Notch activity. Our pre-
vious study showed that the open conformation of Par3 un-
dergoes phase separation in Drosophila neuroblasts.”® Here,
we show that the presence of Ccdc85c in RGCs leads to the re-
lief of the intramolecular auto-inhibition of Par3, which facilitates
PSCP of Par3. Importantly, we found that the binding of Ccdc85c
to Par3 promotes the recruitment of Numb to the liquid conden-
sates (Figure 7). Disruption of the interaction between Par3 and
Ccdc85¢ attenuates the recruitment of Numb, suggesting that
Ccdc85c is important for regulating the recruitment of Numb to
the Par3 condensates. It is known that Numb is an important
regulator for Notch signaling.>>*® Therefore, our data suggest
that the recruitment of Numb to the Par3 condensates leads
to the reduction of active Numb, which is required for the main-
tenance of the RGC fate. In contrast, when Ccdc85c is depleted,
Par3 undergoes intramolecular inhibition, which prevents Numb
from binding to Par3. Dispersed active Numb inhibits Notch
signaling, which drives RGC differentiation (Figure 7D). Thus,
Ccdc85¢ bridges the cell polarity with Notch signaling in
RGCs, suggesting a dynamic mechanism via PSCP.

Phase separation has been implicated in several processes to
exert diverse functions in a spatiotemporal manner.***® Via
intra- and/or intermolecular multivalent interactions, specific bio-
molecules undergo autonomous phase separation (sometimes
coupled percolation) to form membrane-less organelles with
unique functions.?®?%** During neuronal development, phase
separation provides a unique assembly to recruit multiple com-
ponents to control neural progenitor divisions or synaptic trans-
mission.”®*>¢ Particularly, the Par complex undergoes phase
separation at the apical membrane of the Drosophila neuroblast,
which is important for the establishment of apical-basal polarity
and the following cell fate determination of neural progeni-
tors.?®*” However, whether this mechanism is conserved in
regulating RGC proliferation and differentiation in the developing
mammalian brain remains unclear. Here, we found that polarity
protein Par3-mediated PSCP is controlled by the interaction
with Ccdc85c, which connects with Notch signaling to regulate
RGC proliferation. Together with the observations from the
Drosophila neuroblasts and the functions of Par3 in RGCs, we
believe that phase separation may be an important way to regu-
late RGC proliferation and differentiation, although we could not
characterize the properties of biomolecular condensates in
RGCs in vivo due to technical difficulties. In the future, it would
be interesting to examine the dynamics of biomolecular conden-
sates mediated by polarity proteins in vivo to determine the
daughter cell fate of RGCs.

Apical complex proteins, including polarity proteins and adhe-
sion proteins, are important for anchoring RGCs at the apical VZ.
Disruption of these proteins could lead to cortical malformation.
For example, depletion of cdc42, Pals1, and Lgl1 results in the
disruption of apical VZ and cortical heterotopia,®*>"*449 sug-
gesting essential roles of the apical complex proteins in the
maintenance of RGCs within the VZ. We found that downregula-
tion of Ccdc85c led to the absence of RGCs from the VZ (Fig-
ure 1). However, we did not observe the disruption of the apical
VZ. This is likely because we only electroporated a portion of
RGCs within the VZ. It will be interesting to examine whether
Ccdc85c interacts with other apical complex proteins to regulate
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Figure 7. Ccdc85c acts through Notch signaling to regulate the maintenance of RGCs in the VZ

(A) Representative images of brain sections showing that over-expression of plasmids expressing NICD (Notch intracellular domain) or shRNAs against Numb/
Numb-like (ShNb/NDblI) could rescue the deamination of RGCs from the VZ caused by the downregulation of Ccdc85c.

(B) Quantification of the number of GFP* cells located at the VZ surface.

(C) Quantification of the percentage of proliferating cells (GFP and Ki67 double positive).

Scale bar: 50 pm. At least three brains were analyzed. Data are shown as mean + SEM. One-way ANOVA test was used. ***p < 0.001.

(D) Working model. Ccdc85c interacts with the apical polarity protein Par3, which promotes the PSCP of Par3 and the recruitment of Numb, the Notch regulator.
This, in turn, leads to the activation of Notch signaling and promotes RGC proliferation. In contrast, Par3 undergoes an auto-inhibited conformation that cannot
recruit Numb. The released Numb antagonizes Notch activity, which leads to RGC differentiation.
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the maintenance of RGCs within the VZ in the future. In the devel-
oping human brain, a large number of outer RGCs (0RGs) are
located in the outer sub-VZ without expressing the polarity pro-
tein Par3.%°%°" However, these cells maintain their proliferative
capacity. This suggests that apical complex proteins may play
dual roles to regulate RGC proliferation and the anchoring in
the VZ. It would be interesting to investigate whether Ccdc85c
is involved in regulating oRG generation in human cerebral
organoids.

Limitations of the study

We report in this study that polarity protein Par3-mediated PSCP
is important for regulating Notch activity to control the prolifera-
tion of RGCs in the developing neocortex. The PSCP of Par3 was
examined largely in vitro using cell lines to overcome current dif-
ficulties in studying PSCP in vivo directly, in particular in the
developing brain. Therefore, PSCP formation in vivo could be
potentially more complicated than in vitro. Using in utero electro-
poration, we provided the functional analysis, which supports
our biochemistry analysis. Nevertheless, it is important to inves-
tigate PSCP formation in vivo with advanced techniques in the
future.

Due to the lack of effective antibodies against Par3, Numb,
and Ccdc85c, we examined the localization of these proteins
by expression of their transcripts (Figures S3 and S5). We could
not exclude the possibility that the localization of these tagged
proteins is slightly different from endogenous proteins, although
we tried to avoid this artifact by using low-concentration plas-
mids. A low level expression of Par3 has been shown to localize
to the apical endfeet of RGCs as the endogenous protein.'® The
localization of Ccdc85¢ and Numb has been observed at the api-
cal endfeet of RGCs.?%*? Therefore, the localization of Par3,
Numb, and Ccdc85c that we presented in this work is consistent
with previous work. Nevertheless, it is important to use high-
quality antibodies to examine the localization in the developing
brain. In addition, given that Par3 and Numb are associated
with the adherens junction,**°? the absence of RGCs from the
VZ upon the downregulation of Ccdc85c¢ could potentially be
caused by a defective adherens junction. As electroporation
can only target a small portion of RGCs of the brain, it is difficult
to examine the integrity of the adherens junction in Ccdc85c
knockdown RGCs. Therefore, Ccdc85c conditional knockout
mice are useful for validating the importance of the localization
of the polarity proteins and the brain development phenotype
in the future.
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Numb shRNA target sequence: (Mladen et al., 2007)** N/A
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See Table S1 for primers for This paper N/A

Par3/Ccdc85c fragments
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Software and algorithms

Image J NIH https://imagej.nih.gov/ij/; RRID: SCR_003070

NIS Element version 5.11 Nikon https://www.microscope.healthcare.nikon.com/
products/software; RRID:SCR_014329

GraphPad Prism GraphPad Software https://www.graphpad.com/;
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Adobe Photoshop Adobe https://www.adobe.com/products/
photoshop.html; RRID:SCR_014199

Adobe lllustrator Adobe http://www.adobe.com/products/
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Yunli Xie
(yunli.xie@fudan.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

C57BL/6J mice were used in this paper. The day of vaginal plug detection was designated as embryonic day 0.5 (E0.5), and the day of
birth was referred to as postnatal day 0 (P0). E14.5 embryos were used for in utero electroporation and analyzed 3 days later or after
birth. Both male and female littermates were randomly assigned to experimental groups for all experiments. All animal work was
approved by Animal Care and Use Committee of Shanghai Medical College of Fudan University

Cell lines

Human HEK293 cells and COS7 cells (from American Type Culture Collection (ATCC)) were grown in Dulbecco’s modified Eagle me-
dium (Gibco, Cat#11995065) containing 10% fetal bovine serum (Gibco, Cat#10099141) in an incubator with 5% CO, at 37°C. Cells
were transiently co-transfected using polyethylenimine transfection reagent (Polysciences). Cells were harvested 36 h post
transfection

Microbe strains

Escherichia coli BL21 (DE3) or Rosetta host cells were cultured on a shaker at 37°C with a speed of 220 rpm for 12-16 hours. Once the
OD600 absorbance value reached 0.6-0.8, indicating optimal bacterial growth in the logarithmic phase, the bacterial solution was
cooled for 0.5-1 hour in a 4°C refrigerator. The IPTG was then added with a final concentration of 0.3 mM when the temperature
of the medium reached around 16°C to induce protein expression. Subsequently, cells were exposed to induction for 16-18 hours
at 220 rpm, 16°C. It is worth noting that Escherichia coli reproduces asexually.

METHOD DETAILS

Plasmids construction

Human CCDC85C cDNA was cloned into pCAGEN vector. Point mutations were made by the site-directed mutagenesis and
confirmed by Sanger sequencing. GFP-Par3 was cloned into Sal I/Not | sites of the pEGFP-C3 vector. mCherry-Ccdc85c and
mCherry-Numb were cloned into EcoR 1I/Sal | sites of the pmCherry-C1 vector. For RNA interference, the shRNA oligos against
Ccdc85¢c, Numb, and Numbl were cloned into the pSuper vector. The Numb/Nubml shRNA oligo sequences were refer to
Mladen-Roko et al.>? The primer sequences are listed in Table S1.

In utero electroporation
The in utero electroporation (IUE) procedure followed a protocol previously described by Tang et al.? Briefly, pregnant mice (E14.5)
were anaesthetized and the uterine horns were exposed.

The desired plasmids (1.5-3 png/uL) were injected into the lateral ventricles of the embryos. Electroporation was performed using a
BTX electroporation system (ECM830) with five 50ms pulses of 34V, applied at 950ms intervals which were dependent on the em-
bryonic age. The uterine horns were carefully repositioned back into the abdominal cavity and the wound was sutured. Embryos were
analyzed 3 days later or at P7.

Immunohistochemistry

The embryonic brains were fixed with 4% PFA overnight at 4°C, followed by transferring into 30% sucrose in PBS for 24h at least.
The brains were then embedded in O.C.T compound (Sakura, Cat#4583) and sectioned at 14 um thickness for embryonic brain
analysi and 30 um thickness for postnatal brain analysis. For immunostaining, brain sections were permeabilized with 0.5% Triton
X-100 for 30 mins at room temperature. The sections were then blocked with a combination of 0.5% Triton X-100, 5% normal goat
serum in PBS at room temperature for 1 hour before being incubated overnight at 4°C with the relevant primary antibody.
Following washing with PBS, the sections were then treated with suitable secondary antibodies for 2 hours at room temperature
in the dark, before mounting for analysis. A comprehensive list of all the details of the antibodies used in the study is available in
the key resources table.

En face view

For the en face view, E13.5 embryos were subjected to IUE and analyzed after 24h. The brain was carefully separated from the em-
bryo and placed in a culture dish filled with cold 1X PBS on ice. The cortex was then removed carefully under a stereomicroscope and
transferred to a centrifuge tube containing 4% PFA for overnight incubation at 4°C. The brain was then washed with 1X PBS thor-
oughly. Next, permeabilization with 0.5% Triton X-100 for 1 hour at room temperature was performed. After blocking with the block-
ing buffer (0.5% Triton X-100, 5% normal goat serum in PBS) for 1h at room temperature, the sections were then incubated with the
desired primary antibody for 2 days at 4°C. After washing with PBS, appropriate secondary antibodies were then incubated for 2h at
room temperature in the dark. Finally, the cortex was carefully transferred to the slide to unfold and flatten, ensuring that the surface of
the ventricle was facing upward. After slightly drying the excess liquid, the cortex was mounted before analysis.

Cell Reports 42, 112677, July 25, 2023 17




¢ CelPress Cell Reports

OPEN ACCESS

Protein expression and purification

The human Par3 fragments (Uniprot ID: Q8TEWO0-11) and the human CCDC85C fragments (Uniprot ID: AGBNKD9s) were individually
cloned into pMAL-c2x or a modified version of pET32a vector.*® Mutations were generated utilizing the standard PCR-based muta-
genesis method and confirmed via DNA sequencing. The recombinant proteins were expressed in Escherichia coli BL21 (DE3) or
Rosetta host cells in LB medium at 16 °C. The proteins were then purified witha Ni?*-NTA agarose affinity column, followed by
size-exclusion chromatography (using HiLoad 26/600 superdex 200 pg columns on an AKTA FPLC system, GE Healthcare) using
buffer A, which contains 50 mM Tris (pH 8.0), 100 mM NaCl, 1mM B-ME, and 1 mM EDTA.

GST pull-down assay

For the GST pull-down assay, 4 nmoL of GST fusion proteins were loaded onto 40 uL. GSH-Sepharose 4B slurry beads, and indicated
proteinsproteins (12 nmolL) were then incubated with them in 500 pL buffer A at 4°C for 1 hour. After three washes with the same
buffer, the captured proteins were eluted by boiling with SDS-loading buffer, resolved by 12% SDS-polyacrylamide gel electropho-
resis (SDS-PAGE), and detected via coomassie blue staining.

Analytical gel filtration chromatography

Analytical gel filtration chromatography was performed on an AKTA Fast Protein Liquid Chromatography (FPLC) system (GE Health-
care). Protein samples were pre-concentrated to indicated concentrations and loaded onto a Superdex™ 200 increase 10/300 GL
column (GE Healthcare) pre-equilibrated with the buffer A.

Isothermal titration calorimetry (ITC) measurements

The ITC measurement was conducted at 25°C using a PEAQ-ITC (MicroCal). All protein samples were dissolved in buffer A, and ti-
trations were performed by injecting 40 pL aliquots of Ccdc85¢ (50-160) (0.5 mM) into Par3 (1070-1217) (0.04 mM) at 2 minutes time
intervals. The titration data were analyzed using the Malvern MicroCal PEAQ-ITC analysis program. The Kd error represents the fitted
error obtained from the data analysis software when using the one-site binding model to fit the ITC data.

Co-immunoprecipitations and immunoblotting

HEK293T cells were co-transfected with the full-length human CCDC85C and human Par3 using polyethylenimine transfection re-
agent (Poly-sciences). Cells were harvested 36h post-transfection and lysed in the lysis buffer consisting of 50 mM Tris (pH 7.4),
150 mM NaCl, 1% Nonidet P-40 and protease inhibitor cocktail (Thermo Fisher, A32955). Each lysate was then incubated with
anti-Flag M2 affinity gel (Sigma, Cat#A2220) for 4h. After extensive wash with the lysis buffer, the above proteins captured by affinity
beads were used for immunoblotting.

The captured proteins were boiled in SDS-PAGE loading buffer and separated by SDS-PAGE. The proteins were transferred onto a
0.45 pum polyvinylidene difluoride (PVDF) membrane (Millipore). Subsequently, the membrane was blocked using 5% bovine serum
albumin in TBST buffer (20 mM Tris-HCI (pH 7.4), 137 mM NaCl, and 0.1% Tween-20) at room temperature for 1h. This was followed
by incubation with primary antibodies at a 1/2000 dilution at 4 °C overnight. Membranes were washed three times with TBST buffer,
incubated with HRP goat anti-mouse antibody (ABclonal, AS003), and visualized on a LAS4000 Chemiluminescence Imaging Sys-
tem. Antibodies are listed in key resources table.

COS7 cell imaging and data analysis

Par3 and Ccdc85c plasmids were individually or co-transfected into COS7 cells, utilizing polyethylenimine transfection reagent (Poly-
sciences). Cells were fixed with 4% paraformaldehyde and mounted onto glass slides for imaging using an OLYMPUS confocal mi-
croscope by a 60X oil immersion lens with DAPI staining. Puncta-counting assay data were collected from 3-6 independent batches
of cultures as indicated in the figure. In each batch, at least 600 fluorescence-positive cells were counted for each group of exper-
iments. A cell with more than two visible fluorescence puncta was considered a puncta-positive cell. All experiments were conducted
in a blinded fashion.

Competition assay

Mouse Numb and human Par3 plasmid were co-transfected into HEK293T cells (from ATCC) using PEI (Poly-sciences) as the trans-
fection reagent. Cells were harvested 36h post transfection and lysed in lysis buffer. Each lysate was incubated with anti-Flag M2 affinity
gel (Sigma, Cat#A2220) for 2h. Next, the lysate was incubated for 1h in the presence of 0, 1, or 4 nmoL of purified MBP-His-Ccdc85¢c
(50-160). After washing three times, proteins captured by affinity beads were eluted by boiling and subjected to immunoblotting.

FRAP assay

COS?7 cells were cultured in glass-bottom dishes and transfected. At 36 hours post-transfection, the FRAP assay was performed
using a Leica TCS SP8 confocal microscope. Puncta with diameters approximately 2.0 um were analyzed. The GFP signal was
bleached using a 488-nm laser beam. The fluorescence intensity difference between pre-bleaching and time 0 (immediately following
the photo-bleaching pulse) was then normalized to 100%. The fluorescence intensity of similar puncta/cytoplasm regions without
photo-bleaching was used as internal reference.
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FRET analysis

COS7 cells cultured in glass-bottom dishes were mounted for acquiring FRET images at 36 hours post-transfection. FRET images
were captured utilizing a Leica TCS SP8 confocal microscope. In order to photobleach YFP, the cells were illuminated until 20% of
the original fluorescence intensity was detected. Under these conditions, CFP direct bleaching was minimized. The increase in CFP
emission under CFP excitation after photobleaching YFP indicated FRET. The FRET efficiency of each cell, represented as FRETeff
(%), was calculated as (CFPpost- CFPpre)/CFPpost.

Dynamic light scattering

Dynamic light scattering measurements of Par3N were conducted at 25°C using a DynaPro Plate Reader (WYATT) with 158° forward
scattering. The measurements were recorded for 10 seconds using a DYNAMICS V7 (WYATT) to obtain autocorrelations. Each
experiment was repeated at least three times. The hydrodynamic radius estimates were analyzed using the DYNAMICS V7
(WYATT) software. Par3N was tested in a solution containing 50 mM Tris (pH 8.0), 100 mM NaCl, 1mM b-ME, and 1 mM EDTA.

In vitro phase transition assay

For fluorescence assay, Par3N was purified in buffer containing 100 mM NaHCOj3; (pH 8.3), 300 mM NaCl, 1 mM EDTA, and 1 mM
DTT. iFluorTM 488 NHS ester was incubated with Par3N at room temperature for 1h, with the fluorophore to protein molar ratio main-
tained at 1:1. The reaction was quenched using 200 mM Tris (pH 8.0), and the chemically labeled proteins were further purified into
buffer A using a Hitrap desalting column. The iFluorTM 488-labeled Par3N mixed with 50 molar ratios of unlabeled Par3N at varying
concentrations was observed in a flow chamber at room temperature using an Olympus IX73 fluorescence microscope. Forimaging,
Par3N was injected into a homemade flow chamber comprised of a glass slide sandwiched by a coverslip with one layer of double-
sided tape as a spacer for fluorescent imaging on the Olympus IX73.

QUANTIFICATION AND STATISTICAL ANALYSIS

The Nikon A1R confocal microscope (Nikon) was used to capture images. Image processing was carried out using NIS Element
version 5.11 (Nikon) or Adobe Photoshop. GraphPad Prism 8 was used for statistical analysis. A two-tailed Student’s t-test was
used to compare two groups of data, and one-way ANOVA was used for more than two groups. All experiments were independently
performed using at least 3 brains. Data were presented as mean + SEM. p<0.05 was considered as significant. Significance is marked
as*, p<0.05;*, p<0.01; ™, p<0.001 and ***, p < 0.0001.

GraphPad Prism 8 software was used for other statistical analysis. Statistical tests and sample sizes are indicated in the figure
legends. A p value of <0.05 was considered statistically significant and a p value of >0.05 was considered statistically non-significant
(ns). Significance is marked as *, p < 0.05; **, p < 0.01; ***, p < 0.001 and ***, p < 0.0001.

Cell Reports 42, 112677, July 25, 2023 19




	CELREP112677_proof_v42i7.pdf
	Ccdc85c-Par3 condensates couple cell polarity with Notch to control neural progenitor proliferation
	Introduction
	Results
	Loss of Ccdc85c leads to RGC differentiation
	Par3 interacts with Ccdc85c through the 4N2 domain
	Identification of Par3-Ccdc85c binding sites
	The interaction between Ccdc85c and Par3 is required for the maintenance of RGCs in the VZ
	Ccdc85c relieves intramolecular auto-inhibition of Par3 to promote Numb recruitment
	Ccdc85c regulates neural progenitor proliferation through Notch signaling

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	Acknowledgments
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Animals
	Cell lines
	Microbe strains

	Method details
	Plasmids construction
	In utero electroporation
	Immunohistochemistry
	En face view
	Protein expression and purification
	GST pull-down assay
	Analytical gel filtration chromatography
	Isothermal titration calorimetry (ITC) measurements
	Co-immunoprecipitations and immunoblotting
	COS7 cell imaging and data analysis
	Competition assay
	FRAP assay
	FRET analysis
	Dynamic light scattering
	In vitro phase transition assay

	Quantification and statistical analysis




