SCIENCE ADVANCES | RESEARCH ARTICLE

DEVELOPMENTAL BIOLOGY

Phosphorylation by Aurora kinase A facilitates
cortical-cytoplasmic dynamics of Par-3 in asymmetric
division of radial glia progenitors

Jason Q. Garcia"*t, Vincent Mouilleau’, Henry Ng?3, Xiang Zhao'*,
David 0. Morgan®?, Su Guo'***

During asymmetric cell division (ACD) of radial glia progenitors (RGPs), the cortical polarity regulator Par-3 is de-
tected in the cytoplasm colocalizing with dynein and Notch ligand DeltaD (DId). What drives Par-3 to the cyto-
plasm and its impact on RGP ACD remain unknown. Here, we visualize cytoplasmic Par-3 using in vivo time-lapse
imaging and find that Ser®** of zebrafish Par-3 is phosphorylated by Aurora kinase A (AurkA) in vitro. Expression
of the nonphosphorylated mutant Par-3°*>** dominant negatively affects embryonic development, reduces cyto-
plasmic Par-3, and disrupts the anteroposterior asymmetry of cortical Par-3 and DId endosomes and, in turn,
daughter cell fate. AurkA in mitotic RGPs shows dynamic pericentrosomal distribution that transiently colocalizes
with cortical Par-3 preferentially on the posterior side. AurkA is both necessary and sufficient to increase cytoplasmic
while decreasing cortical Par-3, disrupts Par-3 cortical asymmetry, and perturbs polarized DId endosome dynamics.
These findings suggest that AurkA regulates Par-3 cortical-cytoplasmic dynamics that is critical for ACD and
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daughter cell fate.

INTRODUCTION

During early brain development, radial glia progenitors (RGPs),
the principal vertebrate neural stem cells, undergo asymmetric
cell division (ACD) to generate two distinct daughter cells: One
maintains stemness (self-renewal), and the other becomes a dif-
ferentiating neuron. ACD is essential for generating diverse dif-
ferentiated cell types while maintaining the stem cell population.
Therefore, disruption of this process can lead to early developmental
defects and cancer (1-5). Elucidating the mechanisms that reg-
ulate ACD is fundamental for understanding both basic biology
and disease mechanisms.

ACD requires the establishment of a polarity axis in relation to
the cleavage plane in the mother cell. The evolutionarily conserved
partitioning defective protein (Par) complexes, originally discov-
ered in Caenorhabditis elegans (6-9), play a crucial role in regulating
these processes. In the developing vertebrate forebrain, Par-3, also
known as PARD3 in humans and Bazooka in Drosophila, is local-
ized at the apical cortex of neuroepithelial cells, which are precursors
of RGPs (10-14). During active neurogenesis, most RGPs divide
along the anterior-posterior (A-P) embryonic axis (not the apical
basal axis), thereby distributing the apical Par-3 to both daughter
cells (1, 5, 13-22).

Par-3 was thought to function exclusively at the cell cortex until
recently. Studies in the developing zebrafish forebrain during active
neurogenesis have revealed that apically localized Par-3 in dividing
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RGPs becomes further polarized along the A-P axis and is preferen-
tially segregated to the posterior self-renewing daughter (14, 23).
Moreover, Par-3 is detected in the cytoplasm to form a complex with
Dlic1 (dynein intermediate light chain 1) on the Notch ligand DeltaD
(Dld)-containing endosomes and is required for the asymmetric
segregation of these endosomes (23). Polarized dynamics of Notch
signaling endosomes was first observed during ACD of Drosophila
neural progenitors (24, 25), suggesting that it is evolutionarily
conserved. Both zebrafish and mammalian RGPs undergo ACD to
generate daughter cells with asymmetric activity of Notch signaling
(13-17), a key regulator of cell fate decisions (18, 19). Disruption
of Par-3 results in a loss of Notch asymmetry (13, 14) in daughter
cells, which may contribute to tumorigenesis and cancer metastasis
(1, 5, 20-22).

Together, these findings raise the following questions: What mech-
anisms drive the presence of Par-3 in the cytoplasm? How does such
regulation contribute to the establishment of cell polarity and ensu-
ing daughter cell fate?

Phosphorylation, a crucial posttranslational modification in bio-
logical systems, has a profound impact on cellular processes, signal-
ing cascades, and organismal development. Phosphorylation of Par-3
by atypical protein kinase C (aPKC) (26-30), Par-1 (8, 31), and PLK-1
(Polo-like kinase-1) (32) has been studied mostly in invertebrates
and, on some occasions, cultured mammalian cells. The cell cycle-
dependent Aurora kinase A (AurkA), highly expressed in the ner-
vous system (33), emerges as a notable player in cell cycle regulation.
Studies have linked Aurora kinases with PAR network activation in
C. elegans (34) and with Par-6 during ACD in Drosophila neuro-
blasts (35). Mammalian AurkA has been shown to phosphorylate
human PARD3 at Ser”® in axon formation of cultured hippocampal
neurons (36).

In this study, we carried out in vivo time-lapse imaging to observe
the dynamics of Par-3 in RGPs using an established Par-3-green
fluorescent protein (GFP) reporter (10-12, 23). We observed that
Par-3 appeared in the cytoplasm upon mitotic entry. We therefore
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investigated the cell cycle-dependent kinase AurkA, which has two
consensus phosphorylation motifs in zebrafish Par-3. We showed
that the presence of Par-3 in the cytoplasm was facilitated by AurkA
phosphorylation at Ser”** of Par-3. Furthermore, we detected a tran-
sient colocalization of AurkA and cortical Par-3 on one side of the
anaphase RGPs, correlating with the directionality of Par-3 cortical
asymmetry along the A-P axis; colocalization of AurkA and cortical
Par-3 showed enrichment on the posterior side. Both transient inhi-
bition and overexpression of AurkA altered the Par-3 cytoplasmic
and cortical presence, disrupted its cortical asymmetry, and per-
turbed the polarized dynamics of Dld endosomes. Overall, our find-
ings reveal a role of AurkA in phosphorylating Par-3, promoting
the Par-3 cytoplasmic presence in mitotic RGPs, and neural pro-
genitor fate.

RESULTS

In vivo time-lapse imaging uncovers the dynamics of
cytoplasmic Par-3 in mitotic RGPs

Using label retention expansion microscopy, we previously detected
Par-3 in the cytoplasm in complexes with the dynein subunit Dlicl
and DId endosomes in mitotic RGPs (23). In the developing zebraf-
ish forebrain, mitotic RGPs that divide along the A-P axis display
three modes of divisions: (i) Most RGPs asymmetrically segregate
cortical Par-3 and DId endosomes to the posterior daughter. (ii) A
small portion of RGPs asymmetrically segregates cortical Par-3 and
Dld endosomes to the anterior daughter. (iii) Another small portion
of RGPs shows symmetrical distribution of cortical Par-3 and DId
endosomes to both daughters (Fig. 1A).

To better understand the cytoplasmic and cortical Par-3, we
carried out in vivo time-lapse imaging. The mRNAs encoding Par-
3-GFP and histone monomeric red fluorescent protein (RFP; H2B-
mRFP) (marks cell nuclei) were microinjected into one cell of 16- to
32-cell Tg[efla-MyrTdTomato] (marks cell membranes) embryos to
achieve sparse labeling. Care was taken to deliver the Par-3-GFP
mRNA at a concentration that does not affect cell polarity, as previ-
ously described (10-12, 23). Subsequently, the DId antibody conju-
gated to a fluorophore was microinjected into the brain ventricle at
22 hours postfertilization (hpf) to label DId endosomes, as previ-
ously described (23, 37-39). Live imaging was performed at ~24 to
30 hpf (Fig. 1B).

Punctate GFP signals were observed in the cytoplasm of mitotic
RGPs at around the metaphase (Fig. 1, C and D, movie S1, and fig.
S1). Compared to cortical Par-3, cytoplasmic Par-3 was at a much
lower level. Consistent with previous expansion microscopy data
(23), colocalization of the GFP signal with DId endosomes was ob-
served (Fig. 1C, insets, and fig. S1). Intriguingly, cytoplasmic Par-3-
GFP appeared emanating from the apical domain and showed
enrichment on the posterior side readily observable at the metaphase
(Fig. 1D and movie S1). The low signal-to-noise ratio of cytoplas-
mic Par-3-GFP, however, made the quantification of its cytoplasmic
asymmetry challenging. Together, these qualitative observations are
consistent with a model postulating the derivation of cytoplasmic Par-3
from the cortical pool.

To better visualize the dynamics of cytoplasmic Par-3-GFP, we
reasoned that knocking down endogenous Par-3, which is not vis-
ible by live imaging, and replacing it with exogenously provided
Par-3-GFP should enhance the detection of cytoplasmic Par-3-
GFP. We coinjected a validated Par-3 morpholino (MO) antisense
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oligonucleotide (1I) with MO-resistant Par-3-GFP mRNAs as de-
scribed above. In vivo time-lapse imaging of mitotic RGPs unveiled
more intense Par-3-GFP signal in the cytoplasm. Intriguingly, cyto-
plasmic Par-3-GFP appeared as part of a large assembly that was
decorated with many DId endosomes. As mitotic RGPs progressed
through the cell cycle, this large assembly appeared to be pushed to
the apical side by the cleavage furrow and then quickly moved to-
ward the posterior (Fig. 1, E and F, movie S2, and fig. S1). Together,
in vivo time-lapse imaging of Par-3-GFP and DId endosome dy-
namics provides qualitative data that support a model showing that
cytoplasmic Par-3 colocalizes with DId endosomes in a large assem-
bly that undergoes directional movement toward the posterior side
in mitotic RGPs.

Systemic expression of Par-35%*** dominantly interferes with
embryonic brain development

To build on these qualitative observations and to understand the
mechanisms that drive the presence of Par-3 in the cytoplasm, we
turned to phosphorylation. Par-3 has many established and predict-
ed phosphorylation sites, which can be visualized using the UniProt
database. In this study, we focused on two serines, Ser”*’ and Ser®>*
in zebrafish Par-3, which are predicted phosphorylation sites of AurkA
in the consensus RX(S/T)(L/V) motif and are conserved across ver-
tebrates (Fig. 2A) (36, 40, 41).

Given that cytoplasmic Par-3-GFP became detectable at around
the metaphase in mitotic RGPs, we sought to determine whether
phosphorylation of these two serines by the cell cycle-dependent
kinase AurkA plays a role in driving the presence of Par-3 in the
cytoplasm. Precise genome editing of single amino acids has been
reported in zebrafish (42), but the overall efficiency remains low and
is highly dependent on having efficacious single guide RNAs near
the desired target sites. As we need to target two serines in different
regions of Par-3, this becomes considerably challenging and more-
over carries the uncertainty whether such modification may cause
early embryonic defects, making the interpretation of RGP pheno-
types difficult. We therefore decided to use an alternative approach.
Serine-to-alanine and serine-to-aspartic acid mutations were in-
troduced into Par-3-GFP. The mRNAs encoding these mutated
forms of Par-3 were microinjected into one-cell stage embryos (for
ubiquitous expression) or one cell of the 16- to 32-cell stage (for
sparse expression) (Fig. 2B). For the former, embryos were raised
to 28 hpf and their brain morphological phenotypes were scored
using a phenotype rubric (fig. S2B). We observed that while Par-3-
GFP- or Par-3°-GFP-injected embryos appeared largely normal,
Par-3%*-GFP-injected embryos showed defects in brain morphol-
ogy similar to Par-3 morphants. Further analysis of individual
serine mutations uncovered that Par-3%***-GFP-injected but not
Par-3°2?7A_GFP-injected embryos were defective (Fig. 2, C and D),
suggesting that Ser”>* is the key residue. Together, systemic expres-
sion of Par-3%**A.GFP dominantly interferes with the endogenous
Par-3 function, leading to defects in embryonic brain development.
These data suggest that phosphorylation of Par-3 at Ser’* is critical
for the Par-3 function.

Sparsely expressed Par-3°°°*2 displays decreased
cytoplasmic presence in mitotic RGPs

To determine whether phosphorylation of these two serines is criti-
cal for Par-3 dynamics in mitotic RGPs, we coinjected H2B-RFP
with different forms of Par-3 mRNAs into one cell of 16- to 32-cell
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Fig. 1. In vivo time-lapse imaging of cytoplasmic Par-3 in mitotic RGPs. (A) Schematic of RGPs undergoing ACD in the developing zebrafish forebrain. While there is
heterogeneity during ACD of RGPs, there is a preferential distribution of cortical Par-3 to the posterior daughter cell. (B) Experimental schematic. Embryos are injected
with mRNAs (~200 pg) at the 16/32-cell stage to achieve sparse labeling, followed by DId antibody uptake at 20 hpf and confocal imaging at 24 hpf. The membrane is
marked with Tg[ef1a-MyrTdTomato] embryos (pseudocolored in blue), and DNA is marked by H2B-RFP (pseudocolored in blue) and Par-3-GFP (green). The time-lapse
sequence of all images shown is the maximal intensity projection (MIP) of three confocal z-stacks (1-pm z-step). The time of —3 min denotes the metaphase. The time in-
terval between each volume of z-stacks is 20 s, and the total acquisition time is 30 min. (C) Dynamics of internalized DId and Par-3-GFP in mitotic RGPs. Insets visualize
cytoplasmic Par-3 and DId colocalization during live imaging in RGPs. (D) Dynamics of Par-3-GFP (GFP only by the heatmap) in mitotic RGPs. (E) One- to four-cell stage
Tglef1a-MyrTdTomato] embryos (pseudocolored in blue) were injected with 4 ng of par-3 MO and 400 pg of Par-3-GFP, followed by the DId antibody uptake assay and live
confocal imaging. Time-lapse sequence of images showing the dynamics of internalized DId and Par-3-GFP in mitotic RGPs. The time of 3 min denotes the telophase. The
time interval between each volume of z-stacks is 30 s, and the total acquisition time is 30 min. All images shown are the MIP of three confocal z-stacks (1-pm z-step).
(F) Dynamics of Par-3-GFP (GFP only by the heatmap) in mitotic RGPs. Ap, apical; A, anterior; B, basal; P, posterior; Vent., ventricle. For detailed statistics, see table S1.

Garcia et al., Sci. Adv. 11, eadq3858 (2025) 14 May 2025 30f16



SCIENCE ADVANCES | RESEARCH ARTICLE

A Serz27 —CR2Z Ser%+ B PG enik nlsciion
cR1__ Y ppz1  ppz2  ppz3  crR3_ V¥ Par-3-GFP
Par-3-GFP
1— = _ w -
) 83 272-362 461-533 589-664 810-824 1127 \ P22 G
D ot ORI 7. i Tren 355 Par-3%%-GFP
ST == & T-cell
| fumanpar3tsoz13s3aa rdnar 248 r}‘ For 2E
§ elegansPar3 —-pvesilrgtgqi; - 983 b
LB = : ol . 4
HumanPar3Iso21353aa hrprpri 963 _—
16/32-cell
: Tg[ef1a-MyrTdTomato
c Wild-type Par-3-GFP  Par-3%AGFP D o S ]
e : 1 Normal
= mid
g Bl Moderate
Par-35954A-GFP 5 = Severe
SRLLLR
i
Tt & B
E Q¥ Q®
Prophase
+ NS NS NS

60

Par-3-GFP

% of relative cytoplasmic Par-3 expression

Par-3%A-GFP

Metaphase

Hxkk NS NS *x
60

% of relative cytoplasmic Par-3 expression

Telophase

*xx NS NS %

60

Par-35954A.GFP Par-35227A-GFP  Par-350-GFP

% of relative cytoplasmic Par-3 expression

Fig. 2. Expression of Par-35>** dominantly interferes with embryonic brain development and cytoplasmic Par-3 localization in RGPs. (A) Par-3 consists of three
conserved regions (CRs), the oligomerization domain (CR1), the three PDZ domains (CR2), and the aPKC binding domain (CR3). The predicted AurkA phosphorylation sites
are located at Ser®?’ and Ser®>* (green), which are conserved across vertebrates. (B) Experimental schematic of mRNA injection into one-cell or 16/32-cell stage zebrafish
embryos. (C) Images of embryonic brain morphology at ~28 hpf. Images were taken at 200x on the Zeiss compound microscope. (D) Quantification. Phenotyping rubrics
are described in fig. S2. (E) Time-lapse sequence of images showing Par-3 and Par-3 phospho mutants (GFP only in the heatmap) in mitotic RGPs at the prophase, meta-
phase, and telophase. (F) Quantification. Relative cytoplasmic Par-3 expression was measured at the prophase, metaphase, and telophase using Fiji. One-way ANOVA test
with a post hoc comparison to control (Par-3-GFP). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, not significant. For detailed statistics, see table S1. See
table S2 for the representative image signal values compared to the median signal values.
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stage Tg[efla-MyrTdTomato] embryos (Fig. 2B). By sparse labeling,
we were able to follow individual RGPs using in vivo time-lapse
imaging in embryos with normal brain morphology. Because of
considerable heterogeneity of RGPs, we measured relative reporter
expression normalized to the total reporter expression in each cell.
The quantification method for cortical versus cytoplasmic Par-3-
GFP fluorescence intensity in RGPs is described in fig. S2A. We
found that in Par-3**-GFP- and Par-3%***-GFP-injected embryos
compared to Par-3-GFP-injected ones, mitotic RGPs showed sig-
nificantly decreased cytoplasmic Par-3-GFP at the metaphase and
telophase and increased cortical Par-3-GFP, whereas Par-3""-GFP-
and Par-3%**"2-GFP-injected embryos had no significant difference
compared to controls (Fig. 2, E and F; fig. S2, C and D; and movies
S3 to S7).

We also analyzed the absolute cytoplasmic Par-3 without nor-
malization to the total reporter expression in each RGP shown in
Fig. 2. The results showed no clear patterns (fig. S3), suggesting that
measuring relative cytoplasmic Par-3 helps normalize variables ei-
ther intrinsic to each RGP or because of differences of exogenously
expressed Par-3 reporter in each RGP despite the highly controlled
delivery of the amount of reporter mRNAs at an early developmen-
tal stage (one cell of the ~16- to 32-cell stage).

Sparsely expressed Par-3°*%? s defective in A-P cortical
asymmetry and dominantly interferes with the formation
and polarized dynamics of DId endosomes in mitotic RGPs
To further understand the effect of Par-3%** in mitotic RGPs, we
simultaneously tracked the dynamics of the Par-3 reporter and
internalized Dld using in vivo time-lapse imaging (Fig. 3A). In
control (Par-3-GFP-expressing) embryos, both Par-3 and DId
were preferentially segregated into the posterior daughter (Fig.
3B), as previously reported (23). In Par—3SA—GFP—expressing em-
bryos, not only the cytoplasmic Par-3°*-GFP signal was reduced,
but also the cortical Par-3°*-GFP asymmetry was disrupted (Fig.
3C). These disruptions were not observed in Par-3°?-GFP- and
Par-3%**"A.GFP-expressing embryos (Fig. 3, D and E) but were sim-
ilarly observed in Par-3%>**-GFP-expressing embryos (Fig. 3F).
While Par-3 cortical asymmetry was often observable at the ana-
phase, because of the lack of a clear boundary between future
daughter cells, we performed quantifications at the telophase using
previously established methods (13, 14, 23) (see Materials and
Methods for details). Both internalized DId endosomes and Par-3-
GFP at the telophase showed a significantly reduced asymmetry
in Par-3**-GFP- and Par-3%***-GFP-expressing embryos (Fig. 3, G
and H). In addition, a decrease in internalized DId was observed in
Par-3**-GFP- and Par-3%***A-GFP-expressing embryos compared
to controls (Fig. 3I). A similar decrease in internalized DId expres-
sion was also observed in the Par-3 morphants compared to control
MO (fig. S4), suggesting that these forms of nonphosphorylated Par-
3 dominantly interfere with DId endocytosis.

Like what we did above, we analyzed the absolute cytoplas-
mic Par-3 without normalization to the total reporter expression in
each RGP shown in Fig. 3. The results again showed no clear pat-
terns (fig. S5), suggesting that measuring relative cytoplasmic Par-3
is needed to observe the significant intergroup differences as shown
in Fig. 3. Together, these findings suggest that phosphorylation at
Ser”* plays a role in promoting the cytoplasmic presence and cor-
tical asymmetry of Par-3, as well as DId asymmetry during ACD
in RGPs.
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Systemic expression of Par-3°°>*A dominantly interferes with
progenitor-neuron fate specification in the

developing forebrain

Next, we investigated the impact of Par-3 phosphorylation at Ser
on cell fate in the developing forebrain through a 5-ethynyl-2’-
deoxyuridine (EDU) labeling experiment. We expressed Par-3-GFP
or Par-3%**A_.GFP in wild-type (WT) embryos by microinjecting them
at the one-cell stage. Embryos were then allowed to develop until
18 hpf, followed by injection of 50 pM EDU into the yolk sac, as pre-
viously described (43). Embryos were raised and fixed at 24 and 36 hpf,
and samples were prepared for cryosectioning and immunostaining
for HuC (neuronal marker) and EDU (proliferation marker) using
Click it-EDU chemistry labeling (Fig. 4A).

Quantification of EDU-positive cells at 24 and 36 hpf showed
no difference among WT, full-length Par-3-GFP-expressing, and
Par-3%%>*A_GFP-expressing embryos (Fig. 4, B to H and K), suggest-
ing that the expression of Par-3%>** does not affect progenitor entry
to the S phase. However, we found a significant decrease in the ratio
of EDUYHuUC*/EDU™ (Fig. 4, Bto G, J, and M) cells (i.e., decrease in
neurons derived from EDU-labeled progenitors) and a correspond-
ing increase in the ratio of EDUYHuC /EDU™ cells (Fig. 4, Bto G, I,
and L) (i.e., increase in progenitors derived from EDU-labeled pro-
genitors) in Par-3%***_GFP-expressing embryos compared to full-
length Par-3-GFP-expressing and WT embryos. These results suggest
that phosphorylation of Par-3 at Ser’* is critical for promoting pro-
genitor cell cycle exit and differentiation into neurons.

954

AurkA phosphorylates zebrafish Par-3 at Ser®** in vitro
Ser”* in zebrafish Par-3 is orthologous to Ser’®? in human PARD3,
which is shown to be phosphorylated by AurkA in the context of
axon formation of cultured hippocampal neurons (36). To deter-
mine whether Ser”* in zebrafish Par-3 is phosphorylated by AurkA,
we performed an in vitro kinase assay using in vitro-translated
forms of Par-3 (Par-3-GFP, Par-3%22’A_GFP, Par-3%**A.GFP, and
Par-3%A-GFP) and recombinant AurkA (Fig. 5A). We first verified
that zebrafish Par-3 was phosphorylated by AurkA in vitro (fig. S6).
We then used **S labeling to quantify the amount of in vitro-translated
proteins and used this for normalization of the detected phosphory-
lation signals (Fig. 5, B and C). We uncovered significantly reduced
phosphorylation for Par-3%**A_GFP and Par-3%*-GFP but not Par-
3%227A_GFP compared to Par-3-GFP (Fig. 5D). Together, our bio-
chemical analysis demonstrates that AurkA phosphorylates Par-3 at
Ser”* in vitro.
In vivo time-lapse imaging reveals a transient colocalization
of AurkA and cortical Par-3 that correlates with the
directionality of Par-3 cortical asymmetry in mitotic RGPs
To characterize the relationship between AurkA and Par-3 in vivo,
we microinjected mRNAs encoding 100 pg of Centrin-GFP (or
Par-3-GFP) and 50 pg of mCherry-AurkA into one cell of 16/32-
cell stage Tg[b-actin2: H2B-HaloTag] (marking nuclei) embryos. We
then incubated the embryos for 2 hours in Halo ligand 646 to label
the nuclei before time-lapse imaging of mitotic RGPs (Fig. 6A).
Consistent with previous studies (33, 44), we observed AurkA local-
ization near the centrosomes in mitotic RGPs and the signal disap-
peared shortly after the completion of mitosis (fig. S7 and movie S8).
Intriguingly, this pericentrosomal AurkA underwent dynamic
movements. We observed that mCherry-AurkA and Par-3-GFP
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Fig. 3. Par-35°**A displays reduced posterior cortical asymmetry and dominantly interferes with polarized DId endosome dynamics in mitotic RGPs. (A) Experi-
mental schematic. (B to F) Time-lapse sequence of images showing the dynamics of internalized DId and Par-3(* 505227/, 0r$958A)_Gep in mitotic RGPs. The time of 3 min
denotes the telophase when asymmetry indices are calculated. The time interval between each volume of z-stacks is 20 s, and the total acquisition time is 30 min. All im-
ages shown are MIP of three confocal z-stacks (1-um z-step). (B) Par-3-GFP: Both internalized DId and Par-3 are asymmetrically segregated to the posterior daughter
shortly after division. (C) Par-3°*-GFP: disrupted internalized DId and Par-3 asymmetry shortly after division compared to Par3-GFP. (D) Par-3°C-GFP: comparable to Par-3-
GFP. (E) Par-3°227A-GFP: comparable to Par-3-GFP. (F) Par-3°*>*.GFP: similar to Par-3**-GFP. (G to I) Quantification. Scatter plot showing asymmetry indices in telophase
RGPs. (G) Asymmetry indices of different forms of Par-3-GFP. The dotted lines indicate the threshold of |0.2| for calling asymmetry. (H) Asymmetry indices of internalized
DId (right) in RGPs expressing different forms of Par-3. (I) Telophase RGPs: The relative DId expression graph reveals a decrease in DId expression in Par-3**-GFP and Par-
35954A_GFP compared to control Par-3-GFP. P < 0.05, **P < 0.01, ***P < 0.001, and ***#P < 0.0001; ns, not significant. For detailed statistics, see table 51. See table S2 for
the representative image signal values compared to the median signal values.
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stained with 4',6-diamidino-2-phenylindole (DAPI), anti-HuC, and anti-EDU. The dash line highlights the forebrain region of interest. (H to M) Quantification. (H) 24-hpf
EDU*/DAPI comparing WT, Par-3-GFP, and Par-3->*A-GFP. (1) 24-hpf EDU*HuUC™/EDU* comparing WT, Par-3-GFP, and Par-3->*>**-GFP. (J) 24-hpf EDUHuUC*/EDU* compar-
ing WT, Par-3-GFP, and Par-3-****.GFP. (K) 36-hpf EDU*/DAPI comparing WT, Par-3-GFP, and Par-3-*>**-GFP; P > 0.1229, ns; WT versus Par-3-GFP. (L) 36-hpf EDUTHUC™/
EDU* comparing WT, Par-3-GFP, and Par-3-">>**-GFP. (M) 36-hpf EDU*HUC*/EDU* comparing WT, Par-3-GFP, and Par-3-*A-GFP. *P < 0.05, **P < 0.01, ***P < 0.001, and
###%P < 0.0001; ns, not significant. For detailed statistics, see table S1. See table S2 for the representative image signal values compared to the median signal values.
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were in proximity at the metaphase and colocalized at the anaphase
in the posterior (Fig. 6B and movie S9) or the anterior sides (Fig. 6C
and movie S10). In some RGPs, no such contact was observed (Fig.
6D and movie S11). Next, we asked whether there is a correlation
between the side where AurkA colocalized with cortical Par-3 and
the directionality of Par-3 cortical asymmetry. We found that among
27 RGPs analyzed, 14 showed AurkA-Par-3 colocalization on
the posterior side, 4 showed colocalization on the anterior side,
and 9 did not have detectable colocalization. Among the RGPs with
AurkA-Par-3 colocalization on the posterior side, 71% had Par-3-GFP
asymmetrically segregated to the posterior daughter cell. Among the RGPs
with AurkA-Par-3 colocalization on the anterior side, 50% had Par-
3-GFP asymmetrically segregated to the anterior daughter cell. In
addition, in the cases where no Par-3-AurkA colocalization was de-
tected, 45% of RGPs had Par-3-GFP symmetrically distributed
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between the two daughter cells (Fig. 6E). Thus, there is a significant
correlation between the side of AurkA-Par-3 dynamic colocalization
and the side of enriched cortical Par-3 in RGPs. These findings
are consistent with the model showing that AurkA phosphorylates
Ser™* of Par-3, and the side of its colocalization correlates with the
directionality of Par-3 cortical asymmetry.

Transient inhibition of AurkA activity decreases cytoplasmic
Par-3 and disrupts Par-3 cortical asymmetry and polarized
DId endosome dynamics in mitotic RGPs

Next, we investigated the impact of inhibiting AurkA on mitotic
RGPs. Because AurkA is critical for cell cycle progression, we used
a specific chemical inhibitor MK-5108 (45), which enabled us to
perform a loss-of-function experiment in a temporally controlla-
ble manner. We microinjected the mRNAs encoding Par-3-GFP
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together with H2B-RFP into one cell of 16- to 32-cell stage embryos
to achieve sparse labeling. Subsequently, the DId antibody was mi-
croinjected into the brain ventricle at 20 hpf. Before imaging, em-
bryos were incubated in 1 pM MK-5108 for various periods of time
(Fig. 7A). We observed that in the embryos treated with MK-5108
for 50 min, some RGPs underwent cell cycle arrest (39%, n = 226
RGPs from eight embryos of two independent experiments), but
most were able to complete mitosis. However, in the embryos treat-
ed with MK-5108 for 60 min or longer, most RGPs underwent cell
cycle arrest (91%, n = 65 RGPs from one embryo) (Fig. 7, B to D, fig.
S8A, and movie S12). Therefore, we defined 50-min MK-5108 treat-
ment as the best condition to observe the effect of AurkA inhibition
without inducing profound cell cycle arrest (Fig. 7C). Inhibition of
AurkA decreased the Par-3 cytoplasmic presence while increasing
its cortical presence (Fig. 7, D and E). Inhibition of AurkA also im-
paired Par-3 cortical asymmetry (Fig. 7F) and disrupted polarized
DId endosome distribution (Fig. 7G). Together, these data suggest
that AurkA is essential to promote the Par-3 cytoplasmic presence
and cortical asymmetry as well as polarized DId endosome distribu-
tion in mitotic RGPs.

Overexpression of AurkA increases the cytoplasmic Par-3
presence and disrupts Par-3 cortical asymmetry and
polarized DId endosome dynamics
We next asked whether overexpression of AurkA might affect Par-3
dynamics and ACD of mitotic RGPs. One group of embryos was
injected with 100 pg of mRNAs encoding Par-3-GFP into one cell at
the 16- to 32-cell stage to achieve sparse labeling (Fig. 8A). Another
group of embryos was injected with 100 pg of Par-3-GFP and 400 pg
of mCherry-AurkA mRNAs into one cell at the 16- to 32-cell stage
(Fig. 8B, fig. S9A, and movie S13). Because of the lack of an antibody
that can recognize zebrafish AurkA, we quantified the mCherry-
AurkA fluorescent signal intensity and found that the overexpres-
sion condition (i.e., injected with 400 pg of mCherry-AurkA) had a
significantly higher signal than the nonoverexpressing condition in
Fig. 6 (i.e., injected with 50 pg of mCherry-AurkA), both in the
whole RGPs (fig. SI0A) and in the pericentrosome area (fig. S10B).
Significantly reduced Par-3-GFP in the apical cortex (Fig. 8C) and a
corresponding increase in nonapical Par-3-GFP (including both cy-
toplasmic and basally enriched Par-3) (Fig. 8D) were detected in the
embryos injected with mRNAs encoding Par-3-GFP and AurkA
compared to those injected with mRNAs encoding Par-3-GFP only.

To determine whether decreased apical Par-3-GFP and increased
nonapical Par-3-GFP are dependent on the phosphorylation of Par-
3 at Ser’* by AurkA, we injected mRNAs encoding Par-3**>*A-GFP
and AurkA into one cell at 16- to 32-cell stage embryos. We quan-
tified the levels of AurkA overexpression in Par-3-GFP-injected
versus Par-3°**.GFP-injected embryos and found them to be
comparable (fig. S10, A and B). In the embryos coinjected with Par-
3%954A_GFP and AurkA mRNAs (Fig. 8E and movie S14), Par-3%774A.
GFP fluorescence was significantly increased in the apical cortex
(Fig. 8F) and correspondingly reduced in the cytoplasm (Fig. 8G)
compared to those injected with mRNAs encoding Par-3-GFP and
AurkA. Together, these results suggest that AurkA is sufficient to
increase the presence of Par-3 in both the cytoplasm and the basal
side that is dependent on Ser”**, which is phosphorylated by AurkA
in vitro.

Last, we asked whether AurkA overexpression might affect Par-3
cortical asymmetry and polarized DId endosome dynamics. In
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the embryos expressing Par-3-GFP, the reporter was enriched in the
posterior daughter of telophase RGPs. In the embryos expressing
Par-3-GFP and AurkaA, a significant decrease in asymmetric pos-
terior Par-3-GFP was observed (Fig. 8, H and I), together with a
disruption of DId endosome asymmetry (Fig. 8]). In the embryos
expressing Par-3°*"**-GFP and AurkA, a significant decrease in
asymmetric posterior Par-3%**A.GFP was also observed, likely
due to the dominant negative effect of Par-3°*>*A-GFP (Fig. 8H).
Together, these results suggest that the level of Par-3 phosphorylation
by AurkA is critical for Par-3 asymmetry in mitotic RGPs: Both
too much and too little phosphorylation can lead to disrupted
cortical asymmetry of Par-3 and perturbed polarized dynamics of
DId endosomes.

DISCUSSION

The evolutionarily conserved polarity regulator Par-3 has been tra-
ditionally studied at the cell cortex for its role in establishing polar-
ity during ACD. Recent discoveries, however, have revealed the
presence of Par-3 in the cytoplasm of RGPs (23), with clinical im-
plications linking cytoplasmic Par-3 to adverse cancer prognosis
(46). Despite this association, what drives the presence of Par-3 in
the cytoplasm remains poorly understood. In this study, using
in vivo time-lapse imaging, molecular genetics, and pharmaco-
logical and biochemical approaches, we studied two serines in the
predicted AurkA phosphorylation consensus motifs and uncovered
a dominant-negative effect of the Ser”*— Ala (S954A) mutant form
of Par-3. When expressed ubiquitously in WT embryos, this mutant
form of Par-3 disrupted embryonic brain development; when ex-
pressed sparsely, it did not affect embryonic morphology but inter-
fered with RGP ACD and daughter cell fate specification. We further
showed that Ser”* of Par-3 was phosphorylated by AurkA in vitro.
Although it remains to be determined whether Par-3 is phosphory-
lated on this site by AurkA in vivo, our data suggest that AurkA is
necessary and sufficient to increase the cytoplasmic presence of Par-
3 in a Ser’*-dependent manner. Both overexpression and inhibition
of AurkA as well as expression of the S954A mutant form of Par-3
disrupted Par-3 cortical asymmetry and perturbed polarized DId
endosome dynamics along the A-P axis. On the basis of these find-
ings, we propose a mechanism for the regulation and function of
cytoplasmic Par-3 during ACD in RGPs. As RGPs enter mitosis,
cell cycle-dependent AurkA becomes active (at least in subsets of
RGPs). Through transient colocalization with the apical cortical
Par-3 starting at the metaphase (preferentially on the posterior side
in most RGPs), AurkA phosphorylates Par-3 to promote its translo-
cation into the cytoplasm, where it interacts with dynein and directs
polarized DId endosome movement in a large assembly toward the
posterior side. In the end, cortical Par-3, cytoplasmic Par-3 (togeth-
er with dynein), and DId endosomes are asymmetrically segregated
to the posterior daughter cell, where they play a crucial role in pro-
moting the progenitor state. When such an asymmetric process was
disrupted in the RGPs expressing the dominant-negative Par-3%>*A-
GFP, a decrease in neurons and a corresponding increase in pro-
genitors were observed (Fig. 8K).

An alternative approach to expressing the dominant-negative Par-
3%954A_GFP as we did here is to introduce the $954A mutation into
the endogenous par-3 locus. We did not pursue such an approach in
this study because of the low efficiency of currently available CRISPR
knockin methods. Moreover, on the basis of the disruption of early
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Fig. 7. Inhibition of AurkA reduces cytoplasmic Par-3 and disrupts cortical Par-3 and DId asymmetry. (A) Experimental schematic. Embryos are injected with mRNA
(~200 pg) at the 16/32-cell stage to achieve sparse labeling, followed by DId antibody uptake at 20 hpf and treatment with 1 pM AurkA inhibitor (MK-5108) for 10 min to
2 hours, and the 24- to 30-hpf zebrafish forebrain region is imaged. A zoomed-in confocal image of a 28-hpf zebrafish forebrain (dorsal view) under a 40x objective. DNA
is marked by H2B-RFP (pseudocolored in blue), Par-3-GFP (green), and internalized DId (magenta). (B and C) Time-lapse sequence of images showing the dynamics of
internalized DId and Par-3-GFP in mitotic RGPs. The time of 3 min denotes the telophase when asymmetry indices are calculated. The time interval between each volume
of z-stacks is 20 s, and the total acquisition time is 30 min. All images shown are MIP of three confocal z-stacks (1-um z-step). (B) Control condition: Par-3-GFP time-lapse
image showing the dynamics of internalized DId and Par-3-GFP in mitotic RGPs. (C) Condition: time-lapse sequence of images of 1 pM AurkA Inhibitor for 50 min in mi-
totic RGPs. Par-3 and DId asymmetry was disrupted. (D to G) Unpaired t test compared to control. (D) Quantification. Percent relative cytoplasmic Par-3 expression was
measured at the prophase, metaphase, and telophase using Fiji. (E) Quantification. Percent relative cortical Par-3 expression was measured at the prophase, metaphase,
and telophase using Fiji. (F) Asymmetry indices of Par-3-GFP. The dotted lines indicate the threshold of |0.2] for calling asymmetry. (G) Asymmetry indices of internalized
DId (right) in RGPs expressing different forms of Par-3. #P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, not significant. For detailed statistics, see table S1. See
table S2 for the representative image signal values compared to the median signal values.
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embrzonic and brain development upon ubiquitous expression of
Par-3""**A_GFP, the knockin mutant may have early developmental
defects that preclude meaningful analysis and interpretation of RGP
division. Future development of conditional knockin approaches will
help address this and enable studies of RGP divisions at later stages.

Compared to the cortical Par-3-GFP signal, the cytoplasmic Par-
3-GFP signal is low. Despite a low level, our previous study has
shown that cytoplasmic Par-3 engages the dynein motor complex to
colocalize on the DId endosomes (23). Moreover, previous studies
have uncovered considerable heterogeneity in gene expression and
division modes across RGPs (14, 23). As measurement of absolute
cytoplasmic Par-3-GFP signals resulted in no clear patterns in rela-
tion to altered AurkA phosphorylation sites, we quantified relative
rather than absolute Par-3-GFP signals, serving to normalize varia-
tions among RGPs, to the best extent that we can. Using this method,
we detected significant reduction of cytoplasmic Par-3 when specific
AurkA phosphorylation sites [S2A (Ser>— Ala) and Ser®*] were dis-
rupted. While the mean differences between experimental groups
appear small, likely due to the biological heterogeneity of RGPs (e.g.,
only a subset of RGPs may be regulated by AurkA), we believe that
the observed differences are not only statistically significant but
also biologically meaningful, because the effects were observed
in Par-3%**-GFP- and Par-3%**A_GFP-expressing groups but not
in Par-3%227A_GFP-expressing groups. Moreover, these statistically
significant effects were linked to their biological effects on brain
development, DId asymmetry, and daughter cell fate, as these biological
effects were observed in Par-3"**-GFP- and Par-3%>**-GFP-expressing
groups but not in Par-3°**"A-GFP-expressing groups. Such “mild”
but statistically significant findings are often observed in complex
biological systems, e.g., in the study of behavioral phenotypes. To-
gether, the low cytoplasmic Par-3-GFP signal and RGP heterogene-
ity make the intergroup differences of cytoplasmic and cortical
Par-3-GFP signals appear small, but they are nevertheless biologi-
cally meaningful.

Using MO to knock down endogenous Par-3 while expressing
Par-3-GFP, we were able to enhance the visualization of cytoplasmic
Par-3-GFP and detect a large assembly, which contains Par-3-GFP
colocalizing with many DIld endosomes and moves toward the pos-
terior side. This observation suggests that rather than moving on an
individual basis, DId endosomes might be assembled into a larger
structure that displays polarized dynamics. The nature of this large
assembly and whether it is present in WT RGPs are unknown and
require further investigations.

Our data showed that the S954A mutant had decreased cytoplas-
mic presence and dominant negatively interfered with embryonic
development, RGP ACD, and progenitor fate. The nature of this
dominant-negative effect remains mysterious. Our data are consis-
tent with the idea that S954A interferes with the localization or the
function of endogenous Par-3. For instance, it may trap endogenous
Par-3 on the cell cortex through oligomeric complex formation me-
diated by the N-terminal domain of Par-3, or alternatively, it
may trap other essential proteins on the cell cortex that render
endogenous Par-3 nonfunctional. Future experiments are necessary
to test this.

How might phosphorylation of Par-3 at Ser’>* by AurkA increase
the presence of Par-3 in the cytoplasm? We speculate that such phos-
phorylation may disrupt Par-3 interactions with other cortical pro-
teins such as Par-6 or aPKC, thereby releasing it from the cortex. Once
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in the cytoplasm, Ser”**-phosphorylated Par-3 may interact with oth-
er proteins such as dynein motor and endosome-associated proteins.

Intriguingly, phosphorylation of Par-3 at Ser’* by AurkA ap-
pears not only to affect the cytoplasmic presence of Par-3 but also to
affect the cortical asymmetry of Par-3. How this may be accom-
plished remains unclear. We postulate two possible mechanisms.
One involves the initial deployment of phosphorylated Par-3 to the
cytoplasm and subsequent return of dephosphorylated Par-3 back
to the cortex preferentially on the posterior side of the cell. Alterna-
tively, phosphorylated Par-3 may travel within the cortical domain
in addition to being deployed into the cytoplasm, leading to poste-
rior enrichment. Future experiments are required to test these hy-
potheses.

MATERIALS AND METHODS

Experimental design

Mitotic RGPs in the developing zebrafish forebrain during active
neurogenesis were analyzed using a combination of in vivo time-
lapse imaging, molecular genetics, pharmacology, and biochemis-
try, which has uncovered the role of Par-3 phosphorylation during
ACD in RGPs.

Zebrafish strains and maintenance

WT embryos were obtained from natural spawning of AB adults,
staged, and maintained according to established protocols (47). Em-
bryos were raised at 28.5°C in 0.3X Danieau’s embryo medium [30X
Danieau’s embryo medium contains 1740 mM NaCl, 21 mM KCl,
12 mM MgSO,-7H,0, 18 mM Ca(NO3),, and 150 mM Hepes buffer].
Embryonic ages were described as hpf. The following zebrafish mu-
tants and transgenic lines were used: Tg[efla:Myr-Tdtomato] and
Tg[b-actin2:H2B-HaloTag] (48), Halo Tag ligand, and Janelia Flour
646 (1:1000) for 2 hours before imaging. All animal experiments
were approved by the Institutional Animal Care and Use Committee
at the University of California, San Francisco, US (approval number:
AN194551).

Morpholinos

Knockdown experiments were carried out using previously char-
acterized translational blocking antisense MOs: pard3ab/par-3 MO
(5'-TCA AAG GCT CCC GTG CTC TGG TGT C-3') (11, 12, 14,
23, 49). All MOs were stored at 300 mM in distilled water. Standard
control MO (5'-CCT CTT ACC TCA GTT ACA ATT TAT A-3)
was used as the injection control (Gene Tools). For microinjection,
~4 nl of the diluted MO at 100 mM in the injection mixture contain-
ing 0.05% phenyl red (corresponding to 4 ng of MOs) was injected
into the yolk of one- to four-cell stage embryos.

DNA plasmids and complementary DNA preparation

Plasmid DNAs (pCS2-H2B-mRFP) were prepared as previously de-
scribed (14, 50). The pCS2-par-3-GFP plasmid was a gift from J. von
Trotha (10). The pCS2-GFP-centrin plasmid was a gift from W. A.
Harris (51). pCS2-mCherry-AurkA was a gift from H.-Y. Jeon (33).
pCS2-Par-3-SA-GFP (Ser”” and Ser’ converted to Ala*”’ and
Ala®®*) and pCS2-Par-3-SD-GFP (Ser?®” and Ser’ converted to
Asp*?” and Asp”**) were designed by S.G. and sent to VectorBuilder
for plasmid construction. Single phosphor mutants pCS2-Par-3-
$227A-GFP and pCS2-Par-3-5S954A-GFP were cloned using Gibson
Assembly (NEBuilder). For all par-3-GFP, GFP is at the 3’ end of
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Par-3 protein. For GFP-centrin, GFP is at the 5" end of centrin. For
mCherry-AurkA, mCherry is at the 5" end of AurkA.

mRNA synthesis and microinjection

Plasmids (pCS2-H2B-mRFP, pCS2-Par-3-GFP, pCS2-Par-3-SA-GFP,
pCS2-Par-3-SD-GFP, pCS2-Par-3-5227A-GFP, pCS2-Par-3-5§954A-
GFP, pCS2-mCherry-AurkA, and pCS2-GFP-centrin) were linearized
by restriction enzyme Not I digestion. Not I-linearized plasmids were
purified (QIAquick Gel Extraction Kit), and the 5’-capped mRNAs
were synthesized using the SP6 mMessenger mMachine Kit (Ambion).
For GFP-centrin, H2B-mRFP, and all Par-3-GFP mRNA injections,
4 nl of mRNAs at 0.2 to 0.5 pg/pl was mixed with an equal volume
of injection buffer containing 0.05% phenyl red and injected into
the yolk of one- to four-cell stage embryos. For all Par3-GFP mRNA
injections, the mRNAs were injected into single cells at the 32- to
64-cell stages to obtain mosaic expression. All injections were done
with an injector (Narishige, Tokyo, Japan) and a micromanipulator
(WPI PV830 Pneumatic Pico Pump).

Anti-DId antibody uptake assay

Anti-mouse immunoglobulin G (IgG)-Atto647N (Sigma-Aldrich,
50185) was used for labeling the mouse monoclonal anti-DId anti-
body (Abcam, ab73331). For antibody conjugation, 1 pl of anti-DId
antibody (0.5 mg/ml) was mixed with 2.5 pl of anti-mouse IgG-
Atto647N antibody (1 mg/ml) and incubated at room temperature
for 30 min or on ice for 2 to 3 hours. After incubation, 2.5 pl of
blocking buffer [mouse IgG (10 mg/ml) with 5 mM azide] and 0.5 pl
0f 0.5% phenol red (Sigma-Aldrich, P0290) were added for blocking
the unconjugated anti-mouse IgG-Atto647N and vortexed thoroughly.
Mixtures without the anti-DId antibody were used as control. Before
microinjection, 24- to 26-hpf embryos were anesthetized in the
Danieau medium supplemented with 0.003% tricaine followed by
embedding in 1.2% low-melting point agarose. Ten nanoliters of la-
beled DId antibody was injected into the hindbrain ventricle. The
phenol red indicator shows the diffusion of the antibody mixture
into the forebrain ventricle. The injected embryos were then released
from agarose and cultured in the Danieau medium for 2 hours be-
fore imaging.

Pharmacology

Zebrafish embryos were treated with an AurkA inhibitor
(MedChemExpress, MK-5108, HY-13252, CAS no. 1010085-13-8)
from 22 to 24 hpf for various durations before imaging (10, 20, 30,
40, 50, 60, and 120 min). DId antibody uptake assay was performed
before vehicle (dimethyl sulfoxide)-treated control and 1 pM AurkA
inhibitor-treated embryos were then embedded in 1.5% low-melting
point agarose in the Danieau medium supplemented with 1 pM
AurkA inhibitor and 0.003% tricaine for in vivo time-lapse imaging.

Antibodies, Western blotting, and immunocytochemistry

Primary antibodies used in this study were as follows: mouse anti-DId
[Abcam,ab73331;Research Resource Identifier (RRID): AB_1268496;
chicken anti-GFP (Abcam, ab13970; RRID: AB_300798; lot
GR3190550-20; 1:500 dilution for immunostaining), rabbit anti-Par-3
(Millipore 07-330; RRID: AB_2101325; lot 3322358; 1:500 for
immunostaining), and anti-HuC (Invitrogen A-21271; RRID:
AB_221448; 1:1000 for immunostaining). For EDU labeling, the
Click-iT EdU Alexa Flour 555 kit (C10338; lot 2491411) contains
all components needed to label DNA-synthesizing cells and to
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detect EDU incorporated into DNA stained according to the man-
ufacturer’s protocol (Invitrogen). For EDU labeling, embryos are
embedded in 1.2% low-melt agarose, and EDU and 0.5 pl of 0.5%
phenol red (Sigma-Aldrich, P0290) were added to the injection
mixture and administered into the yolk sac with 4.2 nl of 50 pM
EDU at 18 hpf into the yolk sac.

For the preparation of cryosections, 28- and 36-hpf embryos
were fixed overnight at 4°C in phosphate-buffered saline buffer with
4% paraformaldehyde. Fixed embryos were washed abundantly
with phosphate-buffered saline and then cryoprotected in 30% su-
crose overnight at 4°C. Embryos were then embedded with opti-
mum cutting temperature compound (Tissue-Tek) and transferred
to plastic molds. After orienting the embryos to proper positions in
the mold, the block was frozen on dry ice and then stored at —80°C
up to several months. Frozen blocks were then cut into 18-um sec-
tions on a cryostat (Leica) and mounted on Superfrost Plus slides
(Thermo Fisher Scientific). The slides were dried at room tempera-
ture for 2 to 3 hours and then stored at —80°C until use.

In vitro-translated proteins and

in vitro immunoprecipitation

The pCS2+-Par-3-GFP plasmid and phosphor mutants (pCS2+-
Par-3-S227A-GFP, pCS2+-Par-3-S954A-GFP, and pCS2+-Par-3-
SA-GFP) plasmids were generated in TNT SP6 High-Yield Protein
Expression System (Promega) according to the manufacturer’s in-
structions. Briefly, 1 pg of DNA was mixed with a master mix of
TNT Sp6 and methionine or **S-labeled methionine, incubated at
25°C for 2 hours, and then mixed with the ChromoTek GFP-Trap_
Agarose beads (Proteintech). The beads were then washed twice
with ice cold wash buffer, in vitro kinase assay was performed, and
then samples were resuspended in 4X Laemmli sample buffer and
boiled for 10 min at 95°C before loading onto the SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE) gels.

In vitro kinase assay

For multisite phosphorylation analysis of WT and mutant Par-3, phos-
phorylation reactions were supplemented with [y->>P]-adenosine
5’-triphosphate {y—SZP]—ATP} (Hartmann Analytic). Reactions were
stopped at 5, 15, and 60 min by pipetting an aliquot of SDS-PAGE
into sample buffer (1 mol of Hepes, pH 7.5, 2 mol of NaCl, 1 mol of
MgCl,, 100 uM dithiothreitol, and H,O). Reactions were separated
on 7.5% SDS (Bio-Rad). **P phosphorylation signals were detected
using an Amersham Typhoon 5 Biomolecular Imager (GE Health-
care Life Sciences) and quantified using ImageQuant TL (Amersham
Biosciences). Human Aurora Kinase A-His Tag Recombinant Pro-
tein (250 nmol; Invitrogen, PR5935A) was used.

In vivo time-lapse imaging

In vivo time-lapse imaging was done using a confocal microscope
(Nikon CSU-W1 Spinning Disk/High Speed Widefield confocal mi-
croscopy and Weill CSU-W1 SoRA Spinning Disk Confocal) with a
40x water immersion objective. Embryos were mounted with 1.5%
low-melting point agarose (0.3X Danieau medium and 0.003% tric-
aine) in glass-bottom culture dishes (MatTek; 35 mm) with the dor-
sal forebrain facing the coverslip. For in vivo time-lapse imaging of
internalized DId or Par3-GFP in dividing RGPs of Tglefla:Myr-
Tdtomato], z-stacks with 20 to 30 z-planes were acquired consecu-
tively at a 1-pm z-step for each embryonic forebrain region. The
exposure time for each fluorescent channel was set at 200 ms by
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choosing the sequential channel scanning mode for each z-plane.
The interval between each z-stack was 20 s. Usually, 90 volumes
of z-stacks were captured for each time-lapse imaging, and the
duration spanned about 35 min. Imaging data were collected using
identical microscope settings across different embryos/conditions.

Image analyses

All the confocal imaging stacks were captured and processed using
Micro-Manager 2.0 gamma (uManager, University of California) and
Image]. All mitotic RGPs (based on the H2B-RFP signal) in the im-
age stacks were analyzed if they expressed Par-3 reporters (or other
markers of interest) and had most of their mitotic cell cycles
captured during the imaging session. Maximum intensity projection
of three z-planes (1-pm z-step) was applied to the three-dimensional
image stacks to cover the entire RGP. Each RGP at every time frame
was manually segmented according to cell membrane labeling, as
previously described by Zhao et al. (23). Each image was processed
in an identical manner to optimize brightness and contrast using
the autocorrect function in Image], followed by image sharpening.
Background noise was minimized by adjusting the brightness and
contrast settings in Image]. Signals for cytoplasmic Par-3, cortical
Par-3, internalized Dld, and the AurkA reporter were subsequently
analyzed at various cell cycle stages, including prophase, metaphase,
and telophase, as depicted in the figures. CellProfiler was used for
analyzing the immunocytochemistry of the EDU pulse-chase cryo-
sections, 21 pm was taken, and the brightest (1-um z-step) was tak-
en, processed, and analyzed through CellProfiler.

Quantification and statistical analysis

The number of times each experiment was repeated was provided in
the figures or figure legends. For live imaging, one or multiple RGPs
were analyzed from each embryo, depending on the number of
mitotic RGPs that were present in each image stack. No statistical
methods were used to predetermine sample size. Sample size was
determined to be adequate based on the magnitude and consistency
of measurable differences between groups. No randomization of sam-
ples was performed. Embryos used in the analyses were age matched
between control and experimental conditions, and sex cannot be
discerned at these embryonic stages. Investigators were not blinded
to chemically or genetically perturbed conditions during experiments.
Data are quantitatively analyzed. Statistical analyses were carried
out using Prism 10 version 10.1.1: The mean value with SEM was
labeled in the graphs. The two-tailed unpaired ¢ test and two-tailed
Mann-Whitney test were used to assess significance. The one-way
analysis of variance (ANOVA) with a post hoc comparison was used
to assess significance as well. Chi-square analyses were also applied,
as previously described by Zhao et al. (23).

Measurement of asymmetry index

The total fluorescence intensity of internalized DId (or Par-3-GFP) in
paired daughter cells immediately after abscission (i.e., at the telo-
phase of mother RGP division) was measured by Image]J. To quantita-
tively describe the distribution, the normalized ratio of fluorescence
between the two newly formed daughter cells was calculated as follows

3 (DId)P — Y (DId)A
X = i=1 i=1

3 (DI)P + ¥ (DI)A
i=1 i=1

Garcia et al., Sci. Adv. 11, eadq3858 (2025) 14 May 2025

Y(DId)P means the total intensity in the posterior daughter cell,
and X(DId)A means the total intensity in the anterior daughter cell.
“0” indicates perfect symmetry, and “1” or “—1” indicates absolute
asymmetry (posterior or anterior, respectively). For filtering out po-
tential noise, we defined asymmetry when X(DId)P is 50% more or
less than £(DId)A, as has been previously used for quantifying Par-3
asymmetry (13) and internalized Dld-containing Sara endosome
asymmetry (15). It means that when X > 0.2, DId endosomes (and
Par-3-GFP) are considered asymmetric with more in the posterior
daughter, and when X < —0.2, they are considered asymmetric with
more in the anterior. The asymmetry index for Par3-GFP included
both membrane and cytoplasmic fluorescence.
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