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DEVELOPMENTAL NEUROSCIENCE

Polarized endosome dynamics engage cytoplasmic  
Par-3 that recruits dynein during asymmetric cell division
Xiang Zhao1, Jason Q. Garcia1,2, Kai Tong1,3†, Xingye Chen4, Bin Yang4,5, Qi Li4,6,  
Zhipeng Dai1, Xiaoyu Shi4‡, Ian B. Seiple4,6, Bo Huang4,5, Su Guo1,2,7*

In the developing embryos, the cortical polarity regulator Par-3 is critical for establishing Notch signaling asym-
metry between daughter cells during asymmetric cell division (ACD). How cortically localized Par-3 establishes 
asymmetric Notch activity in the nucleus is not understood. Here, using in vivo time-lapse imaging of mitotic 
radial glia progenitors in the developing zebrafish forebrain, we uncover that during horizontal ACD along the 
anteroposterior embryonic axis, endosomes containing the Notch ligand DeltaD (Dld) move toward the cleavage 
plane and preferentially segregate into the posterior (subsequently basal) Notchhi daughter. This asymmetric seg-
regation requires the activity of Par-3 and dynein motor complex. Using label retention expansion microscopy, we 
further detect Par-3 in the cytosol colocalizing the dynein light intermediate chain 1 (Dlic1) onto Dld endosomes. 
Par-3, Dlic1, and Dld are associated in protein complexes in vivo. Our data reveal an unanticipated mechanism by 
which cytoplasmic Par-3 directly polarizes Notch signaling components during ACD.

INTRODUCTION
Progenitor cells need to properly balance self-renewal and differen-
tiation. Asymmetric cell division (ACD) is an important means to 
impart these distinct potentials to different daughter cells. Defects 
in ACD are associated with diseases such as cancer and develop-
mental disorders (1–4). Therefore, elucidating the mechanisms that 
regulate ACD is not only fundamental for understanding basic biol-
ogy but also critical for elucidating disease etiology and devising 
therapeutic strategies.

In metazoans, partitioning-defective (Par) protein complexes, 
originally found in Caenorhabditis elegans (5–7), are evolutionarily 
conserved regulators of cell polarity and ACD (8–12). Among them, 
Par-3 (also called PARD3, Bazooka) has been studied in the context 
of neural progenitor self-renewal and differentiation from Drosophila 
to mammals (13–22). During ACD in both invertebrate and verte-
brate neural progenitors, Par-3 displays asymmetric cortical local-
ization and is required to establish, between daughter cells, the 
asymmetric activity of Notch signaling (Notchhi versus Notchlo) 
(20, 23–28), a key regulator of cell fate decisions (29, 30). Despite 
these advances, it is not known how Par-3, thought to regulate 
polarity exclusively through its oligomeric scaffolding properties at 
the cortex (31), leads to differential Notch activity in the nuclei of 
daughter cells.

Here, we addressed this question in the context of radial glia 
progenitors (RGPs) of the developing zebrafish forebrain. RGPs are 

the principal vertebrate neural stem cells (32, 33). During active 
neurogenesis in the developing zebrafish forebrain, most of the 
RGPs undergo ACD (20). Using an antibody uptake assay (34) cou-
pled with in vivo time-lapse imaging, we visualized the dynamics of 
internalized Notch ligand DeltaD (Dld) during RGP ACD. Inter-
nalized Dld was not observed in the mind bomb (mib) mutant that 
disrupts an evolutionarily conserved E3 ubiquitin ligase essential 
for Notch ligand endocytosis (35), suggesting that internalized Dld 
represents Dld endosomes. Despite the heterogeneity of RGP divi-
sion modes, we observed a consistent convergent movement of Dld 
endosomes toward the emerging cleavage plane followed by prefer-
ential segregation into the posterior (subsequently basal) Notchhi 
daughter. Such polarized endosome segregation was critically de-
pendent on the activity of par-3 and dynein motor complex. Fur-
thermore, using label retention expansion microscopy (LR-ExM), a 
newly developed methodology that overcomes the limitation of sig-
nal loss associated with traditional ExM (36), we unexpectedly 
detected cytoplasmic Par-3 that colocalized and was required to 
mediate the association of dynein light intermediate chain 1 (Dlic1) 
with Dld endosomes. In vivo coimmunoprecipitation showed that 
Par-3, Dld, and Dlic1 formed protein complexes. Together, our 
findings have uncovered cytoplasmic Par-3 and a direct role it has 
in localizing intracellular determinants.

RESULTS
In vivo time-lapse imaging reveals polarized dynamics 
of Notch ligand–containing endosomes in horizontally 
dividing RGPs
As shown previously, in the developing zebrafish forebrain, most of 
the RGPs undergo ACD to generate an apical differentiating daughter 
with low Notch activity and a basal self-renewing daughter with 
high Notch activity (20). To understand how such Notch signaling 
asymmetry arises, we visualized internalized Notch ligand Dld us-
ing an antibody uptake assay (34) and in vivo time-lapse imaging. 
Intriguingly, only punctate cytoplasmic labeling was observed (Fig. 1A); 
no Dld was accumulated on the plasma membrane of mitotic RGPs. 
In the mib mutant, which disrupts a conserved ubiquitin E3 ligase 
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essential for Notch ligand endocytosis (35), the punctate cytoplas-
mic labeling of Dld was, however, lost; fluorescence was instead 
largely concentrated on the plasma membrane (fig. S1A). These 
data indicate that the punctately labeled structures are internalized 
Dld in endosomes (in short, Dld endosomes). They also suggest 

that, in mitotic RGPs, Dld undergoes active endocytosis to be 
predominantly distributed in endocytic vesicles. We also evaluated 
whether this labeling method affected embryonic development or 
RGP cell division modes. The developing forebrain RGPs at this 
developmental stage predominantly undergo horizontal division 

Fig. 1. Polarized dynamics of Notch ligand–containing endosomes during RGP division. (A) Schematic diagram of a 28-hpf embryo (dorsal view) indicating the site 
of anti-Delta D-Atto647N (Dld) antibody injection (left). Right: Internalized Dld (blue) imaged 2 hours after antibody injection shows punctate appearance in RGPs (mem-
brane labeled red). FV, forebrain ventricle. (B) Time-lapse imaging of mitotic RGP showing the dynamics of labeled Dld endosomes. Membrane, nucleus, and centrosomes 
[green fluorescent protein (GFP)–centrin] are marked as shown. (C) Schematic diagram showing typical phases of internalized Dld dynamic patterns in (B). (D) Schematic 
diagrams and statistics of distribution patterns of Dld endosomes in telophase RGPs (see Materials and Methods for the quantification of asymmetry index). Dotted lines 
in the scatter plot denote the asymmetric threshold of |0.2|. n = 88 RGPs, from 20 embryos of six experiments. (E) Automated tracking of Dld endosomes. (E1) Plot of time-
lapse data from a composite of 19 RGPs. Each dot represents a tracked endosome at a given time. Color codes for cell cycle stages. The blue vertical line denoting the 
midpoint between two centrosomes is used for image registration. (E2 and E3) The plot trajectory of a singly labeled Dld endosome in two RGPs. Time is registered and 
color-coded (anaphase, T = 0). A-P, anteroposterior; Ap-Ba, apicobasal. In all images/plots, maximum intensity projection (MIP) of 5-m z-stacks (1-m z-step) is shown. 
The time interval between each z-stack is 12 s.
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(with the division axis parallel to the ventricular surface). No sub-
stantial differences in embryonic morphology and RGP division 
modes were observed between control and Dld antibody-injected 
embryos (fig. S1, B to D).

To observe in vivo Dld endosome dynamics during RGP divi-
sions, we performed time-lapse imaging using 24– to 30–hours 
postfertilization (hpf) Tg[ef1a-MyrTdTomato] embryos (marking 
cell membranes): The centrosomes were labeled by microinjection 
of GFP-centrin mRNA at one- to four-cell stages, followed by Dld 
antibody injection into the forebrain ventricle at 22 hpf. The cell cycle 
stage of dividing RGPs was determined using Tg[ef1a-MyrTdTomato; 
ef1a-H2BmRFP] embryos, which marked both the cell membrane 
and nucleus, enabling a correlation between cell shape and DNA 
patterns (Fig. 1B; time 0 represents anaphase when incoming cleav-
age furrows become first visible). During imaging, both the apico-
basal (Ap-Ba) and the anteroposterior (A-P) axes of RGPs were 
tracked. As shown in fig. S1 (C and D), most of the RGPs divided 
horizontally along the anteroposterior (A-P) embryonic axis. These 
horizontally dividing RGPs were therefore the focus of this study 
(theretofore referred to as RGPs unless otherwise specified). By an-
alyzing these dynamic videos (see movie S1), we made several intrigu-
ing observations (Fig. 1, B and C, and fig. S2). Dld endosomes were 
distributed throughout the cytosol during prophase to prometaphase. 
During metaphase, most Dld endosomes appeared to be subcortical. 
By anaphase, however, most Dld endosomes congregated toward the 
future cleavage plane and subsequently were unequally partitioned 
into the posterior daughter after division. Using asymmetry indices 
with a threshold of |0.2| as previously described (25, 27), we quanti-
tatively analyzed the distribution of internalized Dld in 88 RGPs at 
the telophase stage when two daughter cells were clearly discernible. 
The results showed that most (60.2%) of the RGPs asymmetrically 
partitioned Dld endosomes into the posterior daughter. Some 
RGPs with symmetric or anteriorly enriched Dld endosomes were 
also observed (Fig. 1D; see Materials and Methods for the quantifi-
cation of asymmetry index), likely reflecting the heterogeneity of 
in  vivo RGP behavior or alternatively representing, in part, the 
noise in the system due to mosaic Dld labeling. These observed RGPs, 
whether symmetrically or asymmetrically partitioned Dld endo-
somes, were distributed around the forebrain ventricle in an inter-
mingled manner (fig. S3).

We next performed automated tracking analysis of 19 RGPs, 
which were captured throughout their entire mitotic cell cycle 
(from prophase to telophase) and, moreover, with consistent track-
ing of Dld endosomes in all frames. Tracking of more than 300 Dld 
endosomes from all 19 cells throughout the RGP mitotic cycle 
(45 time points) allowed us to visualize the progressive enrich-
ment of endosomes toward the posterior daughter [Fig. 1E (E1) and 
movie S2]. Such enrichment could be due to directional endosome 
movement toward the posterior, their selective degradation at the 
anterior, or both. The presence of supernumerary-labeled Dld en-
dosomes made it challenging to unambiguously discern individual 
endosome’s trajectories. Intriguingly, because of the mosaic nature 
of our Dld- labeling method, some RGPs contained only a single la-
beled Dld endosome. This enabled us to clearly track the movement 
of individual endosomes. We observed that the Dld endosome first 
moved toward the cleavage plane, followed by a directed maneuver 
toward the posterior side [Fig. 1E (E2 and E3) and movies S3 to S6]. 
Together, these data uncover polarized dynamics of Dld endosomes 
during horizontal RGP division and show that Dld endosomes are 

asymmetrically segregated into the posterior daughter in most of 
the RGP divisions.

Notch ligand–containing endosomes preferentially 
segregate to the posterior (subsequently basal) 
Notchhi daughter
We next asked what the possible outcome of the daughter that re-
ceived a higher amount of Dld endosomes is: Will it be Notchhi or 
Notchlo? Previous studies have shown that Notchhi versus Notchlo is 
an outcome of ACD and can be used as a proxy for self-renewing 
versus differentiating potential in daughter cells of embryonic RGP 
ACD (20, 26, 27). On the basis of a previous study using the 
Drosophila sensory organ precursor (SOP) system, which has un-
covered the copresence of Delta and Notch in the same endosomes 
(23), we wondered whether the daughter with higher amount of Dld 
would also have higher amount of Notch activity (i.e., Notchhi) 
(Fig. 2A).

Because of the lack of an anti-Notch antibody that works in 
zebrafish, we took three different approaches to address this ques-
tion. First, most RGPs that we imaged in the developing zebrafish 
neurogenic forebrain undergo horizontal divisions along the A-P 
axis (fig. S1, C and D). Shortly after division, daughter cells begin 
interkinetic nuclear migration and adopt differential position along 
the apicobasal (Ap-Ba) axis. The basal daughter is previously shown 
to be Notchhi (Fig. 2B, left) (20). We therefore determined the rela-
tionship between the A-P daughter position immediately following 
RGP mitosis and the Ap-Ba daughter position shortly thereafter. 
Among 42 pairs of daughter cells with observable differences in 
their position along the Ap-Ba axis, most (67%) had more Dld in 
the posterior daughter that initiated an earlier basal migration 
(Fig. 2B, right). These results suggest that Dld endosomes are pref-
erentially segregated to the posterior daughter, which later becomes 
the basal Notchhi daughter.

The second approach to discern the relationship between Dld 
endosome segregation and Notch activity involved analysis of the 
E3 ubiquitin ligase Mib, which is asymmetrically segregated to the 
apical-differentiating daughter following RGP ACD in zebrafish 
(20). Similar observations are also reported in the chick neural pro-
genitors (37). By simultaneously tracking Dld endosomes and Mib 
distribution in 25 RGPs, we found that they were largely segregated 
into different daughter cells (Fig. 2C, fig. S4, and movie S7): 64% 
RGPs had anteriorly enriched Mib while posteriorly enriched Dld 
(Fig. 2D). Note that Mib–green fluorescent protein (GFP) showed 
anterior enrichment early on during the cell cycle, when Dld distri-
bution appeared random. While this observation implied a poten-
tial asymmetric endocytosis, it does not appear to contribute to Dld 
asymmetry as internalized Dld appeared randomly distributed in 
RGPs during prometaphase. Together, this observation supports 
the notion that Dld endosomes preferentially segregate to the pos-
terior-then-basal Notchhi daughter and away from the Mib-high 
apical daughter.

Last, we performed in vivo clonal time-lapse imaging of inter-
nalized Dld in Tg[her4.1-dRFP] embryos, which express the Notch 
activity reporter (her4.1-dRFP) in RGPs. Because this reporter line 
does not label forebrain RGPs well (38), we performed the analysis 
in the developing anterior hindbrain as we have done previously 
(20). For clonal labeling of RGPs, GFP-containing DNA constructs 
were delivered via brain ventricle–targeted electroporation (39). 
Dld antibody was then microinjected into the brain ventricle to 
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label internalized Dld. Three-color time-lapse imaging was subse-
quently carried out to simultaneously visualize RGP lineage (via 
sparse GFP labeling), internalized Dld (Atto647), and Notch activity 
(her4.1-dRFP). Eight RGPs were analyzed: In six of eight RGPs, 

her4.1-dRFP asymmetry was evident in daughter cells around 1 hour 
after anaphase. In these RGPs, Dld endosomes were found to be 
enriched in the daughter cell that had more her4.1-dRFP signal. 
By tracing the distribution of Dld endosomes throughout the cell 

Fig. 2. Dld endosomes are preferentially segregated into the Notchhi daughter following RGP division. (A) Schematic depicting the asymmetry of Dld endosomes 
(Dldhi) and Notch activity (Nhi) in daughter cells. (B) Topology and statistics of relative daughter cell position along A-P (anteroposterior) and Ap-Ba (apicobasal) axes 
after horizontal division. MIP of 5-m z-stacks (1-m z-step) is shown. (C) Time-lapse images showing that Dld endosomes and Mib are segregated into different daughter 
cells following RGP division (n = 25). MIP of 5-m z-stacks (1-m z-step) is shown. The time interval between z-stacks is 20 s, and the total acquisition time is 30 min. 
(D) The top left graph plots individual RGP’s asymmetry indices for Mib-GFP (x axis) and internalized Dld (y axis). The top right graph shows the distribution of asymmetry 
indices for Mib-GFP and Dld endosomes; the dotted lines indicate the threshold of |0.2| for calling asymmetry. ***P < 0.0001, t = 6.549, df = 48, n = 25; unpaired two tailed 
t test. Mean with SEM is shown. The bottom pie chart shows the percentage of RGPs with indicated distribution patterns. n = 25 RGPs, from eight embryos of five repeat 
experiments. (E) Time-lapse images of a clonally labeled RGP (green) showing preferential segregation of internalized Dld to her4.1-dRFPhi daughter. MIP of 8-m z-stacks 
(1-m z-step) is shown. The time interval between z-stacks is 6 min, and the total acquisition time is ~10 hours. (F) Plot for quantifying her4.1-dRFP and internalized Dld in 
daughter RGPs 1 hour after anaphase. n = 8 RGPs, from eight embryos of six repeat experiments.
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cycle, one could see that Dld endosomes became progressively en-
riched toward the posterior followed by segregation into the poste-
rior daughter, which later assumed a more basal position and with 
higher dRFP fluorescence (i.e., higher Notch activity) (Fig. 2, E and F, 
and movie S8). In two of eight RGP lineages, her4.1-dRFP appeared 
symmetric in daughter cells, which also bore no asymmetry of Dld 
endosomes (Fig. 2F and fig. S5). Together, our findings suggest that 
the daughter cell receiving more Dld endosomes are Notchhi, there-
by supporting the notion that Dld endosomes might contain both 
the ligand and receptor and hence can be considered as Notch sig-
naling endosomes.

Par-3 and dynein are essential for polarized dynamics 
of Dld endosomes
Par-3, an evolutionarily conserved cell polarity regulator that is 
asymmetrically distributed on the cell cortex (40), plays a critical 
role in establishing Notch signaling asymmetry in daughter cells of 
RGP ACD (20), but the underlying mechanisms are unclear. To de-
termine whether Par-3 is involved in polarizing the dynamics of 
Notch signaling endosomes, we disrupted the activity of the zebrafish 
orthologous gene pard3ab (theretofore referred to as par-3) via 
microinjection of a well-established antisense morpholino oligo-
nucleotide (MO) (19, 20, 41). Despite the fact that a maternal zy-
gotic germline pard3ab knockout has been previously generated, it 
has grossly normal brain morphology and survives largely to 
adulthood (42). This phenotype is distinct from defective brain 
morphology and abnormal proliferation/differentiation states ob-
served in the morphants, suggesting that genetic compensation 
(43) is at play. Therefore, this knockout line is deemed unsuitable 
for our study.

Imaging of internalized Dld in par-3 morphants uncovered that, 
while Dld endosomes underwent largely normal subcortical associ-
ation and congregation toward the future cleavage plane, their final 
asymmetric segregation into the posterior daughter was significant-
ly disrupted (Fig. 3, B and E to G, and movie S9). This defect was 
rescuable by Par-3-GFP mRNA injection (fig. S6). These data, to-
gether with the observed knockdown of Par-3 protein in RGPs (fig. 
S8), validate the MO specificity and efficacy in our system and sug-
gest that Par-3 is essential for polarized segregation of Notch signal-
ing endosomes during RGP ACD.

Previous studies in Drosophila SOPs have uncovered a critical 
role of plus-end kinesin motors in the initial targeting of Notch sig-
naling endosomes toward the cleavage plane (24). However, motor 
involvement in the later asymmetric segregation step is not known. 
In dividing zebrafish RGPs, we observed directed movements of 
Dld endosomes toward the posterior, which implies that the final 
polarization process might also be motor dependent. We therefore 
examined whether minus-end dynein motors might play a role. The 
pharmacological dynein inhibitor ciliobrevin D (CBD) was applied 
to zebrafish embryos at a concentration that still enabled RGP cell 
division. In CBD-treated RGPs, we observed that the Notch signal-
ing endosomes were much larger in appearance as if they “collided” 
into one another. These “enlarged” endosomes remained at the 
cleavage furrow throughout the division (Fig. 3, C and E to G, and 
movie S10).

We next sought to genetically test the involvement of dynein in 
the polarized dynamics of Notch signaling endosomes by investi-
gating the role of dync1li (dynein cytoplasmic 1 light intermediate chain, 
also referred to as dlic) genes. This experiment was motivated by 

a previous study reporting an interaction between DLIC2 and 
Par-3 in cultured NIH 3T3 cells (44). While invertebrates have a 
single dlic gene (45, 46), vertebrates have evolved to express two dlic 
genes (dlic1 and dlic2), which are thought to define tissue- or cell 
type–specific dynein complexes (47). Among all the cytoplasmic 
dynein subunits, Dlic is the least well understood. It contains a 
RAS-like domain that interacts with the dynein heavy-chain and a 
C-terminal domain contacting activating adaptors and, in some 
cases, the cargo (48). We therefore sought to perturb dlic1 and dlic2 
activity and ask whether it would disrupt the polarized dynamics of 
Dld endosomes in zebrafish RGPs.

MO-mediated knockdown has certain advantages over germline 
knockouts. First, it circumvents the troubling genetic compensation 
effect (e.g., as in the case for pard3ab). Second, the concentration of 
MOs delivered to each embryo can be titrated to obtain partial 
knockdown, which provides an opportunity to bypass early embry-
onic arrests (e.g., as in the case for dynein subunit–encoding genes, 
which are essential for cell division). Last, MOs can be conveniently 
delivered into transgenic lines harboring multiple transgenes for 
live-imaging purposes. Getting multiple transgenes together with 
one or multiple homozygous germline knockout alleles in a single 
embryo is challenging and time-consuming. Together, MOs are 
effective tools for performing gene knockdowns, if proper controls 
for validating efficacy and specificity are included. We used estab-
lished MOs that target dlic1 and dlic2 in zebrafish in our study (49). 
Although both MOs disrupted embryonic development (e.g., as 
shown by the enlarged yolk indicative of reduced growth rate; fig. 
S7A), only dlic1 MO affected Dld asymmetry in mitotic RGPs 
(Fig. 3, D to G, and fig. S6, C to E).

To evaluate MO efficacy in the context of our system, we used an 
anti–Dlic-Cter antibody against the Drosophila isoform (50) be-
cause of the lack of antibodies against zebrafish Dlic1 and Dlic2. 
Western blotting on 24-hpf embryos detected a major band of 
~54 kDa (the expected size for zDlic1 and zDlic2 proteins). This 
band was significantly reduced in the dlic1 morphants but was 
increased in the dlic2 morphants (fig. S7B). Furthermore, immuno-
reactivity was detected in mitotic RGPs, which was significantly re-
duced again in the dlic1 (but not the dlic2) morphants (fig. S7C). 
This observation is consistent with the notion that the Drosophila 
anti–Dlic-Cter antibody specifically recognizes zDlic1 but not ZDlic2. 
These results further suggest that dlic1 is expressed in mitotic RGPs 
and can be effectively knocked down by the dlic1 MO, resulting in 
disrupted Dld asymmetry. However, no conclusion can be drawn 
from our data regarding the role of zdlic2, as we are unable to verify 
the efficacy of dlic2 MO because of the lack of a zDlic2-specific 
antibody.

To further evaluate the specificity of dlic1 MO, we microinjected 
MO-insensitive dlic1 mRNA. The loss of polarized Dld endosome 
dynamics in dlic1 MOs was rescued by such mRNA injection 
(fig. S6, B, D, and E). Together, these results have thus validated the 
efficacy and specificity of dlic1 MO and suggest that dlic1 plays a 
critical role in directional Dld endosome transport in mitotic RGPs. 
DLIC1 is involved in endosomal transport in cultured human cells 
(51), suggesting that it may be the isoform that engages endosomes 
as cargoes. Thus, combined pharmacological and genetic perturba-
tion of dynein function, while not affecting the congregation of 
Notch signaling endosomes toward the cleavage plane, selectively 
disrupts their asymmetric segregation into the posterior daughter 
during RGP ACD.
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Fig. 3. Dld endosome asymmetry is dependent on Par-3 and the dynein motor machinery. (A to D) Time-lapse sequence of images showing Dld endosome dynam-
ics in mitotic RGPs from 28-hpf control MO (A) and embryos deficient for par-3 activity (B), treated with the dynein inhibitor CBD (C), deficient for dynein intermediate light 
chain 1 (dlic1) (D). Centrosomes are labeled with GFP-centrin, and membrane is labeled with Myr-TdTomato reporter. For (A) to (D), all images shown are the MIP of five 
confocal z-stacks (1−m z-step). The time interval between each volume of z-stacks is 15 s, and the total acquisition time is 25 min. (E) Kymograph of horizontal projection 
of (A) to (D) showing distribution of all tracked Dld endosomes along the anteroposterior (A-P) axis (x) over time (y). The red line delineates center point of the axis de-
fined by two centrosomes. (F) Scatter plot showing asymmetry indices in telophase RGPs. Thirty-three control MO RGPs were from 25 embryos of eight repeat experi-
ments, 22 par-3 MO RGPs were from 9 embryos of six repeat experiments, 15 CBD-treated RGPs were from 7 embryos of four repeat experiments, and 15 dlic1 MO RGPs 
were from 8 embryos of four repeat experiments. The unpaired two tailed t test shows significance between ctrl versus par-3 MO, ****P < 0.0001 (t = 4.706, df = 53); ctrl MO 
versus CBD, *P = 0.0129 (t = 2.589, df = 46); ctrl versus dlic1 MO **P = 0.0007 (t = 3.645, df = 46). Mean with SEM is shown for each group. (G) Bar graph showing the percent-
age of RGPs with different patterns of internalized Dld distribution. Disruption of either Par-3 or dynein activity results in a significant decrease of asymmetric posterior 
Dld segregation. ****P < 0.0001, 2 test (chi-square = 95.62, df = 6).
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Par-3 and Dld endosomes are preferentially cosegregated 
to the posterior daughter following RGP division
Having established an essential role of Par-3 and the dynein motor 
in polarizing the distribution of Dld endosomes during RGP ACD, 
we next asked how they might perform such function. In both 
invertebrates and vertebrates, Par-3 protein displays prominent 
cortical asymmetry and is widely considered to function at the cell 
cortex during ACD (19, 40, 52, 53). To understand how Par-3 corti-
cal asymmetry relates to polarized Dld endosome dynamics, we 
performed in vivo time-lapse imaging to simultaneously track the 
dynamics of Par-3 and internalized Dld in dividing RGPs. Par-3-
GFP, which is shown fully functional through rescue experiments 
(fig. S6) (41), was used as a live reporter.

Previous studies in mammalian forebrain cortical RGPs find 
that the daughter cell inheriting a greater amount of Par-3 develops 
high Notch activity and remains a RGP, whereas the daughter cell 
inheriting less Par-3 harbors low Notch activity and adopts an in-
termediate progenitor or neuronal fate (27). In contrast, in the de-
veloping zebrafish caudal hindbrain and anterior spinal cord (from 
20 to 30 hpf), Par-3 is reported to segregate into the neuronal 
daughter following neural precursor ACD (19). These differences 
could be related to the differences in species or due to spatiotemporal 
heterogeneity of progenitors.

To determine the nature of Par-3 and Dld dynamics in the devel-
oping zebrafish forebrain RGPs, we microinjected the mRNAs 
encoding Par-3-GFP and histone H2B-monomeric RFP (H2B-mRFP) 
(for marking chromosomes) into 1 cell of 16- to 32-cell stage em-
bryos to achieve sparse labeling; the Dld antibody was subsequently 
microinjected into the brain ventricle at ~24 hpf. Time-lapse imag-
ing was performed at ~28 to 30 hpf. We found that, during prophase 
and metaphase, Par-3 was prominently localized to the apical cortex 
(Fig. 4A). As the cell cycle progressed, beginning around anaphase, 
cortical Par-3 shifted more toward the posterior. Symmetric segre-
gation (Fig. 4B) or asymmetric segregation of Par-3 and Dld to the 
anterior daughter (Fig. 4C) was also observed.

Among 54 RGPs examined, most (64.8%) showed posteriorly 
enriched Par-3 at the telophase (Fig. 4D). Further quantifications of 
both internalized Dld and Par-3 at the telophase stage showed that 
most of the RGPs (59.2%) segregated both Par-3 and Dld into the 
posterior daughter (Fig. 4D). These observations are consistent 
with the heterogeneity of RGP behavior or, alternatively, reflecting, 
to a certain extent, the noise introduced by mosaic Dld labeling. 
Nevertheless, these results show clearly that, following RGP divi-
sion in the developing forebrain, Par-3 preferentially cosegregates 
with Dld endosomes to the posterior daughter that is Notchhi (as 
shown in Fig. 2).

Cytoplasmic Par-3 decorates Dld endosomes and is required 
to recruit Dlic1
Notably, in dividing RGPs, some weak Par-3-GFP signal appeared 
to be present in the cytoplasm (e.g., Fig. 4A; 3 min). While previous 
studies are focused on the cortical Par-3, which is much more abun-
dant and considered to be the active form, we were intrigued by the 
possible presence and function of cytosolic Par-3. To verify the 
cytosolic presence of Par-3 protein, we used an anti–Par-3 antibody, 
the specificity of which was validated by both Western blot and im-
munofluorescence (IF) labeling on the par-3 morphants without 
or with MO-insensitive Par-3-GFP mRNA coinjection (fig. S8). 
While live imaging uses a reporter to uncover protein dynamics and 

can be limited in detecting lowly expressed proteins, IF labeling de-
tects endogenous proteins on fixed-sample preparations. Depend-
ing on the quality of antibodies and the accessibility of antigens, IF 
labeling can offer higher sensitivity than live imaging. co-IF labeling 

Fig. 4. Preferential segregation of Par-3 and internalized Dld to the posterior 
daughter following horizontal RGP division. Time-lapse sequence of images 
showing the dynamics of internalized Dld and Par-3-GFP in mitotic RGPs. DNA is 
marked by H2B-RFP (pseudo-colored in blue). Time = 2 min denotes telophase 
when asymmetry indices are calculated. (A) Both internalized Dld and Par-3-GFP 
are asymmetrically segregated to the posterior daughter shortly after division. 
(B) Both internalized Dld and Par-3-GFP appear symmetrically distributed shortly 
after division. (C) Both internalized Dld and Par-3-GFP appear asymmetrically seg-
regated into the anterior daughter shortly after division. For (A) to (C), all images 
shown are the maximum MIP of five confocal z-stacks (1-m z-step). The time inter-
val between each volume of z-stacks is 30 s, and the total acquisition time is 30 min. 
(D) Quantification. Left: The asymmetry indices of Par-3-GFP (x axis) and internalized 
Dld (y axis) in 54 horizontally dividing RGPs. The dotted lines indicate the threshold 
of |0.2| for calling asymmetry. Right: Pie charts show the percentage of RGPs with 
different patterns of Par-3-GFP (top), and Par-3-GFP and internalized Dld (bottom) 
in 54 horizontally dividing RGPs. Most of the RGPs (64.8%) asymmetrically segre-
gate Par-3 to the posterior daughter. Likewise, most of the RGPs (59.2%) asymmet-
rically segregate both Par-3 and Dld to the posterior daughter. Other minor classes 
of RGPs displaying different patterns of segregation might reflect real biological 
heterogeneity or noise due to mosaic nature of Dld labeling. The 54 RGPs are from 
15 embryos in eight repeat experiments.
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of Par-3, Dlic1, and Dld detected punctate Par-3 immunoreactivity 
in the cytosol that appeared in close proximity to Dlic1 and Dld 
immunoreactivity (Fig. 5A and fig. S8).

Analyses of protein colocalization with organelles such as endo-
somes require specific methods, as the fluorescence signals may not 
appear to exactly overlap because of the size of the organelle (aver-
age endosome diameters of 250 to 1000 nm). Using such method 
that is shown to work well for quantifying colocalization of proteins 
with endosomes (24, 54), we analyzed colocalization of these pro-
teins in the cytoplasmic area in between two nuclei of the anaphase/

telophase RGPs (Fig. 5B). At this image resolution, ~60% of total 
Par-3 immunoreactivity colocalized with Dlic1, whereas about 30% 
of total Dlic1 immunoreactivity colocalized with Par-3. This differ-
ence was expected given the broad role of Dlic1  in other dynein- 
mediated processes. It was further observed that the colocalization 
of Dld with Dlic1 was significantly decreased in par-3–deficient em-
bryos, which was rescued by Par-3-GFP mRNA injection (Fig. 5B). 
This observation suggests an essential role of Par-3 in localizing 
Dlic1 (in turn, the dynein motor) to Dld endosomes.

To visualize at high resolution the cytoplasmic Par-3 in relation-
ship to Dld endosomes and Dlic1, we applied LR-ExM. ExM physi-
cally expands biological samples to enable nanoscale superresolution 
via diffraction-limited confocal microscopy (55, 56). LR-ExM fur-
ther overcomes the limitation of signal loss associated with tradi-
tional ExM and enables high-efficiency protein labeling using an 
engineered set of trifunctional anchors (36). Twenty-four– to 28-hpf 
embryos expressing Par-3-GFP and with internalized Dld were pro-
cessed for immunolabeling of GFP and Dlic1 followed by LR-ExM. In 
addition to the cortex, Par-3-GFP was detected in the cytosol in 
close proximity to Dlic1 and Dld (Fig. 5C). The ring-shaped distri-
bution patterns of Dlic1 and Par-3 together with the diameter of 
the ring suggest that they decorate Dld endosomes. We also per-
formed LR-ExM by immunolabeling of endogenous Par-3. The 
results showed similar colocalization of endogenous Par-3 and 
Dlic1 on Dld endosomes (fig. S9A). Quantification of colocaliza-
tion after LR-ExM (Fig. 5D) showed patterns that were largely 
consistent with those observed while analyzing low-magnification 
images (Fig. 5B).

Last, conventional in vivo coimmunoprecipitation (co-IP) was 
performed to determine whether Par-3, Dlic1, and Dld could be de-
tected in protein complexes. One- to 2-day-old zebrafish embryos 
were homogenized and incubated with each of the antibodies 
against Dld, Dlic1, or Par-3. The corresponding immunoprecipitants 
were then probed with each of these antibodies by Western blotting 
(fig. S9B). The results showed that IPing Dld was able to co-IP Par-3 
and Dlic1; likewise, IPing Par-3 or Dlic1 was able to co-IP other two 
proteins. These results provide further biochemical validation that 
Dld, Dlic1, and Par-3 are associated in complexes in vivo.

DISCUSSION
The evolutionarily conserved polarity regulator Par-3 is required 
for differential activity of Notch signaling in daughter cells of asym-
metrically dividing RGPs (20), but the underlying mechanisms are 
unclear. Using in vivo time-lapse imaging and ExM, in combina-
tion with molecular genetics, pharmacological, and biochemical 
approaches, we have uncovered a role of cytoplasmic Par-3 together 
with the dynein motor in polarized transport of Dld endosomes 
(Fig. 5E). This study, together with previous work (24), reveals an 
evolutionarily conserved role of Par-3 in polarizing Notch signaling 
endosomes. However, Par-3 appears to do so through distinct 
mechanisms: In Drosophila SOPs, Par-3 is previously shown to reg-
ulate central spindle asymmetry (24); here, we show that in zebrafish 
RGPs, Par-3 in the cytoplasm engages dynein in polarized transport 
of endosomes. It is worth noting that a role of Par-3 in regulating 
central spindle asymmetry has not been investigated in zebrafish; 
likewise, a role of Par-3 in dynein-mediated polarized transport of 
Notch signaling endosomes has not been examined in Drosophila 
SOPs. Therefore, future studies are needed to determine whether 

Fig. 5. Cytosolic Par-3 together with Dlic1 decorates Dld endosomes. (A) Im-
munostained anaphase RGP. The green box denotes the area for colocalization 
analysis (60 × 100 pixels, 0.126-m pixel size). The white arrows indicate the over-
lapped cytosolic staining. The MIP of 10 z-planes (0.2-m z-step) is shown. 
(B) Quantification of colocalization coefficients (see Materials and Methods) in RGPs. 
Dld and Dlic1 colocalization is significantly reduced in the par-3–deficient (par-3 
MO) RGPs (n = 18, from six embryos of four repeat experiments) compared with 
control RGPs (n = 20, from five embryos of four repeat experiments). *P < 0.0001 
(Dld co. Dlic1, t = 9.56 and df =36; Dlic1 co. Dld, t = 7.27 and df = 36), unpaired two-
tailed t test. In the par-3 knockdown RGPs rescued with Par-3-GFP mRNA (par-3 
MO + Par-3-GFP mRNA, n = 17, from eight embryos of four repeat experiments), 
Dld and Dlic1 colocalizations are significantly restored. *P < 0.0001 (Dld co. Dlic1, 
t = 8.252 and df = 33; Dlic1 co. Dld, t =10.57 and df = 33), unpaired two-tailed t test. 
Mean with SEM is shown. (C) Left: LR-ExM of anaphase RGP from 28-hpf embryo 
(par-3-GFP mRNA injected at 16-cell stage and anti–Dld-Atto647 uptake at 26 hpf). 
Scale bars denote the real biological size. The MIP of 10 z-planes is shown. Right: 
Enlarged view (MIP of four z-planes) of the endosomal structure (dotted ring-like) 
containing Dld. Z-step = 0.26 m. (D) Statistics of the colocalization coefficient of 
anti–Par-3, anti-Dlic1, and internalized Dld fluorescence in 14 RGPs (from six em-
bryos of four repeat experiments) processed by LR-ExM. Mean with SEM is shown. 
(E) Summary model. D/N, delta and Notch; CEN, centrosome; MT, microtubule.
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convergence of these mechanisms can be observed in different cel-
lular contexts.

Similar species-related differences have also been observed in 
terms of polarized segregation of cortical Par-3. In the developing 
mammalian cortex (part of the forebrain), the daughter cell that 
inherits a greater amount of Par-3 is suggested to develop higher 
Notch signaling activity (27). However, in the developing zebrafish 
caudal hindbrain and anterior spinal cord, Par-3 is reported to be 
segregated to the neuronal daughter during the ACD that generates 
a progenitor and a neuron (19). Our studies of the developing ze-
brafish forebrain uncover that Par-3 and Dld endosomes are prefer-
entially cosegregated into the posterior daughter in horizontally 
dividing RGPs. Using three independent approaches (cell position 
tracking, referencing Mib distribution, and direct visualization with 
the Notch activity reporter), we have demonstrated that the posteri-
or daughter is preferentially Notchhi. Thus, horizontally dividing 
zebrafish forebrain RGPs are similar to the mammalian cortical 
RGPs in their patterns of cosegregating cortical Par-3 and Notch 
activity. Future studies are needed to understand the relationship 
between Par-3 and Notch activity in other cell types (e.g., hindbrain 
and spinal cord) in zebrafish.

During ACDs studied across different metazoan species, Par-3 
displays prominent cortical localization (19, 40, 52, 53). This cortical 
Par-3 has received much attention as key to establishing polarity 
(e.g., by sequestering atypical protein kinase C) (31, 57). Cytoplasmic 
Par-3, released from the membrane via phosphorylation by Par-1 
(58–61), has been considered a largely nonfunctional form in the 
context of polarity regulation. Being able to visualize Par-3 in the 
cytoplasm in association with the dynein motor and Dld endosomes 
as we have done in this study suggests a direct role of cytoplasmic 
Par-3 in actively localizing intracellular determinants. Cytoplasmic 
Par-3 has been associated with adverse cancer prognosis in clinical 
settings (62), further suggesting that this form of Par-3 and its 
dynamic relationship with the cortex-associated oligomeric ensemble 
deserve more attention in future studies.

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, biochemistry, and 
other advanced microscopic methods, which has uncovered a novel 
role of cytoplasmic Par-3 in recruiting dynein and actively localiz-
ing intracellular determinants.

Zebrafish strains and maintenance
Wild-type (WT) embryos were obtained from natural spawning of 
AB adults, staged, and maintained according to established proto-
cols (63). Embryos were raised at 28.5°C in 0.3× Danieau’s embryo 
medium (30× Danieau’s embryo medium contains 1740 mM NaCl, 
21 mM KCl, 12 mM MgSO4·7H2O, 18 mM Ca(NO3)2, and 150 mM 
Hepes buffer). Embryonic ages were described as hpf. To prevent 
pigment formation, 0.003% phenylthiourea (PTU) was added into 
the medium at 24 hpf. The following zebrafish mutants and trans-
genic lines were used: mibta52b (35), Tg [ef1a:Myr-Tdtomato] and 
Tg[ef1a:H2B-RFP] (64), and Tg [her4.1-RFP] (38). All animal exper-
iments were approved by the Institutional Animal Care and Use 
Committee at the University of California, San Francisco, USA.

Morpholinos
Knockdown experiments were carried out using previously charac-
terized translational blocking antisense MOs: pard3ab/par-3 MO 
(5′-TCA AAG GCT CCC GTG CTC TGG TGT C-3′) (19, 20, 41, 65), 
dync1li1/dlic1 MO (5′-GTG TAT TTC TGC CCG TCG TCG CCA 
T-3′), and dync1li2/dlic2 MO (5′-TTC TTC TCT AAA ACG GGA 
GCC ATC T-3′) (49). Standard control MO (5′-CCT CTT ACC 
TCA GTT ACA ATT TAT A-3′) was used as injection controls 
(Gene Tools). All MOs were stored at 300 mM in distilled water. 
For microinjection, ~4 nl of the diluted MO at 100 mM in the injec-
tion mixture containing 0.05% phenyl red (corresponding to 4 ng of 
MOs) was injected into the yolk of one- to four-cell stage embryos.

Pharmacology
Zebrafish embryos were treated with the dynein inhibitor CBD 
[Calbiochem via Sigma-Aldrich, 250401-10MG; 2.5 M in 0.1% 
dimethyl sulfoxide (DMSO), 0.3× Danieau’s buffer] from 18 to 24 hpf. 
Vehicle (DMSO)–treated control and CBD-treated embryos were then 
embedded in 1.2% low–melting point agarose in the Danieau medium, 
supplemented with 2.5 M CBD and 0.003% tricaine, and subjected 
to Dld antibody uptake assay and in vivo time-lapse imaging.

DNA plasmids and complementary DNA preparation
Plasmid DNAs (pCS2-H2B-mRFP, pCS2-mib-GFP, Pef1a-gal4, and 
Puas-E1b-EGFP) were prepared as previously described (20, 39). 
pCS2-par-3-GFP plasmid was a gift from J. von Trotha (66). pCS2-
GFP-centrin plasmid was a gift from W. A. Harris (67). For mib-GFP, 
GFP is at the 3′ end of Mib protein. For par3-GFP, GFP is at the 3′ 
end of Par-3 protein. For GFP-centrin, GFP is at the 5′ end of cen-
trin. pCS2+-dlic1 was made by cloning the dlic1 complementary 
DNA (ensemble: ENSDARG00000098317) with codon-optimized 
sequence to avoid binding by the dlic1 MO. The total RNA from 10 
larvae of 5 dpf was extracted and purified by using the RNAqueous- 
Micro Total RNA Isolation Kit (Invitrogen, AM1931). The pair of 
primers used for reverse transcription polymerase chain reaction is 
5′-ATT CAT GGA TCC ATG GCC ACC ACC GGA CGC AAC 
ACT TTA CTA TCG GTT AGC ACA AAT G-3′ and 5′-AAT ACT 
CTC GAG TCA GGA TTT GTC GTT TTC AGC AGG G-3′, which 
contain the restriction enzyme sites of Bam HI and Not I for the 
digestion and ligation with the pCS2+ vector plasmid.

mRNA synthesis and microinjection
Plasmids (pCS2-H2B-mRFP, pCS2-mib-GFP, pCS2-par-3-GFP, and 
pCS2-GFP-centrin) were linearized by the 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, mib-GFP, and par-3-GFP mRNA mRNA injection, 
4-nl mRNAs at 0.2 to 0.5 g/l were mixed with an equal volume of 
injection buffer containing 0.05% phenyl red and injected into the 
yolk of a one- to four-cell stage embryos. For par-3-GFP mRNA 
injection, 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 (WPI PV830 Pneumatic Pico Pump) and a micro-
manipulator (Narishige, Tokyo, Japan).

Anti-Dld antibody uptake assay
Anti-mouse immunoglobulin G (IgG)–Atto647N (Sigma-Aldrich, 
50185) was used for labeling the mouse monoclonal anti-Dld 
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antibody (Abcam, ab73331). For antibody conjugation, 1 l of anti- 
Dld antibody (0.5 mg/ml) was mixed with 2.5 l of anti-mouse 
IgG-Atto647N antibody (1 mg/ml) and incubated at room tem-
perature for 30 min or on ice for 2 to 3 hours. After incubation, 2.5 l 
of blocking buffer [mouse IgG (10 mg/ml) with 5 mM azide] and 
0.5 l of 0.5% phenol red (Sigma-Aldrich, P0290) were added for 
blocking the unconjugated anti-mouse IgG-Atto647N and vortexed 
thoroughly. Mixtures without anti-Dld antibody were used as con-
trol. 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 
labeled Dld antibody was injected into the hindbrain ventricle. The 
phenol red indicator serves to show the diffusion of antibody mix-
ture into the forebrain ventricle. The injected embryos were then 
released from agarose and cultured in the Danieau medium for 
2 hours before imaging.

Brain ventricle–targeted electroporation of plasmid DNAs
Pef1a-gal4 and Puas-E1b-EGFP plasmids were mixed at 500 ng/l 
for each, and about 20 nl of mixture was microinjected into the 
hindbrain ventricles of 20- to 22-hpf Tg [her4.1-RFP] embryos 
embedded in 1.2% low–melting point agarose. The electroporation 
setting and procedures were according to previously established 
protocols (39). Electroporated embryos were released from agarose 
and transferred to a fresh dish of embryonic medium containing 
0.003% PTU and incubated at 28.5°C. Electroporated embryos were 
checked under a fluorescent stereo microscope after 6 to 8 hours. 
The embryos with sparsely GFP-labeled RGPs were subjected to the 
Dld antibody uptake assay followed by in vivo time-lapse imaging.

Antibodies, Western blotting, and immunocytochemistry
Primary antibodies used in this study were as follows: mouse anti-Dld 
[Abcam, ab73331; Research Resource Identifier (RRID): AB_1268496; 
lot GR115501-3; 1:200 dilution for immunostaining] (20), 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) (val-
idated in this study), guinea pig anti–DLIC-Cter (a gift from T. Uemura; 
1:100 for immunostaining and 1:500 for Western blotting, validated in 
this study) (50), and rabbit anti–-tubulin (Santa Cruz Biotechnology, 
SC-12462; RRID: AB_2241125; lot A2907; 1:1000 for Western blotting).

Secondary antibodies used for IF labeling were as follows: 
Alexa-conjugated goat anti-rabbit (Alexa 568; Invitrogen, A11011; 
RRID: AB_143157; lot 792518), goat anti-chicken (Alexa 488; Invi-
trogen, A11039; RRID: AB_142924; lot 2020124), goat anti-mouse 
(Alexa 488; Invitrogen, A11002; RRID: AB_2534070; lot 1786359), 
goat anti–guinea pig (Alexa 488; Invitrogen, A11073; RRID: 
AB_2534117; lot 46214A), or donkey anti–guinea pig (Alexa 647; 
the Jackson laboratory, 706-605-148; RRID: AB_2340476; lot 
102649-478). All were used at 1:1000 dilution.

Secondary antibodies used for Western blotting were as follows: 
Amersham ECL donkey anti-rabbit IgG horseradish peroxidase 
(HRP; GE Healthcare, NA934V; RRID: AB_772211; lot 16921443) 
and rabbit anti–guinea pig IgG (H + L) HRP (Sigma-Aldrich, 
A5545; RRID: AB_258247). All were used at the 1:2000 dilution.

Secondary antibodies used for trifunctional linker conjugation in 
LR-ExM were as follows: goat anti–guinea pig IgG (H + L) un-
conjugated secondary antibody (Invitrogen, A18771; RRID: AB_2535548), 
goat anti-rabbit IgG (H + L) cross-adsorbed unconjugated secondary 

antibody (Invitrogen, 31212; RRID: AB_228335), and goat anti- 
chicken IgY (H + L) unconjugated secondary antibody (Invitrogen, 
A16056; RRID: AB_2534729).

For Western blotting, lysates from 15 to 20 28-hpf embryos were 
homogenized in 80 l of SDS sample buffer; 15 l of lysate was used 
for SDS–polyacrylamide gel electrophoresis (Bio-Rad). Proteins 
were transferred to a Hybond nitrocellulose membrane by a semidry 
blotting technique with a Turbo-transblotting cell (Bio-Rad) and 
detected with appropriate antibodies as previously described (68). 
After the HRP-conjugated secondary antibody incubation, the sam-
ples were visualized using the SuperSignal West Dura Extended 
Duration Substrate (Thermo Fisher Scientific) with the LI-COR 
Western blotting detection system (LI-COR Biosciences).

For the preparation of cryosections, 28-hpf embryos were fixed 
overnight at 4°C in phosphate-buffered saline (PBS) buffer with 4% 
paraformaldehyde. Fixed embryos were washed and incubated in 
PBS buffer containing 30% sucrose overnight at 4°C. Embryos were 
then transferred to plastic molds, with the sucrose buffer removed 
and optimum cutting temperature (OCT) (Tissue-Tek) added. After 
orienting the embryos to proper positions in the mold, the block was 
frozen on dry ice. Blocks can be stored at −80°C up to several months. 
Frozen blocks were then cut into 20-m sections on a cryostat (Leica) 
and mounted on Superfrost Plus slides (Thermo Fisher Scientific). 
The slides were dried at room temperature for 2 to 3 hours and then 
stored at −80°C until use.

For immunocytochemistry, samples were first washed and pre-
incubated in PBS containing 0.1% Tween 20 or 0.25% Triton X-100 
(PBS-T; pH 7.4) with 1% DMSO and 5% natural goat serum at 4°C 
overnight or longer. They were then incubated with primary anti-
bodies in the preincubation solution (PBS-T with 5% natural goat 
serum) overnight at 4°C. The samples were then washed thoroughly 
with PBS-T five times × 10 min each time, followed by incubation 
in Alexa-conjugated goat anti-rabbit (Alexa 568), goat anti-chicken 
(Alexa 488), goat anti-mouse (Alexa 488), or goat anti–guinea pig 
(Alexa 647) secondary antibodies (diluted 1:1000) in the preincuba-
tion solution for over 2 hours at room temperature or overnight at 
4°C. The samples were washed with PBS-T twice for 10 min each, 
thrice with PBS for 10 min each, and once with 50% glycerol in PBS 
for 1 hour, followed by infiltration overnight in 80% glycerol/PBS 
before imaging. Imaging was done using a confocal microscope 
(Nikon CSU-W1 Spinning Disk/confocal microscopy) with a 100× 
oil immersion objective. The z-step of the imaging stack is 0.26 m.

Time-lapse in vivo imaging
Time-lapse in vivo imaging was done using a confocal microscope 
(Nikon CSU-W1 Spinning Disk/High Speed Widefield confocal 
microscopy) with a 40× water immersion objective. Embryos were 
mounted with 1.2% low–melting point agarose (0.3× Danieau 
medium and 0.003% tricaine) in glass-bottom culture dishes (MatTek; 
35 mm) with the dorsal forebrain facing the coverslip.

For in vivo time-lapse imaging of internalized Dld, Mib-GFP, or 
Par-3-GFP in dividing RGPs of Tg [ef1a:Myr-Tdtomato], z-stacks 
with 20 to 30 z-planes were acquired consecutively at a 1-m z-step 
for each embryonic forebrain region. The exposure time for each 
fluorescent channel was set at 100 ms by choosing the sequential 
channel scanning mode for each z-plane. The interval between each 
z-stack ranged from 12 to 30 s, depending on the z-stack settings of 
the samples. Usually, 80 volumes of z-stacks were captured for each 
time-lapse imaging, and the duration spanned about 30 min.
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For long-term imaging, embryos were placed on a temperature- 
controlled stage set at 28.5°C. For imaging Notch activity in paired 
daughter cells using Tg[her4.1-RFP] embryos, a GFP reporter plas-
mid was electroporated into the hindbrain region to label individual 
RGPs as this transgenic line was reported to better recapitulate 
Notch activity in the hindbrain than in the forebrain (38). Z-stacks 
with 50 to 60 z-planes were acquired consecutively with a 1-m 
z-step for each volume. The scanning interval between volumes of 
z-stacks was set at 6 min. The exposure time for each channel was 
set at 100 ms for each z-plane as described above. For each embryo, 
100 to 120 volumes of z-stacks were captured lasting ~12 hours. 
Data presented in figure panels corresponded to maximum intensi-
ty projections of 5 to 10 z-planes with 1-m z-step size, representing 
the approximate size of RGP.

Label retention expansion microscopy
LR-ExM was performed on cryosections of a 28-hpf embryonic 
forebrain. Chicken anti-GFP antibody (for detecting Par-3-GFP) or 
rabbit anti–Par-3 antibody (for detecting endogenous Par-3) and 
guinea pig anti–Dlic-Cter antibody were used, in conjunction with 
visualizing Dld (either internalized Atto-labeled Dld or endogenous 
Dld labeled with mouse anti-Dld antibody). Buffers were prepared 
as previously described with modifications needed for processing 
in vivo tissue samples (36). The forebrain sections were blocked in 
blocking buffer, PBS containing 0.1% Triton X-100 (PBS-T, pH 7.4) 
with 5% natural goat serum overnight at 4°C. The slides were then in-
cubated with primary antibodies in the preincubation buffer overnight 
at 4°C as described in the immunocytochemistry section above. After 
washing off primary antibodies, tissue sections were incubated with 
trifunctional linkers {N-hydroxysuccinimide (NHS)–methacrylamide 
(MA)-biotin–conjugated anti-chicken (or anti-rabbit) IgG (for 
visualizing Par-3), and NHS-MA-digoxigenin (DIG)–conjugated anti–
guinea pig IgG (for visualizing Dlic1) [stock (200 mg/ml), dilute 1:100 
before use]} in the preincubation buffer overnight at 4°C in the dark. 
After washes in PBS four times (5 min each) in the dark, freshly 
prepared 40 l of gelation solution was added on each section to 
cover the whole-tissue sample. The gelation solution was prepared 
by deoxygenizing the gel monomer solution using a vacuum pump 
for over 15 min before adding tetramethylethylenediamine (TEMED) 
and ammonium persulfate (APS), to enhance the effects of trifunctional 
linkers. The gelation solution–covered samples, protected from light, 
were incubated in a humidity chamber and allowed to undergo gelation 
at 37°C for 1 hour. The gelated samples were incubated in the digestion 
buffer [proteinase K (8 U/ml) in 50 mM tris (pH 8.0), 1 mM EDTA, 
and 0.5% Triton X-100] on the slides 4 hours at 37°C or overnight at 
room temperature. At least 10-fold excess volume of digestion buffer 
was used. Sufficient digestion enabled sections embedded in gels to 
slide off the glass surface. The gels were washed with excess volume 
of 150 mM NaCl in six-well plates (black-walled plates, CellVis P06-
1.5H-N), at least 5 ml in each well four times, 20 to 30 min each time. 
After washing off the digestion buffer, the gel samples were incubated 
in the staining buffer [10 mM Hepes and 150 mM NaCl (pH 7.5)] 
with 3 to 5 M Alexa Fluor 488–streptavidin, 3 to 5 M goat anti- 
digoxigenin/digoxin Dylight 594, anti-mouse Atto647N (1:500), and 
4′,6-diamidino- 2-phenylindole (1:1000) for 24 hours at 4°C in the 
dark. Last, the gels were washed four times with milli-Q water 
(30 min for each wash) at 4°C in the dark. The gel expanded approxi-
mately four times of the original sample size after washing and was 
ready for imaging in the well under the confocal microscope (Nikon 

CSU-W1 Spinning Disk/High-Speed Widefield confocal microscopy) 
with a 60× water immersion objective. The excess water in the well 
was removed to keep the gel-embedded samples adhered to the glass 
dish bottom. For immobilization of the gel, 2% low–melting point 
agarose was added onto the edge of the gel-embedded samples before 
imaging. The scanning z-step is 0.26 m.

Image analyses
All the confocal imaging stacks were captured and processed using 
Micro-Manager 2.0 gamma (Manager, University of California) 
and ImageJ. For generating kymographs of internalized Dld in 
dividing RGPs, maximum intensity projection of five to seven 
z-planes (1-m 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 the cell membrane labeling. Each 
single Dld endosome was located from all frames using a Gaussian 
fitting algorithm assisted with the ImageJ-embedded plugin TrackMate 
(69), by choosing “LoG” detector and setting the “estimated diameter” 
to be about 8 pixels and “threshold” to be about 3 pixels (pixel width 
and pixel height are 0.164 m, and voxel depth is 1 m). The Linear 
Assignment Problem (LAP) tracker was adopted without “allow gap 
closing.” All Dld endosomes tracked on each image frame were pre-
viewed and compared to the original frame. The threshold parameter 
was then adjusted on the basis of this visual feedback. The two 
labeled centrosomes were used to define the anteroposterior (A-P) 
axis: The anterior centrosome was given the coordinate of 0, and the 
posterior centrosome was given the coordinate of 1. Each Dld endo-
some was then projected onto this axis to obtain its relative distance 
(value between 0 and 1). The relative distances of all tracked Dld 
endosomes were then used to generate the kymograph, where the 
grayscale value of each pixel indicates the probability of Dld endo-
somes appearing at the corresponding location at a given time.

Movies for each RGP used for kymograph analyses were regis-
tered spatiotemporally: The spatial registration was done by adopt-
ing the center point between two centrosomes as the center of 
dividing RGPs. The temporal registration was done by adopting 
the anaphase with the first appearance of cleavage furrow to be 
T  =  0  min. The first appearance of the cleavage furrow was also 
verified in a set of embryos with double labeling of cell membrane 
and nucleus. Almost all WT (or control MO-injected) RGPs com-
plete their cytokinesis at T = 2 min. However, for RGPs in par-3 
MO, dlic MO, or CBD-treated embryos, the time from first appear-
ance of the cleavage furrow (T = 0 min) to the completion of cyto-
kinesis (T = 2 min in control) was variable because of possible cell 
cycle defects. We therefore normalized this to WT cell cycle by con-
sidering the completion of cytokinesis as T = 2 min.

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 mi-
totic RGPs that were present in each image stack. For immunocyto-
chemistry experiments, multiple sections from individual brains 
were analyzed. No statistical methods were used to predetermine 
sample size. Sample size was determined to be adequate on the basis 
of the magnitude and consistency of measurable differences be-
tween groups. No randomization of samples was performed. Em-
bryos used in the analyses were age-matched between control 
and experimental conditions, and sex cannot be discerned at these 
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embryonic stages. Investigators were not blinded to chemically or 
genetically perturbed conditions during experiments. Data are quan-
titatively analyzed.

Statistical analyses were carried out using Prism 8 version 8.4.2: 
The mean value with SEM was labeled in the graphs. The two-tailed 
unpaired t test was used to assess significance. To compare the pro-
portions of each cell division orientation (extended data in Fig. 1), 
normal (z) test for proportions (implemented by Python’s stats-
models package) (70) was used. The chi-square analyses were also 
applied in Fig. 3 and fig.S6.

Measurement of asymmetry index
The total fluorescence intensity of internalized Dld (or Mib-GFP 
and Par-3-GFP) in paired daughter cells immediately after abscis-
sion (i.e., at telophase of mother RGP division) was measured by 
ImageJ. To quantitatively describe the distribution, normalized ra-
tio of fluorescence between the two newly formed daughter cells 
was calculated as follows

  X =    

  
n
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i = 1

    
 
  −  
 
    

n
  Σ(Dld )A  

i = 1
  

  ───────────  
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Σ(Dld)P means total intensity in the posterior daughter cell, and 
Σ(Dld)A means total intensity in the anterior daughter cell. “0” 
indicates perfect symmetry, and “1” or “−1” indicates absolute asym-
metry (posterior or anterior, respectively). For filtering out poten-
tial noise, we defined asymmetry when Σ(Dld)P is 50% more or less 
than Σ(Dld)A, as has been previously used for quantifying Par-3 
asymmetry (27) and internalized Dld-containing Sara endosome 
asymmetry (25). It means that when X ≥0.2, Dld endosomes (or 
Mib-GFP 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.

Colocalization
To measure the colocalization of Dlic1 and Par-3 (or Par-3-GFP), in 
the context of Dld (either internalized or immunostained) endo-
somes in the cytosol of dividing RGPs, we adopted the methods as 
previously described for measuring colocalization in the context of 
endosomes (24, 54). This method is distinct from conventional, in-
tensity correlation coefficient–based colocalization method, which 
performs poorly because the membrane of endosomes is organized 
as a mosaic of domains (71).

Immunostained mitotic RGPs were segmented, and maximum 
intensity projections of 10 consecutive z-planes (with 0.26-m 
z-step size) were generated, which typically covers the central cyto-
plasmic area between the nuclei (~2.6 m). The area of 60 × 100 
pixels (1 pixel = 0.064 m) was then cropped for colocalization 
analysis using the JACop plugin in ImageJ. The colocalization be-
tween each fluorescent channel (i.e., the proportion of each fluorescence 
colocalized with another) was measured using Manders’ coefficients 
(72). We used an optimized XY block size of 2 pixels (54). To re-
move potential background noise, the threshold of each channel 
was set in JACop using a blank area on the image (i.e., without tissue 

samples) as a negative control. Costes’ automatic threshold was fur-
ther applied for each measurement. Costes’ automatic threshold is 
an algorithm that identifies and removes noise using scatter plot-
ting of randomized images generated from the image under analysis 
(73). It automatically quantifies colocalization without the bias of 
visual interpretation.

For RGPs from LR-ExM, the maximum intensity projections of 
10 consecutive z-planes (0.26-m z-step size scanned with a 60× 
water immersion objective) were generated. The central cytoplas-
mic area between the nuclei was then selected, and XY block size 
was defined as 1 pixel for JACop colocalization analyses.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/24/eabg1244/DC1

View/request a protocol for this paper from Bio-protocol.
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