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Significance

 Cells from dissociated embryos 
of the sea anemone Nematostella 
vectensis  organize into animals 
after reaggregation. The first 
mark of organization is the 
emergence of epithelia, and that 
has been attributed to successful 
cell adhesion upon contact. We 
found that dissociated cells from 
embryos with disrupted polarity 
fail to organize into epithelia by 
contact alone. The establishment 
of lateral polarity aids cell 
organization into columnar 
epithelia. Disruption of lateral 
polarity alters cell shape and the 
position of spindle poles and 
basal bodies. This mispositioning 
of intracellular organelles 
interferes with oriented divisions 
and cell arrangement within the 
monolayer. Thus, in aggregates 
and embryos, epithelialization 
relies on the capacity of cells to 
polarize their lateral interfaces 
and couple their intracellular 
organization to tissue-level order.
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One of the first organizing processes during animal development is the assembly of 
embryonic cells into epithelia. Common features unite epithelialization across select 
bilaterians, however, we know less about the molecular and cellular mechanisms that 
drive epithelial emergence in early branching nonbilaterians. In sea anemones, epithelia 
emerge both during embryonic development and after cell aggregation of dissociated 
tissues. Although adhesion is required to keep cells together, it is not clear whether cell 
polarization plays a role as epithelia emerge from disordered aggregates. Here, we use 
the embryos of the sea anemone Nematostella vectensis to investigate the evolutionary 
origins of epithelial development. We demonstrate that lateral cell polarization is essen-
tial for epithelial organization in both embryos and aggregates. With disrupted lateral 
polarization, cell contact in the aggregate is not sufficient to trigger epithelialization and 
further tissue development. Specifically, knockdown of the conserved lateral polarity 
and tumor suppressor protein Lethal giant larvae (Lgl) disrupts epithelia in developing 
embryos and impairs the capacity of dissociated cells to epithelialize from aggregates. In 
contrast to other systems, cells in Nematostella lgl knockdown embryos do not undergo 
excessive proliferation. Cells with reduced Lgl levels lose their columnar shape and proper 
positioning of their mitotic spindles and basal bodies. Due to misoriented divisions and 
aberrant shapes, cells arrange nonuniformly without forming a monolayer. Together 
our data show that, in Nematostella, Lgl drives epithelialization in embryos and cell 
aggregates through its effect on cell shape and organelle localization.

epithelia | lateral polarity | aggregate | lethal giant larvae | Nematostella vectensis

 Epithelia emerge as polarized layers of interconnected cells in a highly divergent and 
context-dependent manner across all animals ( 1 ,  2 ). However, the prevailing hypothesis 
is that common principles underly metazoan epithelialization, and these can be traced to 
early branching animals including sponges and cnidarians ( 1 ,  3   – 5 ). Many studies in 
bilaterian animals (Drosophila , mouse, nematodes) have discovered conserved epithelial 
genes and placed them in a unifying model to broadly explain epithelial organization  
( 2 ,  6 ). We are still missing molecular and cellular information on how nonbilaterian 
epithelia emerge. Genomic studies have identi!ed conserved orthologs of epithelial genes 
in cnidarians and recent functional analyses have started to address their role in epithelial 
organization ( 7     – 10 ). However, open questions on the emergence of primary epithelia in 
nonbilaterian species remain.

 "e cnidarian Nematostella vectensis  is a sea anemone and provides an excellent system 
to investigate the ancestral mechanisms of epithelialization as Nematostella  epithelia 
emerge from both embryos and aggregates of dissociated tissues ( 11 ,  12 ). During embry-
onic development, epithelia emerge as cells connect via lateral adhesions and di#eren-
tially pattern their two opposing domains; the apical domain develops at the interface 
with the extracellular environment or lumen and the basal domain develops where the 
monolayer faces adjacent tissues or the basal membrane ( 2 ,  6 ). Remarkably, epithelia 
also emerge from reaggregated cells of dissociated tissues as a !rst step toward rebuilding 
the animal body. Such whole-body reconstitution begins with the sorting and organi-
zation of reaggregated cells into inner and outer epithelia ( 12         – 17 ). Studies in other 
experimental systems pointed to di#erential adhesion and tension as powerful drivers 
of cell sorting into distinct compartments ( 18 ,  19 ). However, it is not clear how disso-
ciated cells organize into epithelia in the !rst place. It is also not clear whether embryonic 
and aggregate epithelialization rely on similar molecular mechanisms. Although inter-
cellular adhesion is essential, whether cell polarity plays a role in this process remains 
unknown.

 Nematostella  embryos assemble into polarized monolayers by the 16-cell stage ( 11 ,  20 ). 
Similar to other epithelia, polarization of embryonic cells becomes evident with the di#er-
ential localization of proteins in the apical and lateral domains. Conserved cadherin–catenin 
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complexes in the apical junctions keep cells together and polarity 
proteins localize to their apical (Par6 and aPKC), junctional (Par3), 
and lateral (Par1 and Lgl) domains ( 9 ,  10 ,  20 ,  21 ). We asked 
whether cell polarity is essential for Nematostella  aggregate and 
embryonic epithelialization. We found that organization of lateral 
polarity is crucial for epithelialization in both embryos and aggre-
gates. Knocking down the lateral polarity protein Lethal giant larvae 
(Lgl) impaired the formation of outer epithelia in aggregates. In 
embryonic epithelia, lgl  knockdown disrupted cell shape and ori-
entation of cell cleavages. Strikingly, lgl  knockdown epithelia exhib-
ited a dramatic mispositioning of their ciliary basal bodies. 
Interestingly, Lgl was originally discovered in Drosophila  and was 
shown to function as a tumor suppressor by regulating both epithe-
lial organization and cell proliferation ( 22 ,  23 ). In the absence of 
an obvious e#ect on cell proliferation, our combined results indicate 
that, in Nematostella,  Lgl helps organize embryonic and aggregate 
epithelia as a cytoskeletal regulator. Our data also demonstrate that 
without lateral polarization, cell contact is not su$cient to drive de 
novo epithelialization and further tissue development. "us, lateral 
polarization via the function of Lgl hints at an ancestral mechanism 
that drives cell organization in metazoan epithelia. 

Results

The Lateral Polarity Protein Lgl Is Essential for Epithelialization 
of Nematostella Embryonic Cell Aggregates. Self- organization 
of tissues from aggregated cells begins with the emergence of 
epithelial layers. Nematostella aggregates form a smooth layer 
around their colony within 6 to 12 h post dissociation (hpd). 
By 24hpd, outer (ectodermal) and inner (endodermal) layers are 
de!ned in structure and fate identity (12).

 We sought to examine whether polarity proteins are important 
for de novo epithelialization of aggregates from dissociated embry-
onic cells. During early Nematostella  development, the well-conserved 
structural protein Par6 localizes with the atypical kinase aPKC at 
the apical cortex and marks together with Par3 the apical cell junc-
tions, while Lgl is enriched along the lateral cell contacts ( 20 ,  21 ). 
Among the three polarity proteins previously tested, Lgl is expressed 
the highest during early development, approximately 30 times the 
levels of each of Par3 and Par6 ( 8 ). We hypothesized that the con-
tinuous expression of lgl  is required for the epithelialization of both 
embryos and cell aggregates. Importantly, in the event where disso-
ciated cells lack a critical epithelialization protein, aggregates will 
fail to organize and eventually fall apart. To this end, we tested two 
separate short RNA hairpins that knock down the expression of lgl  
in Nematostella  embryos and then dissociated the embryos and reag-
gregated their dissociated cells into a solid cell mass as previously 
described ( Fig. 1A  ) ( 12 ). We then examined the aggregates in two 
ways: 1) by recording aggregate behavior by live time-lapse imaging 
(SI Appendix, Fig. S1 , Movies S1-S3 ) and 2) by !xing aggregates at 
0hpd and at 24hpd, staining for F-actin and DNA, and visualizing 
by confocal microscopy ( Fig. 1B   and SI Appendix, Fig. S2A  ).        

 Live observation of aggregates by time-lapse imaging showed 
that aggregates from shgfp  control embryos all organized into 
compact cell assemblies, while aggregates from sh1lgl  and sh2lgl  
embryos failed to compact (SI Appendix, Fig. S1 and  Movies S1–S3 ).  
Interestingly, epithelialization di#erences across aggregates appeared 
as early as 5.5hpd; a critical time point by which ectodermal epi-
thelia become apparent ( 12 ). By 11hpd, sh1lgl  aggregates disin-
tegrated into progressively smaller fragments that remained 
separate by the end of imaging (22hpd) (SI Appendix, Fig. S1 and  
 Movie S2 ).

 Confocal imaging of !xed aggregates con!rmed and expanded 
upon the live imaging observations. Aggregates from control 

embryos electroporated with shgfp  alone developed a continuous 
and smooth epithelial monolayer encompassing internally organ-
ized cell layers indicating the formation of both ectodermal and 
endodermal territories. In contrast, aggregates from both sh1lgl  
and sh2lgl  embryos lacked an enveloping layer. Notably, fewer 
sh1lgl  cells maintained their adhesions ( Fig. 1B   and SI Appendix, 
Fig. S2A  ). In contrast to shgfp , both sh1lgl  and sh2lgl  aggregates 
thinned into small clusters that disintegrated and did not give rise 
to a living animal 7 d post dissociation. We further quanti!ed the 
extent of epithelialization by determining the shapes of the aggre-
gates at 24hpd. As the aggregate acquires its outer layer, cells  
are organized into a compact structure that resembles an 

Fig. 1.   The lateral polarity protein Lgl is essential for epithelialization of 
Nematostella embryonic aggregates. (A) Schematic of the experimental process 
starting with embryo dissociation and aggregate formation as described in ref. 
12 (B) Aggregate formation from dissociated shgfp (control) and sh1lgl embryos 
at the time of aggregation (0hpd) and 24hpd. Epithelialization is complete by 
24hpd with the organization of cells into a common aggregate with an outer 
polarized layer and organized internal layers. Yellow arrowhead points to the 
outer layer of the shgfp aggregate which is absent from the sh1lgl aggregate. 
Cells from dissociated sh1lgl embryos fail to organize into a common epithelial 
aggregate and small cell clusters eventually disintegrate. Similarly, aggregates 
from sh2lgl embryos show no obvious enveloping epithelial layer, although 
more cells remain in contact (SI Appendix, Figs. S1 and S2). (C) As the aggregate 
organizes within the enveloping layer, it acquires a compact shape quantified 
by the extent of its circularity. Shape quantification of aggregates at 24hpd 
acquire circularity >0.5 for the majority of shgfp and <0.3 for sh1lgl aggregates, 
indicating failure of sh1lgl cells to compact within a common layer. Colors blue, 
green, and magenta correspond to three independent experiments (ANOVA; 
****P < 0.0001). (D) Blue arrows point to phosphorylated myosin light chain 
(PMLC) enriched at apical junctions of cells undergoing epithelialization at the 
periphery of the aggregate at 5.5hpd. (E) By 24hpd, PMLC marks both the apical 
and basal junctions of the outer layer in shgfp aggregates. In shlgl aggregates, 
PMLC is instead enriched at the cortex of 5.5hpd rosette- like cell clusters which 
remain distinct and separate by 24hpd. Images show midsagittal sections 
unless otherwise stated. One of four aggregates is shown from one of three 
independent experiments. The largest 24hpd sh1lgl aggregate of all samples 
is shown. (Scale bars, 20 μm.) See also SI Appendix, Figs. S1 and S2 and Movies 
S1–S3.
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almost-spherical embryo with circularity values approaching that 
of the perfect circle (circularity =1). We found that shgfp  aggre-
gates had high circularity values (circularity > 0.5), while both 
sh1lgl  and sh2lgl  aggregates had very low circularity values (circu-
larity < 0.3) due to the absence of an outer organizing epithelium 
( Fig. 1C   and SI Appendix, Fig. S2B  ).

 In addition to their shape, we examined aggregates for the pres-
ence of adherens junctions between their cells as an additional 
hallmark of epithelialization. "e phosphorylated version of myo-
sin light chain (PMLC) localizes to contractile adherens junctions 
( 24 ). By 5.5hpd, some cells near the surface of the shgfp  aggregate 
had enriched PLMC at their apical junctions ( Fig. 1D  ). By 24hpd, 
PMLC localization expanded to the basal cell junctions of the 
outer layer that enveloped the shgfp  aggregate ( Fig. 1E  ). In sh1lgl  
aggregates, PMLC localized at the cortex of cells arranged in 
rosette-like clusters which became more prominent by 24hpd 
( Fig. 1 D - E  ). While shgfp  cells organized outer and inner epithelia 
within the enveloped aggregate, sh1lgl  cells remained in rosette-like 
clusters and failed to integrate within a common assembly de!ned 
by an outer layer.

 We conclude that in the absence of continuous lgl  expression, 
single cells from dissociated embryos fail to organize into viable 
epithelial aggregates. Although shlgl  cells come into direct contact, 
their assembly does not progress past their initial clustering and 
fails to organize within a common outer layer.  

Expression of lgl Is Essential for Epithelial Organization of 
Developing Nematostella Embryos. We reasoned that the lack 
of epithelialization in shlgl aggregates may be traced back to 
the compromised epithelial integrity of knockdown embryos. 
In the absence of lgl expression, embryos appeared to develop 
and gastrulate normally (Fig.  2 A and B). However, on closer 
inspection of lgl knockdown embryos stained with FITC- 
phalloidin to outline cell boundaries, we noticed an unusual 
number of depressions in the ectodermal epithelia (Fig. 2 C–E 
and SI  Appendix, Fig.  S2 C–E). While mitotic round cells are 
normally restricted in the apical domain of the epithelium, in 
both sh1lgl and sh2lgl embryos, many nonmitotic round cells 
were observed in the basal domain (Fig.  2F and SI  Appendix, 
Fig. S2F). At some regions, ectodermal depressions appeared in the 
vicinity of basally located round or misshapen cells. In a few mildly 
deformed sh1lgl and sh2lgl embryos, disorganization appeared in 
restricted regions of the epithelium (Fig. 2 C–D and SI Appendix, 
Fig. S2 C–D). However, the majority of shlgl embryos manifested 
global epithelial disorganization with basal round cells and more 
ectodermal depressions compared to controls. In some severely 
damaged embryos, cells appeared to undergo lysis. However, these 
embryos also appeared in similar numbers in the control group 
(shgfp), and we reasoned that this is not due to speci!c hairpin 
knockdown e#ects.

 Taken together, our data suggest that expression of Lgl is essen-
tial for both de novo epithelialization of cell aggregates and epi-
thelial organization of embryos.  

Basal Domains are Disorganized in lgl Knockdown Epithelia. We 
then sought to determine the mechanism by which knockdown of 
lgl disrupts epithelia. Lgl is enriched at the lateral cell contacts in 
Nematostella embryos (20, 21). In epithelia of other species, Lgl 
restricts the localization of apical polarity proteins to the apical 
domain (2, 6, 25). Reduced Lgl levels are likely to disrupt epithelia 
by impairing cell polarity. To examine cell polarity in Nematostella 
embryos, we checked the localization of conserved proteins known 
to localize to the apical and basal domains in epithelial cells. We 
!rst examined whether apical domains are properly patterned in 

lgl knockdown epithelia by checking the localization of Par3- GFP 
and Par6- GFP. In both shmcherry controls and sh1lgl embryos, 
Par6- GFP was enriched at the apical cortices and apical cell 
junctions (Fig. 2G). Similarly, Par3- GFP was found at the apical 
cell junctions of both control and sh1lgl embryos (SI Appendix, 
Fig.  S3). However, in contrast to controls, some cells in lgl 
knockdown embryos had Par6- GFP and Par3- GFP enriched at 
their basal domains as well (Fig. 2G and SI Appendix, Fig. S3).

 Enrichment of apical proteins in basal epithelial regions suggests 
a basal polarization defect. We further examined the integrity of 
basal domains by visualizing the localization of a GFP fusion to 
the junction protein α-catenin. Nematostella  ectodermal epithelia 
are unique in that junctional Cadherin3 is enriched in both apical 
and basal domains ( 9 ). Similar to Cadherin3 localization, we 
found α-catenin-GFP enriched at both apical and basal cell junc-
tions of wild-type epithelia ( Fig. 2H  ). However, in lgl  knock-
downs, α-catenin-GFP was not consistently found in the basal 
domain of the ectodermal monolayer and was instead distributed 
at shorter distances from the apical domain ( Fig. 2 H–I  ). "is 
could be due to basal domains established at shorter cell lengths 
along the lgl  knockdown epithelium. Alternatively, α-catenin-GFP 
could be mis-localized along the cell periphery instead of a de!ned 
basal domain. In either case, mis-localization of α-catenin-GFP 
points to disorganized basal junctions when lgl  is knocked down. 
Indeed, the phosphorylated myosin (PMLC) that is enriched at 
de!ned junctions in control epithelia was also found to be disor-
ganized and was distributed at various lengths along the lgl  knock-
down monolayer ( Fig. 2J  ).

 Taken together, examination of polarity and junction protein 
localization demonstrates that basal domains are disorganized in lgl  
knockdown epithelia. "e basal junctional markers, α-catenin-GFP 
and PMLC, appear enriched in shorter distance from the apical 
domain. "ese mispositioned basal junctions, if still functional, 
likely alter the contractile properties and behaviors of both indi-
vidual cells and the ectodermal epithelium at large.  

Epithelial Disorganization in lgl Knockdown Embryos Is not due 
to Uncontrolled Cell Proliferation. Since its discovery as a tumor 
suppressor in the &y, Lgl has been implicated in both epithelial 
organization and cell proliferation (22, 23). "e lgl mutations 
transform the &y imaginal discs into lethal neoplasms and the 
optic primordia of the brain into neuroblastoma (22, 26). Later 
work showed how Lgl together with Scribbled and Dlg, regulates 
cell polarity and epithelial organization in various &y epithelia 
(23). Similarly, knockout of one of the two Lgl homologs in mice 
(Lgl1) gives rise to disorganized neuroepithelial structures similar 
to human neuroectodermal tumors (27). "us, we hypothesized 
that the epithelial disorganization observed in our Nematostella 
shlgl knockdown embryos is attributed to cell over proliferation. 
We reasoned that due to the high variability of embryo size during 
development and the e#ect of lgl knockdown on embryo shape, 
quanti!cation of embryo size does not precisely capture cell 
over proliferation (11, 20). "erefore, to examine whether cell 
proliferation control is disrupted, we !xed shgfp control and sh1lgl 
embryos at di#erent stages during development and counted all 
stained nuclei. We also speci!cally identi!ed mitotic nuclei using 
a phosphorylated Histone H3 (PH3) antibody and quanti!ed 
the ratios of mitotic nuclei to total nuclei. Assuming that there 
is one nucleus per cell, these quanti!cations reveal that both 
shgfp and sh1lgl embryos are composed of similar cell numbers 
throughout development (Fig. 3 and SI Appendix, Fig. S4). "ese 
results further demonstrate that epithelial disorganization in 
Nematostella sh1lgl knockdown embryos is not coupled to loss of 
cell proliferation control.
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Fig. 2.   Knockdown of lgl disrupts epithelial organization in Nematostella embryos. (A and B) Expression of lgl is reduced in postgastrula (28hpf) sh1lgl embryos 
compared to shgfp controls, as verified by in situ hybridization and qPCR of mRNA levels from embryos of three independent experiments. (Wilcoxon rank 
sum test; ***P < 0.001). A separate hairpin, sh2lgl, similarly affects lgl expression. (C) Ectodermal epithelia are disorganized in postgastrula sh1lgl embryos and 
manifest surface depressions not visible in the smooth epithelial layer of shgfp control embryos. (D) Quantification of observed phenotypes. “Mild” refers to 
embryos with epithelial disorganization in restricted areas of the ectoderm, shown near the yellow stars in “mild” embryo of (A). “Disorganized” refers to embryos 
manifesting global epithelial disorganization with obvious depressions and misshapen cells throughout the ectoderm. “Severe” refers to embryos undergoing 
cell lysis pointed by the white arrow as an obliterated cell mass in “severe” embryo of (A). (Fisher’s exact test; ****P < 0.0001). (E) Ectodermal depressions 
are more frequent in “disorganized” sh1lgl embryos and often correspond to areas with basal round cells pointed by the yellow arrows. (Fisher’s exact test;  
****P < 0.0001). (F) Basal round cells are prevalent in “disorganized” sh1lgl embryos. (ANOVA; **P = 0.003). Symbols ■▲● in (D) and (E), and colors blue, green, 
and magenta in (F) correspond to embryo percentages from three independent experiments. (G) Par6- GFP is enriched exclusively at the apical cell cortices and 
junctions, as shown in the midsagittal and surface projection views of shmcherry control embryos. In sh1lgl embryos, Par6- GFP is enriched at apical cell cortices 
and junctions, similar to controls, as well as some basal regions of the ectodermal epithelium pointed by the white arrowheads. Boxed area shows Par6- GFP 
localization at the basal domain. (H) α- catenin- GFP is enriched at both apical and basal junctions of the ectodermal epithelium. In control shmcherry embryos, 
apical and basal α- catenin- GFP mark the apical and basal domains of the monolayer at a consistent length along its thickness. In sh1lgl embryos, basal α- catenin- 
GFP is enriched at variable lengths from the apical domain. Projection is the sum of 15 μm above and below the midsagittal section. (I) Quantification of basal 
α- catenin- GFP relative to the monolayer thickness in shmcherry control and sh1lgl embryos. Monolayer thickness is determined by F- actin which highlights 
all cell margins. Ratio = 1 indicates colocalization of basal α- catenin- GFP with the basal domain of the monolayer. Ratio < 1 indicates that basal α- catenin- GFP 
enrichment does not align along the basal domain and appears within a shorter distance from the apical domain. (Wilcoxon rank sum test; ****P < 0.0001). 
Yellow arrowheads point to a bilayered ectodermal epithelium. (J) PMLC is enriched at the apical and basal junctions of the ectodermal epithelium. In shgpf 
control embryos, PMLC marks the basal domain of the monolayer in a consistent manner along its thickness, similar to the localization of basal α- catenin- GFP. 
In sh1lgl embryos, basal enrichment of phosphorylated myosin is disorganized and appears at variable lengths from the apical domain. Projection is the sum of 
8 μm above and below the midsagittal section. All images show midsagittal sections of postgastrula embryos unless otherwise stated. (Scale bars, 20 μm.) See 
also Par3- GFP localization in SI Appendix, Fig. S3.
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Lgl Is Required for Planar Spindle Orientation During Early 
Blastula Cleavages. Disorganized actomyosin contractility and 
loss of cortical polarity could explain the appearance of misshapen 
cells and epithelial depressions in lgl knockdown embryos. A 
direct consequence of disruption in actomyosin and polarity in 
the epithelium is misoriented cell divisions (28, 29). In epithelia, 
mitotic spindle orientation is of paramount importance (30–32). 
To maintain the monolayer structure, spindles must be positioned 
parallel to the epithelial plane. To examine whether lgl knockdown 
a#ects spindle orientation in Nematostella epithelia, we examined 
the angle of mitotic spindles relative to the monolayer plane at 
two early stages, before the epithelial disorganization becomes 
pronounced (Fig. 4 A and B). During prophase, we detected high 
variability of spindle position in both control and lgl knockdown 
embryos independent of their developmental stage. By metaphase, 
spindles in control embryos appeared to consistently align parallel 
to the epithelial plane. We did not detect any obvious di#erences 
between control (shgfp) and sh1lgl spindle orientation during early 
cleavages (Fig. 4A, 6hpf ). However, at the blastula stage, when 
cells in controls are already organized into an epithelial monolayer, 
lgl knockdown signi!cantly impaired spindle orientation (Fig. 4B, 
12hpf ). After this stage, lgl knockdown epithelia began to manifest 
deformities in their structure, impeding precise spindle orientation 
measurements.

 In conclusion, we identi!ed spindle orientation defects in cells 
of early blastula lgl  knockdown embryos. "ese defects could drive 
cells to undergo oblique or orthogonal divisions relative to the 
epithelium such that one daughter cell positions its apical 
“domain” toward the basal domain of the monolayer. Interestingly, 
we did not identify any Par3-GFP or Par6-GFP enrichment within 
the ectodermal monolayer. Assuming that daughter cells appear 

in mirror symmetry relative to each other after orthogonal divi-
sions, the plane of cleavage could explain the appearance of 
Par3-GFP and Par6-GFP apical proteins in the basal domain of 
the ectodermal epithelium and basal proteins like α-catenin-GFP 
and phosphorylated myosin within the epithelium ( Fig. 2 G–J   
and SI Appendix, Fig. S3 ). Mispositioned mitotic spindles could 
lead to the apicobasal polarity defects observed within some 
regions of the ectodermal epithelium.  

Mispositioning of the Basal Body in lgl Knockdown Epithelia. 
An unexpected observation in lgl knockdown embryos was the 
mispositioning of ciliary basal bodies. During our examination 
of epithelial polarity, we serendipitously found that a commercial 
antibody previously used for β- catenin labeling marked both the 
apical cell junctions and the basal body of Nematostella ectodermal 
epithelia (SI Appendix, Fig. S5). By late blastula stage (18hpf ), 
embryos develop motile cilia and basal bodies become evident at 
the apical domain of their ectodermal epithelia. Closer inspection 
revealed that β- catenin localizes in a ring- like pattern around 
the basal body marked by γ- tubulin near the center of the cell’s 
apical region. Interestingly, in sh1lgl knockdown embryos, the 
basal body was found mispositioned in close proximity to the 
lateral plasma membrane (Fig. 4 C and D). We quanti!ed the 
position of the basal body relative to the nearest cell contact in 
cells from shgfp control and sh1lgl knockdown embryos by using 
both β- catenin and γ- tubulin markers. We found a signi!cantly 
higher distribution of basal bodies near the cell contact in sh1lgl 
knockdown epithelia compared to controls (Fig.  4 E and F). 
Considering that the basal body is an apically docked cell organelle 
and apical polarity appeared normal in lgl knockdown epithelia, 
its mispositioning is particularly intriguing.

Fig. 3.   lgl knockdown embryos do not exhibit cell over proliferation during development. (A) Mitotic nuclei stained with phosphorylated Histone H3 (PH3) 
antibody and corresponding F- actin- stained shgfp control and sh1lgl embryos at: (A) early blastula (12hpf) and (B) postgastrula (28hpf) stages. (C) Quantification 
of ratios of mitotic nuclei/total nuclei numbers in shgfp control and sh1lgl embryos across development. (D) Total nuclei quantification in shgfp control and shlgl 
embryos across development. Symbols ▲● correspond to average values from each embryo analyzed from two independent experiments. Number of shgfp 
embryos analyzed per time point: 10hpf (11 embryos), 12hpf (23 embryos), 14hpf (20 embryos), 22hpf (17 embryos), and 28hpf (12 embryos). Number of sh1lgl 
embryos analyzed per time point: 10hpf (17 embryos), 12hpf (18 embryos), 14hpf (16 embryos), 22hpf (21 embryos), and 28hpf (13 embryos). (Wilcoxon rank 
sum test; ns P > 0.05). Images show projections of whole embryos. (Scale bars, 20 μm.) See also SI Appendix, Fig. S4.

http://www.pnas.org/lookup/doi/10.1073/pnas.2408763121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408763121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408763121#supplementary-materials
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Fig. 4.   Centrosomes and basal bodies are mispositioned in lgl knockdown ectodermal epithelia. (A and B) Prophase and metaphase spindles identified by  
γ- tubulin enrichment at the spindle centrosomes in shgfp control and sh1lgl embryos during early cleavage and blastula stages. Corresponding fan plots show 
the percentage of spindles that are parallel (angle: 0 degrees) or perpendicular to the plane of the ectodermal epithelium (angle: 90 degrees). Prophase spindles 
show a randomized orientation relative to the epithelial plane in both shgfp and sh1lgl embryos. Metaphase spindles align with the plane of the epithelium in 
shgfp embryos. However, in sh1lgl embryos, a significant percentage of spindles deviates from the epithelial plane during early blastula cleavages shown in 
(B). (Wilcoxon rank sum test; P = 0.009). n indicates the number of spindles. Number of shgfp embryos analyzed per time point: 6hpf (10 embryos) and 12hpf 
(25 embryos). Number of shlgl embryos analyzed per time point: 6hpf (12 embryos) and 12hpf (21 embryos). With the exception of 12hpf metaphase spindles, 
the median angle of spindle orientation is not significantly different between shgpf and sh1lgl embryos (Wilcoxon rank sum test; P > 0.05). (C) Position of the 
basal body in shgfp control and sh1lgl embryos as indicated by the enrichment of β- catenin and γ- tubulin relative to the junctions of ectodermal epithelial cells.  
(D) Closeup 3D projection views of β- catenin enrichment near the basal body as indicated by enrichment of γ- tubulin in shgfp and sh1lgl embryos. Basal bodies 
are near- center- localized in shgfp controls and closer to the cell junctions in sh1lgl embryos. (E) Distribution of basal body positions relative to the cell center and 
cell junction in shgfp control and sh1lgl embryos. Medians are 0.716 for shgfp and 0.47 for sh1lgl basal bodies. Analysis was based on β- catenin- marked basal 
bodies and cell junctions. (F) Average ratios of β- catenin and γ- tubulin- marked basal body positions relative to the cell center and cell junction in shgfp control 
and sh1lgl embryos. Symbols ▲● correspond to ratios from two independent experiments. Ratio = 1 indicates basal body position closer to the center of the 
cell. Ratio < 0.5 indicates basal body position closer to the cell junction. Number of β- catenin- marked- basal bodies analyzed in 20 shgfp embryos: 601. Number 
of β- catenin- marked- basal bodies analyzed in 22 sh1lgl embryos: 661. Number of γ- tubulin- marked- basal bodies analyzed in 22 shgfp embryos: 660. Number of 
γ- tubulin- marked- basal bodies analyzed in 26 sh1lgl embryos: 780. (Wilcoxon rank sum test; ****P < 0.0001). Images and quantifications are from postgastrula 
embryos. Scale bars in A and B: 10 μm and in C: 2 μm.
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Discussion

 Epithelia are the !rst organized tissues to appear during animal 
development ( 1 ). Epithelia emerge as cells divide, di#erentiate, 
and migrate to form distinct territories and organs. Nematostella  
embryos self-organize into epithelial layers early during develop-
ment and provide an excellent system for studying epithelial 
organization in isolation, independent of the confounding e#ects 
of signaling from neighboring organs and tissues ( 11 ,  20 ). 
Additionally, dissociated Nematostella  embryonic cells self-organize 
into a complete animal after aggregation ( 12 ). We reasoned that 
epithelialization of aggregates requires the conserved polarity pro-
teins necessary to form epithelia in other animals. We found that 
aggregates from Nematostella  cells with reduced expression of the 
lateral polarity protein Lgl failed to organize within a common 
epithelial outer layer and they eventually disintegrated. "is strik-
ing result !rst con!rms that successful epithelialization needs to 
occur before an aggregate can further develop into an animal. 
Second, lateral cell polarization is essential for aggregate epitheli-
alization. Adhesion of cells is not su$cient to hold the shlgl  aggre-
gate together. In the absence of an outer epithelial layer, shlgl  cells 
come together in rosette-like clusters which eventually disintegrate 
and do not coalesce into building a common tissue/animal. Is 
lateral polarity only  required for de novo epithelialization of aggre-
gates? We found that lgl  knockdown also impaired embryonic 
epithelia. It is likely that embryos lacking expression of Lgl are 
structurally compromised and their dissociation gives rise to cells 
that lack the potential to epithelialize. A future experiment would 
be to trigger expression of Lgl in dissociated cells postaggregation 
and examine whether its presence restores epithelialization. Taken 
together, loss of lateral polarity is detrimental for both embryonic 
and aggregate epithelialization.

 Indeed, embryos with reduced lgl  expression develop surface 
depressions that accompany basal polarity defects. Speci!cally, we 
found three features that perturb the basal domain of the ectoder-
mal monolayer. First, round nonmitotic cells occupy the basal 
domain. "is is in contrast to normal epithelia, where mitotic cells 
undergo cortical rounding exclusively in the apical domain and 
no round cells appear in the basal domain ( 30 ). Second, some cells 
develop apical character in the basal region of the ectodermal 
epithelium. Interestingly, GFP fusions to Par3 and Par6 localized 
normally to apical domains in lgl  knockdown embryos, indicating 
normal apical polarity even when epithelia were highly disorgan-
ized. In normal epithelia, apical proteins are not encountered in 
the basal domain. Studies in bilaterians have uncovered a robust 
mechanism that blocks apical proteins from localizing to the basal 
domain of epithelial cells ( 2 ,  6 ). Although not yet examined in 
 Nematostella , Lgl may play a direct or indirect role in apical protein 
exclusion from the basal domain. Finally, basal junctions were not 
con!ned in the basal domain of the monolayer. Instead, we found 
both α-catenin-GFP and phosphorylated myosin localized at var-
ious lengths from the apical domain. "is could be due to 
mis-localization of basal junctional proteins along normally elon-
gated epithelial cells. Alternatively, the cells develop basal polarity 
but are shorter in length. Together, these three features help 
explain the formation of a bilayered structure composed of basal 
cells with reversed polarity to that of the apical cells stacked above 
them.

 A mechanism that could give rise to basal cells with reverse 
polarity is misoriented cell division. When mitotic spindles are 
positioned in oblique or orthogonal angles relative to the epithelial 
plane, one of the daughter cells ends up in the basal domain of 
the monolayer. If one daughter cell polarizes in mirror symmetry 

to the other, we would expect to !nd cells with their apical proteins 
in the basal domain and their basal proteins buried within the 
monolayer. We did !nd a higher number of misoriented cleavages 
in lgl  knockdown embryos during early blastula. Few misoriented 
cell divisions early during development could strongly impact 
epithelial organization.

 We were surprised to !nd that although the apical domains of 
 lgl  knockdown epithelia were properly polarized, basal bodies of 
their cilia were mispositioned. Depending on the phase of the cell 
cycle, centrioles organize into spindle poles during mitosis and 
basal bodies during interphase ( 33 ). In normal epithelia, basal 
bodies are anchored within close range to the centroid of the apical 
domain. In lgl  knockdown embryos, we observed a high propor-
tion of basal bodies positioned very close to the lateral plasma 
membrane. Disruption of cytoskeletal organization is likely to 
impair basal body migration or docking to the apical cell mem-
brane. A similar defect and basal body anchoring to the lateral 
plasma membrane was observed when quail oviducts were treated 
with Benzodiazepines. "ese drug treatments impair cortical acto-
myosin and vesicle tra$cking, suggesting that basal body mispo-
sitioning is due to a migration defect ( 34 ). Misorientation of the 
mitotic spindle during early blastula cell divisions and misposi-
tioning of the basal body in interphase cells of lgl  knockdown 
embryos, both point to a potential centriole movement defect.

 It is unclear whether Lgl has a direct role on centriole position-
ing in Nematostella  epithelia. In human embryonic kidney cells, 
Lgl2 binds and regulates the localization of Pins (Partner of 
Inscutable) which has a role in spindle pole orientation ( 35 ). Lgl 
is also implicated in the regulation of symmetric cell divisions in 
&y epithelia ( 36 ,  37 ). However, in &y, it is cortical release of Lgl 
that drives proper cell division. Retention of Lgl on the cortex 
impairs spindle positioning. Lgl cortical release frees Dlg to inter-
act with Pins in the lateral domain and promote planar orientation 
of the spindle. Moreover, lgl  mutant follicular epithelial cells and 
syncytial embryos assemble normal spindles and undergo normal 
chromosome segregation respectively, suggesting that in the &y 
Lgl does not have a direct role in chromosome segregation ( 36 ). 
Other factors, such as well-organized cortical actomyosin is critical 
for planar spindle orientation in epithelial tissues and could also 
play a role in Nematostella  embryos.

 We propose that in Nematostella , the lateral polarity protein Lgl 
is important for epithelialization mainly through its e#ect on the 
organization of the cytoskeleton. Cell shape change, misorienta-
tion of the mitotic spindle, and mispositioning of the ciliary basal 
body in lgl  knockdown embryos could be all attributed to a failure 
of cytoskeletal organization. Early studies in Drosophila  showed 
that Lgl binds to and regulates the localization of myosin II ( 38 , 
 39 ). Cells in lgl  knockdown embryos and imaginal discs are cuboi-
dal or round instead of long and columnar and as a result fail to 
establish extended lateral contacts. It was proposed that the Lgl–
myosin complex stabilizes newly formed lateral cell contacts and 
maintains cell shape ( 38 ,  40 ). Human Lgl also binds to myosin 
II, and in lgl  knockout mice brains, the organization of actin and 
localization of myosin II are perturbed ( 27 ,  41 ).

 Interestingly, we did not !nd any correlation between Lgl and 
cell proliferation control in early Nematostella  embryos. Since its 
discovery as a tumor suppressor in the &y, Lgl has been shown to 
be important for control of cell proliferation in various organs 
including imaginal discs, brain, eye, and egg chamber ( 22 ,  23 , 
 42   – 44 ). In mammals, Lgl a#ects cell numbers in the brains of 
mouse embryos and human mammary epithelial cells grown in a 
3-dimensional extracellular matrix ( 27 ,  45 ). However, in some of 
these cases, cell division is coupled to tissue di#erentiation. For 
example, knockout of one of the two Lgl homologs in mice (Lgl1) 
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leads to loss of asymmetric inheritance of the Notch signaling 
antagonist Numb, and neural progenitors fail to di#erentiate and 
instead proliferate into tumor-like structures ( 27 ). It will be 
important to examine the e#ect of lgl  expression later during 
 Nematostella  development, when cells are undergoing di#erenti-
ation and organ development.

 Epithelialization is a fundamental tissue organization process 
that occurs in all developing animals. However, it is context 
dependent with variations across animals, tissues within animals 
and stages of development ( 1 ,  2 ). In search of conserved princi-
ples that underly metazoan epithelialization, we !nd that lateral 
polarity is essential for the organization of epithelial layers during 
both embryonic development and aggregate organization. 
Among the many factors that are at play during epithelialization, 
our results support an important role for lateral polarization. In 
the absence of de!ned lateral polarity, adhesion proteins are not 
su$cient to organize cells into an epithelium. Similarly, in some 
in vitro experiments, cysts developing in suspension from Madin 
Darby Canine Kidney (MDCK) cells require the formation of 
both lateral cell contacts and basal lamina during epithelializa-
tion ( 46 ). "e establishment of lateral polarity may be a central 
feature of epithelial organization in other developmental con-
texts. In many animals including some sponges, snails, and anne-
lids, epithelia emerge from a solid ball of cells, the stereoblastula 
( 47 ). Lateral polarization in these embryos may facilitate cell 
layer organization during gastrulation. Accordingly, we speculate 
that lateral polarization may have facilitated the evolution of 
epithelia in solid cell aggregates and in contexts where cleavages 
were not constrained to organize cells into monolayers. Finally, 

it is intriguing that knockdown of Lgl alone led to a dramatic 
epithelialization defect in both embryonic and aggregate epithe-
lia without an obvious e#ect on embryo cell proliferation. "e 
impact of lgl  knockdown on cell shape and organelle localization 
in both Nematostella  and &y epithelia point to the conserved role 
of Lgl in the organization of the cytoskeleton. "is !nding gen-
erates questions on the molecular evolution of Lgl in its control 
of both epithelial organization and cell proliferation encountered 
in di#erent systems.  

Materials and Methods
Animal culture and embryo handling were as previously described (48). 
Genes were knocked down by electroporation and microinjection of in vitro 
synthesized shRNAs as described in ref. 49. Embryos were dissociated and 
reaggregated according to ref. 12. Extensive descriptions of all procedures, 
including embryo manipulations, immunohistochemistry, imaging, and image 
analysis are included in the Materials and Methods of SI Appendix, Supporting 
Information.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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