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A monoastral mitotic spindle determines lineage
fate and position in the mouse embryo

Oz Pomp’, Hui Yi Grace Lim?, Robin M. Skory', Adam A. Moverley’, Piotr Tetlak', Stephanie Bissiere’

and Nicolas Plachta®'®

During mammalian development, the first asymmetric cell divisions segregate cells into inner and outer positions of the embryo
to establish the pluripotent and trophectoderm lineages. Typically, polarity components differentially regulate the mitotic spin-
dle via astral microtubule arrays to trigger asymmetric division patterns. However, early mouse embryos lack centrosomes, the
microtubule-organizing centres (MTOCs) that usually generate microtubule asters. Thus, it remains unknown whether spindle
organization regulates lineage segregation. Here we find that heterogeneities in cell polarity in the early 8-cell-stage mouse
embryo trigger the assembly of a highly asymmetric spindle organization. This spindle arises in an unusual modular manner,
forming a single microtubule aster from an apically localized, non-centrosomal MTOC, before joining it to the rest of the spindle
apparatus. When fully assembled, this ‘monoastral’ spindle triggers spatially asymmetric division patterns to segregate cells
into inner and outer positions. Moreover, the asymmetric inheritance of spindle components causes differential cell polariza-
tion to determine pluripotent versus trophectoderm lineage fate.

eages'. In the mouse embryo, the first lineage segregation

occurs when 8-cell blastomeres divide and segregate daugh-
ters into the pluripotent inner cell mass and outer trophectoderm’.
Some divisions directly separate cells into inner and outer positions.
Others allocate both daughters to the outer region, but can be fol-
lowed by internalization of one daughter via apical constriction, a
process driven by cortical tension’. Following segregation, outer
cells polarize their apical cortex'. They establish a cortical F-actin
ring, which scaffolds apical polarity proteins such as Pard6b, Ezrin
and keratins. This polarization triggers differential regulation of
the transcriptional regulators Yap and Cdx2, which specifies troph-
ectoderm over pluripotent fate’®. Inner cells remain unpolarized
and express pluripotency-associated factors. The mechanism deter-
mining inner-outer cell segregation and differential polarization
is unknown’.

Some studies proposed that inner-outer segregation is stochas-
tic and cannot be predicted by cell heterogeneities or cleavage pat-
terns'*'%. Yet, others found heterogeneities in the early embryo
predicting inner-outer position, including differences in transcrip-
tional regulation®'*. These heterogeneities could bias division
patterns, but the mechanism remains elusive. In many polarized
tissues, cortical proteins differentially regulate the mitotic spindle
via astral microtubules to trigger asymmetric division patterns and
lineage segregation'’. However, mouse embryos do not inherit cen-
trioles and are thought to lack centrosomes and astral microtubules
until blastocyst stages?~.

Other studies have proposed a model whereby the apical domain
of 8-cell blastomeres orients the spindle along the apical-basal axis
to bias division angles. Yet, these spindle alignments have not been
visualized in intact embryos and it is unclear how the apical cortex
could influence spindle alignments without asters'>*. It has also
been proposed that the apical domain might be asymmetrically
inherited during division to differentially regulate tension and cell
position after division'. However, live-embryo imaging showed

A symmetric cell divisions produce a wide diversity of cell lin-

that the apical domain disassembles before division and is not
directly inherited®*. Finally, keratin filaments are asymmetrically
inherited by outer cells where they promote trophectoderm specifi-
cation, yet it is unknown whether keratins interact with the mitotic
spindle®. Therefore, the interplay between polarity, spindles and
lineage segregation remains uncertain.

Results

An atypical mitotic spindle in the mouse embryo. To investigate
spindle organization, we used o-tubulin immunofluorescence.
At the 4- to 8-cell stage, spindles display few or no astral arrays
(Fig. 1a), consistent with a lack of centrosomes”>**. Furthermore,
the two halves of the metaphase spindle comprising kineto-
chore and non-kinetochore microtubules (that is, the interpo-
lar regions)” are symmetric in length and density (Fig. 1a). At
blastocyst stage, spindles display more focused spindle poles,
yet they also lack asters (Fig. 1a). Thus, we refer to these spin-
dles as ‘anastral2. During the 8- to 16-cell stage, cells also dis-
play anastral spindles. However, a subset of cells establishes an
asymmetric organization displaying a prominent aster between
the apical pole and cortex (Fig. 1b-d, Extended Data Fig. la,c
and Supplementary Video 1). Thus, we investigated how these
monoastral spindles arise.

The monoastral spindle assembles in a modular manner.
Investigation of proteins supporting MTOCs suggested the involve-
ment of PLK1%. Sister cells in mouse embryos remain connected
by their cytokinetic bridge after division. This bridge accumulates
PLK1 and functions as MTOC throughout interphase”. However,
PLK1-Emerald disappears from the bridge at the end of interphase
and accumulates in the nucleus before nuclear envelope breakdown
(NEBD) (Extended Data Fig. 2a—e). We identified two additional
PLK1-Emerald foci that appear before NEBD: one forms at the
perinuclear region in all 8-cell blastomeres (Fig. 2a,g), while a sub-
set of cells forms a second structure at the apical cortex (Fig. 2a;
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Fig. 1| A monoastral mitotic spindle in the mouse embryo. a, Mouse embryos immunolabelled at the 4-cell stage, 16-cell stage and blastocyst stage with
a-tubulin antibodies. Mitotic spindles display relatively similar spindle halves and few or no detectable astral microtubule arrays. Data are from three
independent experiments. b, An 8-cell embryo, showing a cell with a monoastral mitotic spindle displaying a single astral-like array on the apical side.

¢, Magnified views of monoastral and anastral spindles in 8-cell embryos. Note the presence of a large aster on the apical side of the monoastral spindle.
Data in b,¢, are from seven independent experiments. d, Comparison of microtubule density probed by a-tubulin between the apical and basal sides of the
monoastral spindle, or between the two sides (A and B) of anastral spindles. The centre line of the box is the median, box edges delineate upper and lower
quartiles and whiskers represent the range. ****P < 0.00071; two-tailed Mann-Whitney U-test (4- to 8-cell, 8-cell anastral, 16- to 32-cell, and blastocyst)
and unpaired Student's t-test (8-cell monoastral). AU, arbitrary units. e, Frequencies of monoastral spindles and inner cells at the 16-cell stage are similar
(P=0.98, Kolmogorov-Smirnov test). NS, not significant. Scale bars, 5um in xyz space.
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Extended Data Fig. 2j). The downstream PLK1 target Cdk5rap2  Data Fig. 2m). Tracking EB3-Tomato comets demonstrates that
(tracked using Cdk5rap2-Emerald) involved in microtubule nucle-  both structures function as non-centrosomal MTOC:s (Fig. 2¢,d and
ation™ reveals a similar localization pattern (Fig. 2b,h and Extended =~ Extended Data Fig. 2g,k).
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Fig. 2 | The monoastral spindle is assembled by two separate MTOCs in different subcellular regions. a,b, Live imaging of PLK1-Emerald (a) and
Cdk5rap2-Emerald (b) in single cells of the 8-cell embryo show two structures at the apical cell cortex and perinuclear regions. Tracking with high
resolution shows how they approach over time following NEBD. Data are from five independent experiments. ¢, Live imaging of EB3-Tomato identifies
apical and perinuclear structures similar to those detected in a,b. d, These EB3-Tomato-positive puncta show an increase in microtubule growth emanating
from them over time, indicating that they start to function as MTOCs. Graph shows EB3-Tomato fluorescence intensity over time. Data are mean+s.e.m.;
datain ¢,d, are from seven independent experiments. e, Live imaging of EB3-Tomato and schematic show that the interpolar parts of the spindle assemble
in a directional manner, starting with one spindle half and then continuing with the other. Graph shows fluorescence over time along the spindle. Data are
from eight independent experiments. f, a-Tubulin immunofluorescence and DAPI in non-injected 8-cell embryos. Left: a cell in interphase. Centre and right:
cells in mitosis. Note the appearance of bona fide apical and perinuclear MTOCs displaying high microtubule density. Data are from three independent
experiments. g-i, Live imaging of PLK1-Emerald (g), Cdk5rap2-Emerald (h) and EB3-Tomato (i) in single cells of the 8-cell embryo show their dynamics
during anastral spindle formation. Unlike the monoastral spindle (a-c), these cells only establish the perinuclear MTOC. The intensities of PLK1-Emerald,
Cdk5rap2-Emerald and EB3-Tomato are initially higher at the spindle pole that forms first, but become balanced as the second spindle half emerges. Data

are from five (g h) to seven (i) independent experiments. Scale bars, 10 um.

The apical MTOC initiates the astral array (Fig. 2f and Extended
Data Fig. 2£h). By contrast, the perinuclear MTOC establishes
the interpolar regions. These interpolar regions assemble in an
unusual directional manner, starting proximal to the perinuclear
MTOC and then proceeding towards the basal region (Fig. 2c,e and
Extended Data Fig. 2g). Moreover, while the astral and interpolar
regions appear in different locations, they gradually move towards
each other (Fig. 2a-c and Extended Data Fig. 2g,m). By contrast,
cells with anastral spindles do not establish a stable apical MTOC
(Fig. 2g-i). In 15% of cells, a transient apical MTOC is initially
detected but disappears before metaphase (Extended Data Fig. 21,0).

The monoastral spindle is highly asymmetric. We further inves-
tigated the organization of the monoastral spindle and found that
its metaphase plate is positioned closer to the basal cortex than in
anastral spindles (Fig. 3a,c). The basal positioning of the metaphase
plate of the monoastral spindle is accounted by the presence of the
astral array. Eight-cell-stage blastomeres have an average diameter
of 31.4+2.4pm on the apical-basal axis. The astral array intro-
duces a 3.1+0.9um gap, separating the apical spindle pole and
cortex (Fig. 3a,c). Moreover, the apical region is 1+0.4pm longer
than the basal (Fig. 3c), has a higher microtubule density (Extended
Data Fig. 3b) and displays more EB3-Tomato comets (Fig. 3c—e
and Supplementary Video 2). These asymmetries are consistent
with higher levels of PLK1-Emerald and Cdk5rap2-Emerald in
the apical pole (Fig. 2a,b and Extended Data Fig. 2m,n). The api-
cal region also displays more a-tubulin tyrosination, a proxy for
enhanced microtubule dynamics® (Fig. 3d). Conversely, the levels
of HURP, which is associated with less dynamic microtubules®, are
higher on the basal half (Fig. 3d). These parameters are more sym-
metric in anastral spindles (Fig. 3c—e, Extended Data Fig. 3b and
Supplementary Video 2). Thus, the monoastral spindle is highly

asymmetric in composition, has its metaphase plate off-centre and
displays increased growth on its apical region.

The monoastral spindle causes asymmetric division patterns.
Sixteen-cell stage embryos contain two to three inner cells*'>*—
similar to the number of blastomeres assembling monoastral spin-
dles (Fig. le). Consistently, tracking of division patterns shows that
most inner cells derive from cells with monoastral spindles, whereas
anastral spindles produce outer-outer daughters (Fig. 4a,b).
Furthermore, cells with monoastral spindles divide more orthogo-
nally to the apical surface (Fig. 4c). In more orthogonal divisions,
the basal daughter is positioned closer to the embryo’s centre of
mass and has a larger area crowded by E-cadherin interactions’
(Extended Data Fig. 4a). Moreover, following internalization, inner
cells do not delocalize to the outer region’, which probably results
from increased E-cadherin contacts. In line with this, loosening
E-cadherin interactions using DECMA1 antibodies shifts cells from
inner to outer positions (Extended Data Fig. 4b). Thus, by trig-
gering more orthogonal divisions, the monoastral spindle favours
inner cell allocation.

In addition, the asymmetric positioning of the metaphase plate
and cleavage furrow of the monoastral spindle produces daugh-
ters of different volumes, with inner cells smaller than outer cells**
(Figs. 3b and 4d and Extended Data Figs. 3a and 5h). Decreasing
cell size amplifies cortical tension and enables internalization®
and could facilitate apical constriction in the embryo’. To explore
this, we imaged green fluorescent protein (GFP)-myosin II in live
embryos. In line with two types of spindle organization, the vid-
eos reveal two modes of division: in 69% of cases (n=9 cells),
GFP-myosin II accumulates symmetrically in dividing cells and
the cleavage furrow forms near the equator, producing daughters
of similar size. By contrast, in 31% of cases (n=4 cells) in which

>
>

Fig. 3 | Asymmetric organization of the monoastral mitotic spindle. a, a-Tubulin immunofluorescence, and phalloidin-rhodamine and DAPI staining

in non-injected 8-cell embryos comparing a monoastral and anastral mitotic spindle. The monoastral spindle is oriented more orthogonal to the apical
cortex and its metaphase plate is positioned asymmetrically, closer to the basal cortex. By contrast, the anastral spindle is oriented less orthogonal and

the metaphase plate is positioned more symmetrically within the cell. b, Live imaging of cell divisions of parental cells with a monoastral or anastral
spindles reveal different division patterns. The cell with a monoastral mitotic spindle divides more orthogonal and generates a larger outer cell and

smaller inner cell. ¢, Scheme shows the main parts of the monoastral mitotic spindle analysed. Graphs show differences between monoastral and anastral
spindles in metaphase plate positioning, length of the apical versus basal parts and overall microtubule density probed by a-tubulin. ***P=0.0006
(immunofluorescence, Mann-Whitney U-test), ****P< 0.0001 (live imaging, two-tailed unpaired Student's t-test) for metaphase plate shift analyses.
****P=0.0008 (length ratio, two-tailed Mann-Whitney U-test), ****P < 0.0001 (intensity ratio, unpaired Student's t-test). d, Characterization of additional
asymmetric features between monoastral and anastral spindle organization. Note the increased microtubule density at the apical parts of the monoastral
spindle, probed with EB3-Tomato, a-tubulin, polyglutamylation and tyrosination. HURP levels, by contrast, are higher in the basal parts. All these

markers display a more symmetric distribution in anastral spindles. Anastral spindles have a more parallel orientation but are aligned next to monoastral
ones to facilitate comparison. ***P=0.0005 (EB3-Tomato); *P=0.0187 (a/p-poly-tubulin), **P=0.008 (HURP); unpaired two-tailed Student's t-test.
***P=0.0008 (y-tubulin), ****P < 0.0001 (a-tubulin-Tyr); unpaired two-tailed Mann-Whitney U-test. e, Scheme shows areas of quantification of EB3-
Tomato comets. The apical parts of the monoastral spindle display increased microtubule growth than the basal regions. In anastral spindles, the two poles
display similar dynamics. ****P < 0.0001; Unpaired two-tailed Mann-Whitney U-test. In box plots, the centre line is the median, box edges delineate upper

and lower quartiles and whiskers represent the range. Scale bars, 5um.
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GFP-myosin II accumulates closer to the basal cortex, the inner
cell is 28% smaller (Extended Data Fig. 4c). This difference in
volume occurs in highly orthogonal divisions as well as in divisions
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Fig. 4 | The monoastral spindle drives asymmetric cell division. a, Live imaging and computer segmentation of cells displaying monoastral and anastral
spindles during division. b, Preferential generation of inner cell progeny by cells with monoastral spindles. Left graph shows number of 16-cell embryos
analysed. ****P < 0.0007; two-tailed Mann-Whitney U-test. Ana, anastral; mono, monoastral. ¢, Scheme shows quantification of spindle orientation. The
graph shows more orthogonal angles in cells with monoastral spindles (blue). ****P<0.0001; Mann-Whitney U-test. d, Ratio of outer/inner cell volumes.
*P=0.0266, **P=0.008; Kruskal-Wallis test. e, Staining followed by computer segmentation in 8-cell embryos shows how manipulations of PLK1 affect
the size of the astral array. WT, wild type. f-i, Number of monoastral spindles (f), differences in microtubule density at the apical pole where the astral array
normally forms (g), spindle angle (h) and relative daughter cell volumes (i) after PLK1 manipulations. In (h), n and N are number of spindles and embryos,
respectively. **P=0.0005, two-tailed unpaired Student'’s t-test (h); **P=0.0013, two-tailed Whitney U-test (f); ***P=0.0003, two-tailed Whitney U-test
(g); **P=0.0047, two-tailed Whitney U-test (i). **P=0.0036, Kruskal-Wallis test (g). j, Examples of katanin manipulations. k-n, Effect on the number of
monoastral spindles (k), differences in microtubule density at the apical pole (that is, astral array) (), spindle angle (m) and relative daughter cell volumes
(n). In (m), n and N are number of spindles and embryos, respectively. *P=0.0206 (m); *P=0.0152 (n); **P=0.0023 (k); ***P=0.0006 (I); two-tailed
Kruskal-Wallis test (k-1); ****P<0.0001; two-tailed Mann-Whitney U-test (D). o, Left: scheme showing 2-cell stage injection strategy. Centre, right:

number of inner cells derived from non-injected cells versus cells injected with controls or treatments within the same 16-cell stage embryo. *P=0.0272,
**P=0.0027, ***P=0.0001 (PLK1); ***P=0.0002 (katanin); Kruskal-Wallis test. In box plots, the centre line is the median, box edges delineate upper and
lower quartiles and whiskers represent the range. Scale bars, 10 um (a); 5um (¢); 3um (ej).
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produce similarly sized daughters (Fig. 4d and Extended Data
Fig. 5f). Therefore, division patterns and inner-outer segregation
are not stochastic processes'’"'?, but are predicted by spindle type.

Deletion of the PlkI gene results in developmental arrest prior to
lineage segregation™. Thus, we established a knockdown approach
that decreases the level of PLK1 protein (Extended Data Fig. 5b).
We microinjected one cell of 2-cell embryos with small interfering
RNAs (siRNAs), which enables direct comparison of knockdown
and control cells. Cells in which PLK1 is reduced do not establish
monoastral spindles (Fig. 4e—g). Instead, they form only interpo-
lar regions and display division patterns similar to control cells
with anastral spindles: they have more parallel division angles,
produce daughters with similar volumes and do not contribute
inner progeny (Fig. 4h,0 and Extended Data Fig. 5i). Similarly,
treatment with the PLK1 inhibitor volasertib reduces monoastral
spindle and inner cell numbers and produces daughters of simi-
lar volume (Extended Data Fig. 5d,e,i). By contrast, microinjec-
tion of mRNA for the constitutively active phospho-mimicking
mutant PLK1(T210D)-Emerald” increases aster size (Fig. 4e,g).
PLK1(T210D)-Emerald-overexpressing cells also display more
pronounced asymmetries in daughter volume (Fig. 4i). Yet, the pro-
portion of PLK1(T210D)-Emerald-overexpressing cells assembling
monoastral spindles and their inner cell contribution remain simi-
lar to that of control cells (Fig. 4f,0). This suggests that some factor
that is differentially regulated between cells of the embryo restricts
the number of cells assembling monoastral spindles.

Wethen used the p60 catalytic subunit ofthe microtubule-severing
protein katanin®. Microinjection of a katanin S133G mutant with
increased activity (Extended Data Fig. 5a) prevents aster formation
(Fig. 4j-1). These cells establish shorter and symmetric spindles, and
their daughter cells rarely internalize (Fig. 40 and Extended Data
Fig. 5m-o0). The retention of katanin(S133G)-overexpressing cells
in the outer region is consistent with parallel division patterns and
symmetric daughter volumes (Fig. 4m,n). Finally, microinjection
of siRNAs targeting the katanin p60 subunit increases the size of
the apical aster, yet the proportion of cells assembling monoastral
spindles and their contribution to inner progeny are similar to those
of non-injected cells (Fig. 4j-1,0).

Monoastral spindle components are inherited asymmetri-
cally. After division, outer cells establish a cortical F-actin ring
that enriches apical polarity proteins®*® to differentially regulate
Yap-Cdx2. F-actin rings also prevent apical constriction to retain
trophectoderm-specified cells in an outer position*. We showed
that a network of microtubules appears under the apical cortex
after division to clear F-actin and trigger ring formation. By con-
trast, internalizing cells never establish F-actin rings®**. Yet a key
question remains over which mechanism regulates differential ring

formation’. Imaging of divisions shows that the apical regions of the
monoastral spindle are rapidly pulled against the cortex after mito-
sis, triggering a burst of F-actin and myosin II where the nucleus
bounces against the cortex (Fig. 5a-c, Extended Data Fig. 6a and
Supplementary Videos 3 and 4). This ‘cortex-bouncing’ event deliv-
ers microtubules to the cortex, where F-actin is cleared to form the
ring (Fig. 5d and Extended Data Fig. 6a,b). By contrast, the basal
regions do not display this behaviour and consistently, the basal
daughter inherits fewer microtubules, does not clear F-actin, does
not form a ring and internalizes (Figs. 5a-d and 6a-c, Extended
Data Fig. 6a-d and Supplementary Video 3).

The microtubule network inherited under the cortex is present
for at least 2h after division (Extended Data Fig. 6c,e). Consistent
with this, imaging divisions uncovers an asymmetric inheritance
of Cdk5rap2-Emerald in cells with monoastral spindles (Fig. 5e),
indicating that in addition to delivering unequal networks of micro-
tubules, the monoastral spindle drives asymmetric inheritance of
microtubule regulators. While most of PLK1-Emerald remains at
the midbody, a fraction is also asymmetrically inherited with the
apical parts of the spindle (Fig. 5e). For cells with anastral spindles,
the two outer daughters display a bouncing behaviour, albeit less
pronounced than that of outer cells derived from a monoastral
spindle (Fig. 5a,c and Supplementary Videos 3 and 4). Consistently,
the two outer daughters symmetrically inherit a smaller microtu-
bule network and lower Cdk5rap2-Emerald and PLK1-Emerald
levels than outer cells derived from monoastral spindles (Fig. 5d,e
and Extended Data Fig. 6b). Furthermore, they form smaller rings
(Fig. 6¢c and Extended Data Fig. 6d). Consistent with the role of
F-actin rings in polarization, the outer cell inheriting the api-
cal parts of the monoastral spindle enriches Ezrin-GFP apically,
whereas cells inheriting the basal region lack Ezrin-GFP (Fig. 6b).
Thus, two types of spindle organization determine differential ring
formation and polarization.

Finally, we tested how spindle manipulations affect ring for-
mation and fate. First, we confirmed the model proposing that
polarization is important for lineage fate and found that cells with
rings and Ezrin—-GFP display higher nuclear Yap and Cdx2 lev-
els (Fig. 6d,e and Extended Data Fig. 7a). Consistently, disrupt-
ing F-actin using latrunculin A or the dominant-negative RhoA
mutant RhoA(T19N), reduces Cdx2 (Extended Data Fig. 7a). In
line with their effects on spindle organization, PLK1(T210D)-
Emerald and katanin siRNAs trigger inheritance of larger micro-
tubule networks under the cortex of outer cells, formation of
larger rings and high Cdx2 levels (Fig. 6f,g and Extended Data
Figs. 6e and 7b). By contrast, PLK1 siRNAs or katanin(S133G)
cause the opposite effects (Fig. 6f,g and Extended Data Figs. 6e
and 7b). Thus, the monoastral spindle regulates inner-outer cell
segregation and fate.

Y

Fig. 5 | Asymmetric inheritance of microtubules and microtubule regulators from the monoastral spindle during cell division. a, Live imaging reveals
additional asymmetries during the division resulting from monoastral versus anastral spindles. In cells with monoastral spindles, the apical parts of the
spindle and the newly forming outer nucleus bounce against the cortical pole. This cortex-bouncing behaviour is evidenced by a transient accumulation of
cortical F-actin (Utr-GFP) at the site of bouncing (arrow). By contrast, the future inner cell inherits the basal parts of the monoastral spindle. This part has
a smaller microtubule network, and the newly forming cell nucleus does not bounce against the cortex. Instead, the nucleus is directly positioned closer
to the centre of mass of the cell. Bottom row: the division sequence of a cell with an anastral mitotic spindle. The two outer daughters inherit a similar
amount of microtubules and display more moderate cortex bouncing compared with the outer cell from the monoastral spindle (top row). Insets show

asymmetric microtubule intensity in the apical region of the monoastral spindle at the start of imaging experiment. b, Consistent with the cortex-bouncing
behaviour in a, live imaging of GFP-myosin Il with high spatiotemporal resolution and quantification of fluorescence levels between the resulting cell poles
reveals strong cortex-bouncing behaviour in an outer cell. ¢, GFP-myosin Il levels at the apical cortex in b (*P=0.0159; two-tailed Mann-Whitney U-test).
d, Staining in non-injected 8-cell embryos confirms the inheritance of a larger microtubule network by the outer cell in a division producing an outer-inner
daughter pair. By contrast, outer-outer daughters derived from parental cells with anastral spindles inherit similar amounts of microtubules. The graph
confirms the more asymmetric inheritance of microtubules by outer cells resulting from outer-inner than outer-outer divisions (*P=0.0232; two-tailed
Mann-Whitney U-test). e, Live imaging shows asymmetric inheritance of Cdk5rap2-Emerald and PLK1-Emerald in divisions originating from monoastral
spindles (**P=0.0025 (Cdk5rap2); **P=0.0023 (PLK1); two-tailed Mann-Whitney U-test). In box plots, the centre line is the median, box edges
delineate upper and lower quartiles and whiskers represent the range. Scale bars, 10 um.
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Keratins differentially regulate spindle formation. A final ques- Furthermore, a small proportion of cells with anastral spindles
tion is why only a subset of cells establishes monoastral spindles. initially displays an apical MTOC, but this disappears prior to the
In C. elegans, apical domains stabilize non-centrosomal MTOCs".  assembly of a complete spindle apparatus (Extended Data Fig. 2lI).
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Thus, we disrupted the cortex using cytochalasin D. This caused tested downregulation of the apical domain protein Pard6b*!,
multiple ectopic MTOC-like structures (Extended Data Fig. 8a), which prevented the appearance of apical MTOC:s. Instead, knock-
consistent with a role of the cortex in regulating MTOCs. We then ~ down cells form an MTOC near the lateral junctions, which
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Fig. 6 | Spindle manipulations disrupt division patterns and inner-outer cell segregation. a,b, Live imaging of RFP-MAP2C and Utr-GFP (a) or RFP-
MAP2C and Ezrin-GFP (b) show the establishment F-actin rings and apical polarization in outer cells derived from monoastral spindles. The daughter

cell inheriting the basal parts of the spindle does not form a ring, does not enrich apical Ezrin-GFP, and internalizes. Data are from four (a) or five (b)
independent experiments. ¢, Live imaging of EB3-Tomato, Utr-GFP and H2B-GFP shows that 16-cell stage blastomeres positioned in the outer parts of

the embryo and displaying a larger microtubule network under the cell cortex form large F-actin rings. By contrast, the outer daughter with a smaller
microtubule network displays a smaller ring. Bottom: outer cells with siblings that have internalized have larger rings than daughter cells with outer
siblings (*P=0.0148; two-tailed Mann-Whitney U-test). Data are from five independent experiments. d,e, Immunofluorescence and quantification of actin
ring circumference in 3D (see Methods) shows that cells with larger F-actin rings have higher levels of nuclear Yap and Cdx2 (Spearman’s correlation).
Data are from three (d) or five (e) independent experiments. f, Manipulations of PLK1 and katanin affect F-actin ring circumference. *P=0.0487 (katanin);
*P=0.0455 (katanin siRNA); Kruskal-Wallis test. *P=0.0201 (PLK1(T210D)); ***P=0.0009 (PLK1 siRNA); two-tailed Mann-Whitney U-test. g, Effect of
manipulations of PLK and katanin on Cdx2 levels in outer cells (*P=0.0187, ***P=0.0003, ****P < 0.0001; two-tailed Mann-Whitney U-test). In box plots,

the centre line is the median, box edges delineate upper and lower quartiles and whiskers represent the range. Scale bars, 10 um.

subsequently joins the spindle (Extended Data Fig. 8e). Moreover,
they generate fewer monoastral spindles, divide more parallel and
contribute fewer inner cells (Fig. 7d,e,g). Conversely, a high dose of
SiR-actin, which stabilizes the cortex®, increases inner cell num-
bers (Extended Data Fig. 8d). Thus, the apical cortex facilitates api-
cal MTOC formation, yet it is unclear why this occurs only in a
subset of cells.

A previous study suggested that the size of the apical domain reg-
ulates spindle orientation*’. However, imaging apical domains in live
embryos shows no correlation between domain size and spindle ori-
entation (Extended Data Fig. 8b). Furthermore, the apical domain
disassembles before the metaphase spindle is fully assembled™.
Thus, differences in timing of apical domain disassembly, rather
than size, may differentially regulate spindle formation. Imaging of
divisions shows that the apical domain disassembles by interphase-
prophase in most cells (Fig. 7a and Extended Data Fig. 8c), but in
cells with monoastral spindles it is retained for longer (45 + 19 min
and 24 + 24 min, respectively) until prophase-metaphase (Fig. 7a).
This confirms that some factor differentially regulates the stability
of the cortex and spindle assembly. Thus, we investigated a role for
keratins, which are differentially regulated within the embryo and
stabilize cortical F-actin™.

Importantly, 8-cell blastomeres assembling keratin filaments
correspond to those establishing monoastral spindles (Fig. 7b-d).
Moreover, live imaging of keratin 8 fused to Emerald (Krt8-
Emerald) shows that the apical domain is maintained for longer in
cells with keratins (Fig. 7¢,f). We then microinjected siRNAs target-
ing Krt8 and Krt18, which reduced the establishment of monoas-
tral spindles (Fig. 7d). Furthermore, although the spindle initially
adopts an orthogonal orientation in some cells in which Krt8 and
Krt18 are knocked down, this alignment is gradually lost (Fig. 7h).
Consistently, knockdown of Krt8 and Krt18 causes cells to divide
with more parallel orientations and produce predominantly outer
progeny (Fig. 7e,g). Finally, microinjecting a high concentration of

Krt8 and Krt18 mRNAs” increases the proportion of cells assem-
bling monoastral spindles and the contribution of inner cell prog-
eny (Fig. 7d,g). Thus, heterogeneities in keratin filament assembly
differentially regulate the timing of apical domain disassembly to
determine monoastral spindle assembly.

Discussion

Here we show that inner—outer cell segregation and trophectoderm-
pluripotent specification are not stochastic'®'’, but are determined
by two types of spindle organization. Similar to meiotic spindles
forming without centrosomes*>*’, most blastomeres assemble anas-
tral spindles, which trigger symmetric division patterns producing
outer—outer daughters. By contrast, the monoastral spindle drives
more orthogonal cleavage planes and differences in cell volume. In
addition, asymmetric inheritance of microtubules and microtubule
regulators from its apical parts trigger differential regulation of
F-actin rings, which provides a mechanism to differentially regulate
polarization and Cdx2 expression (Extended Data Fig. 9).

The most prominent feature of the monoastral spindle is its
astral array. Single asters were found in cells treated with kinesin
inhibitors*. By contrast, the monoastral spindle has two poles but
assembles only one aster. Others have observed spindles with asym-
metric asters, but those arose from differential regulation of cen-
trosomes*~*’. The aster of the monoastral spindle originates from a
non-centrosomal MTOC. Furthermore, this apical MTOC initiates
aster assembly distant from the nucleus, and later joins the rest of
the spindle assembled by the perinuclear MTOC. We cannot deter-
mine whether these MTOC:s fuse to form a single MTOC or remain
as independent MTOCs. Nevertheless, unlike classical models
of mitotic spindle formation, where asters originate from centro-
somes*, the main components of the monoastral spindle assemble
in a modular manner, starting in separate regions.

PLK1-positive puncta are initially detected at the apical cortex
of some blastomeres, yet only a subset of cells converts them into

>
>

Fig. 7 | Heterogeneities in keratin filament assembly differentially stabilize the cell cortex to trigger monoastral spindle formation in a subset of

cells. a, Live imaging of cell divisions. During division of cells with a monoastral spindle, the apical domain disassembles later than in anastral spindles,
after the spindle starts to form. b, Immunofluorescence in non-injected 8-cell embryos. In cells expressing keratins, the apical domain is clearly present
during interphase and it disassembles during metaphase. ¢, Live imaging shows that the apical domain is more stably retained at the apical cortex during
mitosis and disassembles just before division in a cell expressing keratins. By contrast, in a cell without keratins from the same embryo, the apical domain
disassembles prior to division. d, Proportion of 8-cell stage blastomeres forming a monoastral spindle following microinjections at the 1-cell stage.
*P=0.0145 (Krt8 + Krt18 siRNA), *P=0.0309 (Krt8 + Krt18 overexpression); Kruskal-Wallis test. ***P=0.0006; two-tailed Mann-Whitney U-test. OE,
overexpression. e, Pardéb and keratin manipulations affect division angles. Embryos were injected at the 1-cell stage as ind. *P=0.0416, **P=0.0015,
***P=0.0009; two-tailed Student's t-test and Kruskal-Wallis test were used to test significance. f, The apical domain disassembles later in cells that
express keratins. NEBD serves as reference to establish the time of apical domain disassembly. **P=0.0022; two-tailed Mann-Whitney U-test.

g, Scheme showing 2-cell stage injection strategy. Graphs show number of inner cells derived from non-injected cells versus cells injected with controls
or treatments within the same 16-cell stage embryo. *P=0.0351 (Par6b); *P=0.0322 (Krt8 + Krt18 siRNA); **P=0.0036 (Krt8 + Krt18 siRNA);
**P=0.0043 (Krt8 + Krt18 mRNA); ***P=0.0002; two-tailed Kruskal-Wallis test. h, Live imaging in intact embryos shows a representative example of a
mitotic spindle losing its initial orthogonal orientation in an embryo microinjected with Krt8 + Krt18 siRNAs. Control cells maintain their initial orthogonal
orientation, whereas Pardéb knockdown cells often fail to establish an orthogonal orientation. In box plots, the centre line is the median, box edges
delineate upper and lower quartiles and whiskers represent the range. Scale bars, 10 um.
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an apical MTOC. This relies on keratin expression, which differ-  cells expressing keratins, the apical domain is stabilized for longer.
entially regulates cortex stability to support apical MTOC forma-  Yet, the apical domain is less stable without keratins and cells do
tion. Moreover, the timing of apical domain disassembly varies: in  not form an aster. PLK1 and katanin manipulations can enhance
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or reduce the asymmetric features of the spindle. However, over-
expression of PLK1(T210D)-Emerald is insufficient to change
the proportion of cells assembling monoastral spindles. By con-
trast, forcing keratin expression increases the number of cells
assembling monoastral spindles and also inner cell contribution.
Thus, differential keratin expression explains why only a subset of
cells establishes the monoastral spindle and produces inner
progeny. Heterogeneities in keratin expression arise from transcrip-
tional differences in the BAF chromatin remodelling complex at the
4-cell stage”*. Therefore, our findings support a model whereby
heterogeneities in the early embryo determine lineage pattern-
ing by differentially regulating (1) keratin expression, (2) stability
of the apical cortex and timing of apical domain disassembly, and
(3) establishment of a monoastral spindle that drives asymmetric
cell divisions to segregate inner-outer cells and determine pluripo-
tent-trophectoderm fate (Extended Data Fig. 9).

We also reveal a non-stereotypical assembly pattern for the
interpolar parts of the spindle (Fig. 2). At earlier stages, spindles
assemble from dispersed MTOC:s following NEBD*"***!. However,
8-cell blastomeres form a well-defined perinuclear MTOC. This
difference may result from the developmental transition into a
more polarized cellular architecture’ or transcriptionally active cell
states®’. When the first spindle pole is coupled to the apical MTOC
and aster, the rest of the spindle forms facing the basal cortex. Thus,
the fully assembled spindle apparatus adopts a more orthogonal
orientation. Furthermore, the apical pole sustains higher levels
of PLK1 and microtubule growth than the basal. The retention of
higher PLK1 levels and microtubule growth in the apical parts of the
monoastral spindle may result from the differential distance to the
apical cortex, as previous work™** and our results here suggest that
polarized regions of the cortex stimulate non-centrosomal MTOC
function (Figs. 2 and 3). This may also explain why PLK1(T210D)-
Emerald increases aster size in monoastral spindles, but not in anas-
tral spindles, as their poles are further from the apical cortex.

We cannot dissect the exact contribution of the aster and inter-
polar regions to the regulation of spindle angle. However, spindles
not connected to the cortex typically align with the longest cell axis,
consistent with Hertwig’s rule®. By contrast, asters can facilitate
alignments following orientations that do not follow this rule®*—*.
Unlike suggestions that inner cells can normally relocate from an
inner to an outer position'’, the more orthogonal patterns establish
inner-outer segregation, as they enable the daughter positioned
closer to the embryo’s centre of mass to inherit a larger basolateral
surface with more E-cadherin interactions. Consistently, we only
detect repositioning of inner cells to the outer regions following
E-cadherin disruption, but not in unperturbed embryos. In addi-
tion to biasing division angles, the monoastral spindle positions
the cleavage furrow closer to the basal cortex, triggering differ-
ences in daughter volume. The smaller daughter contributes to
the inner mass when the division plane is relatively orthogonal,
but also in divisions where the smaller cell retains some surface
exposed to the outer region and is internalized subsequently via
apical constriction. The idea that smaller cells are more prone to
internalization is supported by studies showing that Drosophila
epithelial cells decrease their volume to trigger an increase in cor-
tical tension and undergo internalization®. Furthermore, smaller
cells have reduced apical surface area, which can concentrate myo-
sin II to facilitate constriction®.

Finally, the apical and basal regions of the monoastral spindle
and key microtubule regulators become asymmetrically inher-
ited during division. This apical network may be supported by the
inherited pool of PLK1 and Cdk5rap2 and other regulators such
as CAMSAP proteins”. Importantly, these microtubules deter-
mine differential assembly of F-actin rings, apical polarization and
Cdx2 expression. Differential actin ring regulation also contributes
to inner-outer segregation, as the ring and its associated proteins

hinder apical constriction. However, our data suggest that outer cell
position alone is insufficient to specify fate, as outer-outer daugh-
ters derived from katanin(S133G)-overexpressing cells display
reduced Cdx2 expression, consistent with short spindles and the
absence of F-actin rings.

Interestingly, the outer daughter derived from a cell with mono-
astral spindle is not only larger than the daughter that internal-
izes, but also larger than the two daughters derived from parental
cells with anastral spindles. This cell also inherits a more extensive
microtubule network and more Cdk5rap2 and PLK1-Emerald.
The association between daughter volume and size of the inherited
microtubule network may provide a scaling mechanism, whereby
larger cells form F-actin rings with larger diameters. Simlarly, outer—
outer daughters derived from anastral spindles inherit smaller
microtubule networks and form smaller rings, whereas inner cells
from monoastral spindles do not inherit apical microtubules and
do not form rings. Future studies should explore whether the asym-
metric organization of the monoastral spindle provides additional
ways to pattern cell lineages, which could rely on interactions with
mRNAs™, organelles®, motor proteins® or chromatin regulators®'.
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Methods

Mouse embryo work. Superovulated wild-type female mice were used following
animal ethics guidelines of the University of Pennsylvania. Embryos were flushed
from oviducts with M2 medium (Merck) and cultured in KSOM + AA medium
(Merck) at 37°C and 5% CO,, covered by mineral oil (Sigma). Live embryos were
microinjected with 0.1 to 0.3 pl RNA in injection buffer (5mM Tris, 5mM NaCl,
0.1 mM EDTA) using a FemtoJet (Eppendorf).

For live imaging, embryos were cultured in LabTek chambers (Nunc) at
37°C and 5% CO, in an incubator adapted for the microscope system (Carl
Zeiss LSM780, LSM880, ZEN Blue; Leica SP8, LAS-X 3.1.5). DNA constructs
were cloned into pCS2+ vector for mRNA production. The mMESSAGE
mMACHINE SP6 kit (Ambion) was used to synthesize RNA using linearized
plasmids as templates following manufacturer’s instructions. RNA was purified
using RNAeasy kit (Qiagen) following manufacturer’s instructions. Embryos
were microinjected with mRNA for EB3-Tomato, GFP-MAP2C and RFP-
MAP2C and Cdk5rap2-Emerald at 100 ng pl~' ; Utr—-GFP, RFP-Utr at 40 ngpl™';
GFP-myosin II at 60 ng ul~' ; H2B-RFP, H2B-GFP at 15ngpl™" ; Krt8 and
Krt18-Emerald at 150 ng pul~! ; Katanin(S133G) at 200ng pl~! ; PLK1(T210D)-
Emerald, PLK1-Emerald at 100-200 ng pl~! ; Lamin B1-Emerald 30 ng pl~! and
RhoA(T19N) at 100 ng pl=".

Embryos showing signs of abnormal or arrested development (~15%) were
excluded following previous criteria®®. We also previously demonstrated that
embryos injected and imaged using similar conditions can generate viable offspring
following transfer to pseudopregnant mice™. siRNAs (Qiagen) were microinjected,
with a mock RNA, at 200-500 nM (Supplementary Table 1). Cytochalasin D was
diluted in KSOM + AA medium and applied at 5pgml™ for 4h before embryo
fixation. Volasertib was diluted in KSOM + AA medium and applied after embryo
compaction at 10nM for the entire live-imaging experiment.

For immunolabelling, embryos were fixed in 4% paraformaldehyde in DPBS
for 30 m at room temperature, washed in DPBS containing 0.1% Triton X-100,
permeabilized for 30 m in DPBS containing 0.25% Triton X-100, incubated in
blocking solution (10% fetal bovine serum in DPBS) for 2h, incubated with
antibodies for: a-tubulin (Sigma, T6199) at 1:500 and (GenTex, GTX109832),
1:400; PLK1 (Thermo Scientific, 35-206), at 1:200; HURP (Atlas antibodies,
HPA005546), at 1:200; polyglutamylated tubulin (Sigma, T9822), at 1:200; tyrosine
tubulin (Sigma, T9028), 1:200; or y-tubulin (Sigma, T3559), 1:500—in blocking
solution overnight at 4 °C, rinsed in DPBS, incubated with secondary Alexa Fluor
488-conjugated antibody (Invitrogen) in blocking solution (1:500) for 2h and
rinsed in DPBS. To label F-actin, fixed embryos were incubated with Phalloidin—
Rhodamine (Molecular Probes, R415) at 1:500 and for nuclear staining with DAPI
(Sigma, 10236276001) at 1:1,000. To block E-cadherin function, embryos were
treated with the DECMA1 antibody (Sigma, U3254) or control IgG antibody
(Sigma) at 1:200 in KSOM + AA medium.

Quantitative PCR with reverse transcription (RT-qPCR) was
performed using a TagManAR RNA-to-CT 1-Step Kit (Applied
Biosystems) and Lightcycler 48011 qPCR (Roche) with the following
primer pairs: Katnal: forward, 5'-AAATTGGCTCGTGAATATGCACT-3/,
reverse, 5'-CGGAGGTGTGTATCTTTGACTG-3'; Gapdh:
forward, 5'-CATGGCCTTCCGTGTTCCTA-3’, reverse,
5'-TACTTGGCAGGTTTCTCCAGG-3'".

Live-embryo imaging. Live embryos were imaged using a laser-scanning confocal
microscope (Zeiss LSM 780, Zeiss LSM 800, Zeiss LSM880 and Leica SP8)

with water Apochromat 40X 1.1 NA objectives and highly sensitive avalanche
photodiode light detectors of the Confocor 3 module (Zeiss), Airyscan (Zeiss) and
HyD detectors (Leica).

Image analysis. Three-dimensional visualizations of embryos were performed
using Imaris 8.2 software (Bitplane). The manual surface rendering module

was used for cell segmentation. Cell volume was derived from the segmented

data using the Imaris statistics module. Ring perimeter was measured using
Imaris point measurement tool. The ring width was measured as the mean
distance between the ring’s borders for ten different positions using Imaris

point measurement tool. The distance from the centre of mass of the cell to the
apical membrane was calculated using segmented data in Imaris. Quantification
of immunofluorescence intensity and expression levels were performed in

Imaris and Fiji by measuring mean fluorescence intensity at a region of interest
(ROI). Spindle orientation was measured by calculating the angle between

the pole-to-DNA and DNA-to-embryo’s centre in Imaris. Spindle length was
measured at the end of metaphase. Monoastral spindles were identified by their
asymmetry and in immunofluorescence images also by the presence of monopolar
asters. Microtubule density in the growing spindle was measured using the
intensity profile tool in ZEN Blue or Fiji. For inner cell quantification, one cell of a
two-cell-stage embryo was injected with mRNAs and/or siRNAs, and the embryos
were allowed to develop to the 16-cell stage.

Microtubule density between spindle pole and cell cortex. Surface of rendered
aster was created as described in Extended Data Fig. 5g and intensity was analysed
with Imaris.

Spindle intensity ratio analysis. Fluorescence intensity ratio between the apical
and basal sides of the spindles was calculated using segmented data in Imaris,
corrected by background fluorescence:

I = (Ira X Ipp) /(Iny X Ipa)

Where I, and I, are fluorescence intensity divided by volume within apical or
basal ROIs, respectively. I, and Iy, are averages of fluorescence intensity divided
by volume within four non-ROIs at the same focal plane as I, or I, respectively,
within the same cell.

EB3-Tomato tracking. The Imaris manual spot-detection module was used to
analyse EB3-Tomato tracks. Only comets detected in at least four continuous time
frames were used for analysis. Comets moving along the z-axis were excluded from
analysis. The number of EB3-Tomato-labelled tracks was scored within 1 min in a
ROl in the vicinity of the spindle pole.

Statistical analysis and reproducibility. Statistical analyses were performed
in Excel and GraphPad Prism. Data were analysed for normality using a
D’Agostino—Pearson omnibus normality test. Variables displaying a normal
distribution were analysed using an unpaired, two-tailed Student’s ¢-test for
two groups, or Kruskal-Wallis test with Kruskal-Wallis test for two groups

or more than two groups, respectively. Variables that did not follow a normal
distribution were analysed using an unpaired, two-tailed Mann-Whitney
U-test for two groups, and Kruskal-Wallis test with Dunn’s multiple
comparisons test for more than two groups. Reproducibility was confirmed by
independent experiments.

Data in Fig. 3a,b are from seven and six independent experiments,
respectively. Data in Fig. 4c are from five independent experiments. Data in
Fig. 4a are from three independent experiments. Data for each condition in
Fig. 4e are from three to eight independent experiments as follows: Scramble
Mono and Ana, eight; PLK1 siRNA, six; PLK1 WT Mono and Ana, three;
PLK1(T210D) Mono and Ana, five. Data for each condition in Fig. 4j are from
three to six independent experiments as follow: Scramble Mono and Ana, six;
Katanin(S133G), three; Katanin siRNA Mono and Ana, six. Data in Fig. 5a,b are
from four and three independent experiments, respectively. Data in Fig. 7a,b
are from seven independent experiments. Data in Fig. 7c,h are from five and
three independent experiments, respectively. Data in Extended Data Fig. 2¢,j,h
and Extended Data Fig. 2n, left, are from three independent experiments.
Data in Extended Data Fig. 2f,g are from four independent experiments. Data
in Extended Data Fig. 2a,b,d,e,i,k,l and Extended Data Fig. 2n, right are from
seven independent experiments. Data in Extended Data Fig. 5b are from
three independent experiments for each treatment. Data for each condition
in Extended Data Fig. 5h are from three to five independent experiments as
follows: Control, five; Volsertib, three; PLK1(T210)-Emerald, five; PLK1 siRNA,
four; Katanin(S133G) and siRNA, three. Data in Extended Data Fig. 5m
are from three (katanin(S133G) and siRNA) to five (control) independent
experiments. Data in Extended Data Fig. 5g are from 43 independent
experiments for various treatments. Data in Extended Data Fig. 6a—d are
from five, six, five and four independent experiments, respectively. Data in
Extended Data Fig. 7a,b are from three independent experiments. Data in
Extended Data Fig. 8a—c,e are from three, four, four and three independent
experiments, respectively.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. All data supporting the findings of this
study are available from the corresponding author on reasonable request. Source
data are provided with this paper.
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Extended Data Fig. 1| Additional characterization of the monoastral mitotic spindle. a, Additional examples of 8- to 16-cell stage mouse embryos
displaying monoastral and anastral mitotic spindles. Dashed lines mark cortical microtubules. Data are from seven independent experiments.

b, Light-scattering measurements in embryos injected with GFP mRNA at the 2-cell stage and imaged during the 8- to 16-cell stage. Quantification of GFP
fluorescence along the axial (z) axis reveals no light scattering along the entire depth of a cell. Error bars represent s.e.m. Data are from three independent
experiments. ¢, Monoastral spindles frequency is similar in different genetic backgrounds (p=0.99 by Kolmogorov-Smirnov test). Scale bars, 5um in xyz.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Additional characterization of PLK1 and spindle assembly dynamics. a,b, Live embryos show localization of PLK1-Emerald to

the bridges, connecting sister cells, during interphase (b), and disappearance from the bridge prior to mitosis (b). ¢, Consistent with its localization on
kinetochores from late prophase, PLK1-Emerald puncta are visualized at chromosomes (inset). Bona fide apical and perinuclear PLK1-Emerald-positive
MTOC s are also visualized (arrows). d, Live-imaging shows the dynamics of PLK1-localization at the intercellular bridge, cell nucleus and forming spindle.
e, Live imaging and graph show that PLK1-Emerald is enriched in the nucleus before NEBD. f, Live-imaging shows that the onset of microtubule growth
from the apical and perinuclear MTOCs of the monoastral spindle corresponds with the timing of NEBD. The apical MTOC starts to assemble the astral
array (arrows), while the perinuclear MTOC starts to assemble the first spindle half of the future interpolar parts of the spindle. g, Following NEBD, the
two main MTOCs that form the monoastral mitotic spindle are moving closer. h, i, Immunofluorescence in non-injected 8-cell embryos. At prophase,
microtubules are projected between the apical and perinuclear MTOCs (h) to assemble the monoastral spindle (i). j, Localization pattern of endogenous
PLKT at the monoastral mitotic spindle. k, Live-imaging. In these focal planes, only the apical MTOC is initially visible. Note how the apical MTOC joins the
rest of the mitotic spindle. I, Live-imaging during the assembly of an anastral mitotic spindle. In some cases of anastral spindle assembly, an apical
EB3-Tomato-positive structure is initially detected, but this fails to display significant microtubule growth and to join the rest mitotic spindle apparatus.
Graph shows the proportion of cells displaying this behavior. m, Quantification of PLK1-Emerald and Cdk5rap2-Emerald fluorescence intensities at the
main parts of the monoastral and anastral mitotic spindles. Note the retention of high fluorescence levels in the apical parts of the monoastral spindle.

n, Immunostaining and live imaging of PLK1 and microtubules and quantification of PLK1 intensity ratio between the apical and the basal poles (arrow
shows apical pole). In box plot, centre line is the median, box edges show upper and lower quartiles and whiskers represent the range. **p=0.0025;
Two-tailed Mann-Whitney U-test. o, Quantification of apical MTOC stability in monoastral and anastral spindles. Scale bars, 10 um in a,b, d-1, n; 2um

in ¢. Source numerical data are provided in source data.
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Extended Data Fig. 3 | Additional characterization of the asymmetric organization of the monoastral spindle. a, Selected time-frames from live-imaging
experiments performed in whole 8-cell embryos comparing the different division pattern of a cell with an original monoastral or anastral mitotic spindle.
Data are from six independent experiments. b, Scheme and quantification of the variability in a-tubulin fluorescence intensity from pole-to-pole along
monoastral and anastral spindles. Scale bars, 5um. Source numerical data are provided in source data.
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undergoing asymmetric cell division. Data are from seven independent experiments. b, Disruption of E-cadherin trans interactions using acute treatment
with the DECMAT antibody pushes cells to adopt more outer positions displaying a larger apical than basal surface area. *p=0.0357; Unpaired two-tailed
Mann Whitney U-test. In box plot, the centre line is the median, box edges show upper and lower quartiles and whiskers represent the range. Data are
from three independent experiments. ¢, Live-imaging of GFP-myosin Il together with RFP-Utr and H2B-RFP marker reveal two main modes of cell in the
intact 8-cell embryo. In some cases, GFP-myosin || accumulates asymmetrically at the cell cortex, closer to the basal region. This corresponds with a
more orthogonal division angle and differences in outer-inner cell volumes, similar to cells with monoastral mitotic spindles. Conversely, in some cases,
GFP-myosin Il accumulates more symmetrically at the cell equator. This is followed by more symmetric division patterns and outer-outer daughter
volumes, similar to cells with anastral spindles. Data are from five independent experiments. d, Example of computer segmentation analysis used to track
spindle types, division patterns and cell position. Monoastral spindles are detectable by their larger apical than basal regions and their asymmetry in
microtubule intensities and orthogonal orientations. Note that with this resolution, the thinner astral microtubule array is not computationally segmented
and is thus not visible. Cell tracking permits to follow the more asymmetric division pattern of this cell. Note the asymmetries between the two daughter
cells in the inheritance of microtubules associated with the spindle of the parental cell and their final position. Data are from six independent experiments.
Scale bars, 10 um. Source numerical data are provided in source data.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Additional characterization of spindle manipulations. a, Protein sequence comparison between mouse katanin, Xenopus tropicalis,
and Xenopus laevis sequences. Phosphorylation site serine 131, which inhibits katanin activity, is found in X. laevis but missing from X. tropicalis. Mouse
katanin has this phosphorylation site at serine 133 (marked in red). In line with Xenopus experiments®, elimination of the phosphorylation site (katanin-
S133G) decreases spindle length. Only a portion of the protein sequences is shown. b, Immunofluorescence for PLK1 in an 8-cell embryo injected into

one cell of the 2-cell stage with PLK1 siRNAs and EB3-Tomato. Cyan fluorescence shows injected cells. The image shows a thin confocal section (10 um
thickness) scanned with high laser power to reveal differences in PLK1 levels between non-injected and injected cells at the same focal planes. Graph
shows reduction of PLK1 intensity in the injected cells (Mann Whitney U-test). ¢, Microinjection of Katnal siRNAs reduces the expression of katanin p60
mRNA, quantified by gPCR in 16-cell embryo homogenates. d,e, Embryos treated with PLK1-inhibitor volasertib produce fewer inner-cells (Mann Whitney
U-test) (d), and produce fewer monoastral spindles. f, Correlation between spindle angles (metaphase) and relative volumes of daughter cells
(telophase). g, Step-by-step protocol used to segment microtubule asters and interpolar regions of the mitotic spindles (related to Figs. 1d and 4g,1).

h, Computer segmentation of inner and outer daughter cells after division shows the effect of PLK1 and katanin manipulations on cell volume. i, Relative
daughter cell volumes after manipulations of PLK1 (Mann Whitney U-test and Kruskal-Wallis). j, n, Spindle length after PLK1 and katanin manipulations.
Mann Whitney U-test (j) and Kruskal-Wallis test (n). NS, not significant. k, o, Length ratio between the two interpolar parts of the spindle after PLK1 and
katanin manipulations. Mann Whitney U-test (k) and Kruskal-Wallis test (o). I, p, Quantifications of the variability in a-tubulin fluorescence intensity from
pole-to-pole along spindles after PLK1 and katanin manipulations (see scheme in Extended Data Fig. 3b). m, Examples of mitotic spindles in live embryos
following katanin manipulations. Scale bars, 10 um in b,h,m; 3um in g. Source numerical data are provided in source data.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Additional characterization of F-actin ring formation by asymmetric inheritance of microtubules. a, Live-imaging of EB3-Tomato,
Ezrin-GFP and H2B-GFP shows F-actin clearance by microtubules in an outer cell after division. b, Staining for a-tubulin, Phalloidin-Rhodamine and DAPI
in non-injected 8-cell embryos. Left panel shows additional example of a cell undergoing division. A more extensive microtubule network is present on
the apical side. ¢, Live-imaging shows retention of microtubules at the apical cortex of the outer cell during interphase. d, Live-imaging for RFP-MAP2C
and Utr-GFP shows examples of F-actin ring formation in outer cells derived from monoastral (left panels) and anastral spindles (right panels). The outer
cell derived from the monoastral spindle forms a ring which is larger than those formed by the two outer daughters derived from the anastral spindle.

e, Microtubule density under the apical cortex in daughter cells derived from parental cells with monoastral or anastral spindles, quantified two hours
after division. Right panels show the effect of PLK1 and katanin manipulations. In box plots, the centre line is the median, box edges show upper and
lower quartiles and whiskers represent the range. *p=0.0499, **p=0.0059 for volasertib, **p=0.007 for katanin; Two-tailed Mann Whitney U-test and
Kruskal-Wallis test were used to test significance. f, Scheme and quantification of apical PLK1 stability after keratin manipulations. Scale bars, 10 um.
Source numerical data are provided in source data.
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Extended Data Fig. 7 | Spindle manipulations affect F-actin ring formation, apical polarization and Cdx2 levels. a, Embryos treated with Latrunculin A
or microinjected at the 1-cell stage with RhoA-T19N display smaller F-actin rings assessed by Phalloidin-Rhodamine staining, lower apical polarization
assessed by antibodies against phospho-Ezrin and lower Cdx2 levels. In the segmented 3D views, the F-actin rings have been computationally traced to
highlight their size. The embryos were fixed at the 16-cell stage. b, Embryos microinjected into one cell at the 2-cell stage and fixed at the 16-cell stage
show the effects of PLK1 and katanin manipulation on F-actin rings, Phospho-Ezrin and Cdx2 levels. Scale bars, 10 um.
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Extended Data Fig. 8 | Additional characterization of spindle and ring formation. a, Immunofluorescence for a-tubulin in embryos treated with
Cytochalasin D. Disruption of the cortical actin by drug treatment triggers the formation of multiple ectopic MTOCs. b, Live-imaging of Utr-GFP and
RFP-MAP2C in intact embryo shows a lack of correlation between the apical domain's size and the orientation of the mitotic spindle. Note how the apical
spindle pole does not preferentially target the border of the apical domain. Moreover, the spindle shown is aligned relatively orthogonal in a cell displaying
a larger apical domain. This contrasts with models suggesting that a small apical domain determines orthogonal spindle positioning. ¢, Live-imaging of
RFP-Utr and H2B-GFP in an intact embryo shows an additional example of apical domains disassembly during mitosis. d, Graph shows the number of
inner-cells in the 16-cell stage embryos. Embryos treated with SiR-actin produce more inner-cells than controls. The centre line is the median, box edges
show upper and lower quartiles and whiskers represent the range. **p=0.0019; Two-tailed Mann Whitney U-test was used to test significance.

e, Live-imaging of EB3-Tomato injected with Pardéb siRNA. Note that distal-MTOC origin from the cell-cell junctions (lateral MTOC) instead of the apical
cortex, compared to Fig. 2c and Extended Data Fig. 2f,g k. Scale bars, 10 um. Source numerical data are provided in source data.
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Scale bars, 5um.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical test was performed to determine sample size. Sample size was determined based on prior experience and typical ranges used by
research groups in the preimplantation mouse embryo field, and also in accordance to statistical test requirements. Previous work utilizing
similar sample sizes includes Zenker et al. 2018 Cell 173:776-791; Zenker et al. 2017 Science 357: 925-928; White et al. 2016 Cell 165(1):
75-87; Lim et al. 2020 Nature 585(7825):404-409

Data exclusions | Embryos excluded from analyses include: 1) Unsuccessfully microinjected embryos that display low or undetectable fluorescence labeling
unsuitable for quantitative analysis, and 2) 10-15% of embryos that display arrested or slower development in culture conditions. These

exclusion criteria have been utilized in our previous work.

Replication All experiments in this study were successfully performed at least 3 times with different batches of embryos, mRNA or siRNA preparations.
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Randomization  Embryos were randomly allocated into experimental groups. All embryos and cells within embryos were randomly selected for analysis.

Blinding Successfully developed and imaged embryos have to be selected for subsequent analysis. Therefore, investigators were only blinded for
computational analysis following acquisition of imaging data.
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|:| Animals and other organisms
X
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Antibodies

Antibodies used Primary antibodies:
Rat monoclonal anti-Keratin 8 (DSHB, TROMA-I) used at 1:20.
Rabbit polyclonal anti-Keratin 18 (Sigma, SAB4501665, Lot #310243) used at 1:200.
Mouse monoclonal anti-alpha-tubulin (Sigma, T6199, clone DMIA) used at 1:1000.
Rabbit polyclonal anti-alpha-tubulin (GenTex, GTX109832) used at 1:400
Rabbit polyclonal anti-Cdx2 (Abcam, 88129) used at 1:200.
Mouse monoclonal anti-PLK1 (Thermo Scientific, 37-7000, clone 35-206) used at 1:200
Rabbit polyclonal anti-HURP (Atlas antibodies, HPAOO5546) used at 1:200
Mouse monoclonal anti-Polyglutamylated-tubulin (Sigma, 79822, clone B3) used at 1:200
Mouse monoclonal anti-Tyrosine tubulin (Sigma, T9028, clone TUB-1A2) used at 1:200
Rabbit polyclonal anti-gamma-tubulin (Sigma, T3559) used at 1:500
Rat monoclonal anti-E-cadherin (Sigama, U3254, DECMA) used at 1:200

Secondary antibodies:

Alexa Fluor 488 Goat anti-Mouse (Invitrogen) used at 1:500.
Alexa Fluor 488 Goat anti-Rat (Invitrogen) used at 1:500.
Alexa Fluor 488 Goat anti-Rabbit (Invitrogen) used at 1:500.
Alexa Fluor 647 Goat anti-Mouse (Invitrogen) used at 1:500.
Alexa Fluor 647 Goat anti-Rat (Invitrogen) used at 1:500.
Alexa Fluor 647 Goat anti-Rabbit (Invitrogen) used at 1:500.

Validation All antibodies were previously validated by vendors and/or published work. Relevant studies include:
Keratin 8: filamentous keratin network in ES cells (Schwarz et al. 2015 Sci. Rep. 5: 9007); keratin network in mouse blastocysts
showing trophectoderm-specific localization (Ralston and Rossant 2008 Dev. Biol. 313: 614-629).
Keratin 18: Validation by manufacturer shows specific filamentous staining of Hela cells in the presence of the antibody; specific
staining in notochordal cells (Rodrigues-Pinto et al. 2016 J Orthop Res 34(8):1327-1340).
Alpha-tubulin: Specific localization to interphase and cytokinetic microtubule bridges in mouse embryos (Zenker et al. 2017
Science 357: 925-928); specific localization to mitotic spindles in mouse embryos (Zenker et al. 2018 Cell 173: 776-791).




Cdx2: Specific staining of nuclei in mouse embryos throughout preimplantation development, and elevated levels in
trophectoderm cells of the blastocyst relative to those of the inner cell mass (White et al. 2016 Cell 165:75-87); specific staining
of nuclei in morula-stage embryos (Samarage et al. 2015 Dev. Cell 34:435-447).

PLK1: Staining of spermatocites (Miyazaki et al. 2017 Genes Cells 22:552-567); arteries (Sur et al. 2016 PLoS One 11:e0147937);
gastric samples (Xu et al. 2018 Onco Targets Ther 11:5703-5713); U87 stem cells (Liu et al. 2018 J Cell Mol Med 22:5300-5310).
HURP: Specific staining of mitotic spindle (Hsu et al. 2004 J Bio Chem 30;279(31):32592-602).

Tyrosine-tubulin: Specific staining of microtubules (Schulte et al. 2010 J Neurosci 14;30(15):5189-203).

Gamma-tubulin: Validation of gamma-tubulin siRNA in early mouse embryos (Zenker et al. 2017 Science 357: 925-928)
Polyglutamylated-tubulin: Specific localization to hippocampal mouse neuronal culture (Ilkegami et al. 2007 PNAS
104(9):3213-8), cilia (Airik et al. 2016 PLoS ONE, 11(5), e0156081-e0156081)

E-Cadherin: Blocking of E-cad in mouse embryos (Zenker et al. 2018 Cell, 173(3):776-791.
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Laboratory animals FVB/NTac and HSD:NSA(CF1) wild-type female mice, 4-6 weeks old, were superovulated using 5 iu of pregnant mare serum
(PMS, National Hormone and Peptide Program) gonadotropin given intraperitoneally and 5 iu of recombinant chorionic
gonadotrophin (CG, National Hormone and Peptide Program) given 48 h after and immediately before mating, according to
animal ethics guidelines of the University of Pennsylvania IACUC committee. The animals were housed in the standard BSL2 level
animal facility according to the guidelines of UPenn institutional animal care and use committee.

Wild animals No wild animals were used.
Field-collected samples No field-collected samples were used.
Ethics oversight Mouse embryo work was performed according to animal ethics guidelines of the University of Pennsylvania. All protocols were

approved by the University of Pennsylvania IACUC committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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