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INTRODUCTION: During preimplantation development, a single
copy of the genome must be propagated through numerous
rounds of mitotic cell division. Mitotic errors, if uncorrected,
frequently result in chromosome missegregation and aneuploidy,
a condition defined by abnormal chromosome number.
Aneuploidy represents a major source of congenital defects.
Therefore, elucidating the complete set of mechanisms required
for mitotic fidelity has remained a longstanding goal of develop-
mental cell biology.

RATIONALE: The classical view of mitotic cell division is that the
spindle apparatus maintains principal control of chromosome
organization. This control is established following nuclear
envelope breakdown, when chromosomes are released from the
nucleus, and spindle microtubules must quickly form attachments
with kinetochores and chromosome-associated motors. However,
the early mouse embryo does not possess centrosomes, the
organelles responsible for fast and efficient spindle assembly.
Therefore, the acentrosomal spindles of early mouse embryos are
initially highly disordered, and proper spindle morphology is not
achieved until many minutes after nuclear envelope breakdown.
Although this fact has been appreciated for over a decade, the field
has struggled to resolve the paradox of compromised spindle
assembly during a highly consequential developmental period. A
growing body of evidence has suggested numerous roles for the
actin cytoskeleton in mitotic cell division. However, this notion
challenges the microtubule-centric view of mitosis and has been
treated with some skepticism, largely owing to the difficulty of
visualizing sparse populations of cytoplasmic actin filaments. We
thus set out to reevaluate the paradigm of mitosis and examine the
roles of actin filaments in achieving faithful segregation of the
genetic material.

RESULTS: By using high-resolution imaging, we resolved a network of
actin filaments in the nucleus of early mouse embryos. This network
establishes physical interactions with prophase chromosomes
through myosin-10, an actin motor localized on mitotic chromatin.
Following nuclear envelope breakdown, the network contracts and
gathers chromosomes towards the cell center. Notably, network
contraction occurs in a motor-independent manner. Rather than
relying on nonmuscle myosin II, contractile stress is generated by
filament disassembly. We also found the diffusible cross-linker anillin
to be essential for network contraction. This mechanism of chromo-
some organization during the early phases of mitosis is microtubule-
independent and occurs before the mitotic spindle is assembled.
Disruptions of actin-based chromosome positioning resulted in
increased rates of chromosome missegregation. Furthermore, we
observed an additional network of actin filaments, which encloses
the metaphase spindle. This network is composed of branched actin
filaments nucleated by the Arp2/3 complex. We found that perisp-
indle actin prevents uncontrolled spindle elongation, likely by
serving as a physical barrier with inhibits microtubule elongation.

CONCLUSION: Our investigation of unconventional mitotic mecha-
nisms reveals that the actin cytoskeleton organizes chromosomes
and microtubules during early embryonic development. We
identified two distinct actin assemblies which perform functions
typically mediated by the centrosome, highlighting the robustness
of the developmental process. These findings provide an explana-
tion as to how the early mouse embryo achieves faithful chromo-
some segregation, despite lacking the canonical set of mitotic
machinery. [
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Actin filaments organize chromosomes and microtubules. In the early mouse embryo, nuclear actin filaments establish a dense interconnected network, physically coupled
with prophase chromosomes. Following nuclear envelope breakdown, the network contracts and gathers chromosomes near the cell center. Subsequently, an additional network
of branched actin filaments encloses the metaphase spindle and prevents its uncontrolled elongation.
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Following fertilization, the preimplantation embryo undergoes
successive rounds of cell division and must accurately
propagate the genetic material to ensure successful
development. However, early mammalian embryos lack efficient
spindle assembly mechanisms, and it remains unclear how
error-free chromosome segregation is achieved. In this work, we
imaged early mouse embryos and identified a network of
nuclear actin cables that organize prophase chromosomes at
the nuclear periphery. Following nuclear envelope breakdown,
the network contracts and gathers chromosomes toward the
cell center. Network contraction was driven by filament
disassembly in a myosin Il-independent manner. Additionally,
we identified a network of branched actin filaments that
attenuates metaphase spindle elongation. We also visualized
nuclear actin in human embryos, suggesting a conserved role
for actin in ensuring mitotic fidelity during early mammalian
development.

Successful preimplantation development relies on the error-free propa-
gation of genetic information during each cell division. Abnormal
chromosome number, a condition known as aneuploidy, represents a
major cause of developmental defects and infertility (7). However, the
mechanisms that ensure accurate chromosome segregation in the early
mammalian embryo remain largely unidentified. The spindle appara-
tus is the principal structure driving chromosome congression and
segregation during mitosis (2-4). Canonically, centrosomes located at
the two spindle poles nucleate microtubules which capture chromo-
somes following nuclear envelope breakdown (NEBD) (4). However,
the mouse zygote does not inherit centrioles, which are the primary
centrosomal component (5-9). The first cell divisions of mouse em-
bryogenesis thus occur in the absence of centrosomes. Although the
human zygote inherits sperm-derived centrioles during fertilization,
the ensuing chromosome segregations are frequently multipolar (70),
suggesting that centrosomes in the early human embryo are not fully
operational. This lack of functional mitotic machinery is at odds with
the need to accurately propagate genetic material during development.
It thus remains an open question whether microtubule-independent
mechanisms play a role in ensuring mitotic fidelity in the early mam-
malian embryo.
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Previous studies have exposed diverse roles for filamentous actin
(F-actin) during cell division. In mouse oocytes, cortical and cyto-
plasmic actin assemblies facilitate asymmetric spindle positioning
(11-17). In starfish, porcine, and human oocytes, actin filaments me-
diate chromosome congression following NEBD (78-20). Actin fila-
ments also permeate the metaphase spindle in mouse and human
oocytes (21, 22). Furthermore, F-actin has been observed within the
spindles of nonmammalian organisms, such as Xenopus laevis
(23, 24). Despite this body of work (25), the role of F-actin in mitotic
chromosome segregation during early mammalian development re-
mains debated (26-28).

Visualization of a contractile nuclear F-actin network in the
early embryo

To explore the role of F-actin during the first mitotic divisions of pre-
implantation development we first visualized actin filaments in
phalloidin-labeled two-cell mouse embryos, as this is the first stage
when both parental genomes are contained within the same nuclear
compartment. During interphase, blastomeres displayed high fluores-
cence intensity at the cortex, and a relatively disordered actin mesh-
work homogenously distributed throughout the cytoplasm (fig. S1A).
We also detected a network of actin cables within the nucleus, span-
ning the entire nuclear diameter (Fig. 1, A and B). Furthermore, nu-
clear actin density increased during prophase (Fig. 1, B and C, and fig.
S1, E and F). Imaging preimplantation human embryos revealed a
similar organization of interphase and prophase nuclear actin cables
(Fig. 1, Cto E).

In cells containing centrosomes, bipolar spindle assembly is typi-
cally achieved during early prometaphase (29). By contrast, the early
prometaphase spindle of two-cell mouse blastomeres is highly multi-
polar, and bipolar spindle morphology is not established until late
prometaphase (Fig. 1F) (30, 31). This sharp contrast in prometaphase
spindle assembly suggests that the mechanisms governing mitotic
chromosome organization in the mouse embryo differ from that of
centrosomal cell types. We therefore reasoned that a microtubule-
independent mechanism may dictate chromosome arrangement dur-
ing the initial stages of prometaphase.

To evaluate the organization of mitotic chromosomes, we imaged
live mouse embryos labeled with SPY650-DNA. During prophase, chro-
mosomes were positioned at the nuclear periphery (Fig. 1G). However,
following NEBD, chromosomes and their centromeres rapidly reposi-
tioned toward the cell center in a relatively isotropic manner (Fig. 1G;
fig. S1, G and H; and movie S1). This centripetal chromosome move-
ment was typically completed within 5 min, characterized by a reduc-
tion in the chromosomal scattering volume (Fig. 1, G and H, and fig.
S1I). Subsequently, the scattering volume increased moderately as
chromosomes aligned at the metaphase plate (Figs. 1, G and H), con-
sistent with previous observations (27). Microtubule depolymerization
with nocodazole impaired chromosome alignment at the metaphase
plate (Fig. 1G) but did not impact the peripheral organization of pro-
phase chromosomes or their centripetal movement following NEBD
(Fig. 1, H to J, and fig. S1J). Together with previous work (27), these
results suggest that prometaphase chromosome dynamics in the early
embryo can be divided into two distinct phases: First, following NEBD,
chromosomes move centripetally in a microtubule-independent man-
ner; subsequently, microtubules finalize the alignment of chromo-
somes at the metaphase plate.

‘We next evaluated the role of nuclear actin cables in the first phase
of mitotic chromosome positioning. To image F-actin and chromo-
somes in live embryos, we microinjected two-cell blastomeres with
mRNA encoding the green fluorescent protein (GFP)-tagged Calponin
Homology domain of Utrophin [UtrCH-GFP (32)] and red fluorescent
protein (RFP)-tagged histone 2B (H2B-mRFP1). Imaging the nucleus
and spindle regions with <5-s temporal resolution confirmed the pres-
ence of a nuclear F-actin network closely associated with prophase
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Fig. 1. Identification of nuclear actin cables in the early mammalian embryo. (A) Two-cell mouse embryo labeled with DAPI and Phalloidin-Alexa Fluor 488. (B) F-actin
cables in interphase and prophase nuclei. (C) Quantification of actin cable density. Int., interphase; Pro., prophase. (D and E) Interphase (D) and prophase (E) nuclear actin
cables in human embryos. (F) Visualization of acentrosomal spindle assembly in the two-cell mouse embryo. Note how spindle microtubules are largely disorganized

during early prometaphase. (G) Live imaging of chromosomes (SPY650-DNA), illustrating chromosome organization in control and nocodazole-treated embryos. (H) Mean
chromosomal scattering volume plotted over time. Gray shading represents standard deviation. AU, arbitrary units. (1) Quantification of minimum chromosomal scattering
volume. (J) Quantification of the mean distance of prophase chromosomes to the nuclear periphery. Scale bars, 5 pm [(A), (B), (D), (F), and (G)] and 3 pm (E). n = 6 mouse
embryos per group [(C), (H), (1), and (J)], three interphase eight-cell human nuclei, and two prophase blastocyst nuclei (C). Two-tailed unpaired t test; *P < 0.05; **P < 0.01;

ns, not significant.

chromosomes (Fig. 2A). Following NEBD, the network contracted,
coinciding with centripetal chromosome movement (Fig. 2A and movie
S2). Kymograph analysis verified the comotility of actin cables and
mitotic chromosomes (Fig. 2B), suggesting a physical coupling (Fig.
2C). During network contraction, nuclear F-actin displayed prominent
puncta of high intensity, resembling nodes in a cross-linked network
(Fig. 2D). We used these nodes as landmarks to track the position and
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area of the network over time (fig. S1K). Particle tracking of node co-
ordinates revealed that the network contracts toward the cell center
(Fig. 2E and movie S3), indicating that the network is not passively
anchored to the cortex, as previously observed in starfish oocytes (33).
We also observed a gradual decrease in network area following NEBD,
further suggesting that the network is under contractile stress (Fig.
2F and movie S4).

20f12

9202 ‘zz Afenuge4 uo Aisieaiun Buellyz e Hio'90us 105" Mmmy//:sdny WoJy papeojumoqd



UtrCH-GFP mm H2B-mRFP1

4'min 30s

_ 1 5'min 18s

e

T '

| 6.min 12s 4 7.min 6s

RESEARCH ARTICLE

8 min

[} ‘_Kygn.ograph
=

H2B-mRFP1

Raw image

Segmentation Cable and chromosome co-motility

o SR

r

A g

§

1:42

Y

L d4yW-g2H md49-HOHN

O UtrCH-GFP mm

a
w
©
=
I
N
oo
| |
a
o
Q
T
(2 »
5

Node distance to
center (um)

4
Time after NEBD
(min)

Network area
(um?)

Time after NEBD
(min)

s

V%2 min 18s w

% $ LGP A
S (\.;v »‘/:.'/ R

Prophase
(peripheral position)

Prometaphase
(network contraction)

ﬁ"ﬂ-

Network contraction
« >

-
3

;
RS V™ :
for
, L. g
n : ’ . o J

e 7

Phalloidin mm DAPI Phalloidin ==
N TR PRSP e WV o

8

Chromosome
time projection

ulw o

DAPI Phalloidin sm o-tubulin
U»_ '»- NS - i d

Fig. 2. Visualization of a contractile nuclear actin network. (A) Live imaging of network contraction following NEBD. Embryos are expressing UtrCH-GFP and H2B-mRFPL.
(B) Kymograph illustrating comotility between actin cables and chromosomes during contraction. Kymograph path corresponds to the dashed line shown in (A). (C) High-
maghnification frames from (D) highlighting the comotility of actin cables and chromosomes. Arrow indicates points of actin-chromosome coupling. (D) Visualization of F-actin
and chromosomes during network contraction. Arrows indicate puncta used as positional landmarks. Time projection shows H2B-mRFP1 signal over network contraction (right).
(E) Mean distance of network nodes to the nucleus center plotted over time. (F) Mean network area (convex hull area) plotted over time. (G) Images of fixed embryos
illustrating F-actin permeating the nuclear region prior to microtubule infiltration. Scale bars, 5 pm [(A), (D), and (G)], 3 pm (B), and 1 um (C). n = 5 embryos [(E) and (F)].
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Fig. 3. F-actin depolymerization drives network contraction. (A) Live imaging of chromosome congression and segregation in embryos labeled with SPY650-DNA and treated
with DMSO (control), cytochalasin D, blebbistatin, or jasplakinolide. (B) Quantification of time to chromosome congression. (C) Quantification of mitotic duration (NEBD to
anaphase). (D) Quantification of chromosome segregation errors. (E) Visualization of chromosomal scattering in prometaphase-arrested embryos. (F) 3D convex hull surface
plots generated from processed DAPI signal. (G) Quantification of convex hull volume (scattering volume). (H) Live imaging of centripetal chromosome movement in embryos
treated with DMSO (control), Latrunculin A, or SMIFH2. (I) Chromosomal scattering volume plotted over time. (J) Quantification of the minimum chromosomal scattering
volume. (K) Quantification of formin-2 levels during interphase and prometaphase. (L) Interphase (left) and prometaphase (right) cells within the same two-cell mouse embryo
immunostained for formin-2. Note the nuclear enrichment of formin-2 during interphase and dilution in mitosis. (M) Live imaging of actin cable shortening during network
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To exclude the possibility that network contraction resulted from
UtrCH-GFP expression, we labeled chromosomes and F-actin in fixed
uninjected embryos. This confirmed the presence of a contractile F-
actin network enclosing early prometaphase chromosomes (Fig. 2G).
Notably, nuclear actin cables form a spatially discrete contractile net-
work that is not continuous with cytoplasmic F-actin. Costaining for
o-tubulin revealed that prometaphase microtubules are mostly periph-
eral to chromosomes during network contraction, in contrast to actin
cables, which permeated the entire chromosomal region (Fig. 2G). This
organization of prometaphase F-actin and microtubules in the early em-
bryo counters that of centrosomal cell types, where the spindle is fully
assembled by prometaphase and F-actin is largely excluded from the
spindle zone (34) (fig. S2). These results suggest that, in the absence of
centrosomes and efficient spindle assembly mechanisms, nuclear F-actin
may drive the first stages of mitotic chromosome organization.

Nuclear actin cables organize mitotic chromosomes in the
early embryo

We next evaluated the requirement of F-actin in chromosome organi-
zation and mitotic fidelity by treating embryos with cytochalasin D
and imaging entire mitotic divisions. Cytochalasin D treatment elimi-
nated chromosomal F-actin (fig. S3A) and impaired centripetal chro-
mosome movement following NEBD (fig. S3, B to D). This treatment
also delayed chromosome congression, increased mitotic duration
(NEBD to anaphase), and increased the rate of chromosome misseg-
regation (Fig. 3, A to D). Furthermore, centromeres in cytochalasin
D-treated cells were often ejected toward the spindle poles. These
centromeres did not return to the spindle equator, suggesting chromo-
some mono-orientation (fig. S3E and movie S5). This indicates that
F-actin is required for mitotic fidelity and that spindle microtubules
cannot functionally compensate for the lack of a chromosomal F-actin
network in the early mouse embryo. To examine the function of F-actin
independently of microtubules, we treated embryos with nocodazole
and cytochalasin D, fixed the embryos, and imaged prometaphase-
arrested cells. Although nocodazole treatment alone did not impair
the reduction in chromosomal scattering volume following NEBD,
treatment with both nocodazole and cytochalasin D markedly in-
creased the scattering volume in prometaphase-arrested cells (Fig. 3,
E to G), further indicating that actin filaments are necessary to drive
the initial stages of chromosome organization.

The progressive shrinkage of the nuclear F-actin network suggests
that it may be subject to contractile stress generated by nonmuscle
myosin II (85). However, centripetal chromosome movement was unaf-
fected in cells treated with blebbistatin or H1152, which inhibit acto-
myosin contractility (36) (fig. S3, B to D). We also imaged centripetal
chromosome movement with <4-s temporal resolution to characterize
contraction speed with increased precision. Similarly, myosin II inhibi-
tion did not impact the rate of network contraction (fig. S3, F to H).
Blebbistatin treatment also failed to impair chromosome congression
and chromosome segregation fidelity (Fig. 3, A to D). Thus, although
myosin II is the principal driver of contractile force generation in
organized actin assemblies, such as stress fibers and sarcomeres (37),
the relative disorganization of nuclear actin may necessitate an alter-
native mechanism of force generation. Studies in other systems have
shown that the contraction of cross-linked actin networks can also be
achieved by filament depolymerization (18, 33). We therefore manipu-
lated F-actin polymerization rates and examined the effects on cen-
tripetal chromosome movement. We first treated embryos with
jasplakinolide, which prevents F-actin depolymerization (38), and
live-imaged cells entering mitosis. Jasplakinolide treatment markedly
impaired centripetal chromosome movement, delayed chromosome
congression, and increased the rate of chromosome missegregation
(Fig. 3, A to D, and fig. S3, B to D).

These experiments indicate that cell-wide perturbations of F-actin
polymerization are sufficient to impair network contraction and
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mitotic fidelity. To manipulate nuclear F-actin without perturbing cyto-
plasmic filaments, we expressed two nuclear localization signal (NLS)-
containing actin mutants, yellow fluorescent protein (YFP)-NLS-f-actin
Gly"Arg (NLS-actin-G13R) and YFP-NLS-B-actin Ser™*Cys (NLS-actin-S14C),
which promote ectopic filament depolymerization and stabiliza-
tion, respectively (fig. S4, A to C) (39). In cells expressing NLS-actin-G13R,
centripetal chromosome movement was significantly impaired follow-
ing NEBD (fig. S4, D to F). This is consistent with the elimination of
nuclear F-actin in these cells (fig. S4, A and B) and further suggests that
centripetal chromosome movement is driven by the contraction of a
nuclear F-actin network rather than protrusive forces generated outside
of the nuclear region (33). Elimination of nuclear actin cables through
NLS-actin-G13R expression resulted in delayed chromosome congression
and chromosome missegregation (fig. S4, H to J). Stabilization of
nuclear filaments through NLS-actin-S14C expression significantly
impaired centripetal chromosome movement, consistent with a model
whereby filament depolymerization is required for network contrac-
tion (fig. S4, D to F). NLS-actin-S14C expression also resulted in delayed
chromosome congression and chromosome missegregation (fig. S4, H
to J). Notably, the nuclear filaments in these cells were stably main-
tained following NEBD (fig. S4C).

To further dissect the role of filament depolymerization in network
contraction, we treated embryos with low-dose latrunculin A and live-
imaged chromosome dynamics following NEBD. This treatment en-
hances the rate of depolymerization-based network contraction by
sequestering actin monomers and impairing filament elongation, thus
shifting the net behavior of the system toward filament disassembly
(83, 40). Consistent with this model, latrunculin A treatment enhanced
the speed and severity of centripetal chromosome movement following
NEBD (Fig. 3, H to J). This suggests that filament disassembly drives
network contraction following NEBD. We thus examined whether
nuclear envelope disassembly alters the distribution of F-actin regula-
tors, thereby promoting filament depolymerization and network con-
traction. Immunostaining for the actin nucleator formin-2 revealed a
strong enrichment within the nucleus during interphase (Fig. 3, K and
L, and fig. S5A). However, following NEBD, formin-2 was no longer
enriched within the nuclear region (Fig. 3, K and L). Immunostaining
for the diaphanous-related formin mDia2 revealed a similar enrich-
ment within the interphase nucleus (fig. S5C). To further characterize
the localization dynamics of nuclear formins, we live-imaged formin-
2-GFP and mDia2-GFP during network contraction with <10-s tem-
poral resolution. The nuclear intensity of both formins decreased
sharply immediately before network contraction (fig. S5, B and D, and
Movie S6).

These results suggest that formins promote nuclear F-actin assem-
bly during interphase and that their regional dilution following NEBD
attenuates the rate of filament elongation, thereby promoting filament
disassembly and network contraction. We therefore utilized the pan-
formin inhibitor SMIFH2 to evaluate the role of formins in network
contraction. Consistent with the well-characterized role of nuclear
formins (20, 41), prolonged treatment with SMIFH2 reduced the den-
sity of nuclear actin cables during interphase (fig. S5E). Furthermore,
SMIFH2 treatment immediately before mitosis resulted in the rapid
coalescence of chromosomes upon NEBD, indicating a hypercontrac-
tion of the network (Fig. 3, H to J). This result suggests that the effects
of SMIFH2, which has been reported to also inhibit members of the
myosin superfamily (42), are unlikely to be attributed to off-target
reactivity with myosin II.

Our results indicate that myosin II does not act as a nuclear filament
cross-linker. We therefore evaluated the presence of alternative cross-
linkers within the nucleus. The cross-linking protein anillin enhances
the rate of disassembly-driven contraction in disordered F-actin net-
works (40). We identified a marked enrichment of anillin within the
nucleus (fig. S5F), suggesting that anillin-dependent cross-linking may
mediate network contraction. To evaluate the function of anillin, we
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Fig. 4. F-actin-chromosome interactions are mediated by myosin-10. (A) Visualization of F-actin—chromosome interactions during prophase. Note the tethering of actin
cables to prophase chromosomes. Images also highlight cross-linking of actin cables and similar structures in a human embryo (higher-magnification image of Fig. 1E).

(B) Visualization of endogenous myosin-10 in interphase and prophase nuclei. (C) Live imaging of centripetal chromosome movement after depletion of endogenous myosin-10
through TRIM-Away. White arrows indicate chromosomes that fail to locate at the nuclear periphery. (D) Chromosomal scattering volume plotted over time. (E) Quantification of
the minimum chromosomal scattering volume. IgG, immunoglobulin G. (F) Quantification of the mean distance of prophase chromosomes to the nuclear periphery. (G) Live
imaging of centripetal chromosome movement in embryos expressing myosin-10 AHL. White arrows indicate chromosomes that fail to locate at the nuclear periphery.

(H) Chromosomal scattering volume plotted over time. (I) Quantification of the minimum chromosomal scattering volume. (J) Quantification of the mean distance of prophase
chromosomes to the nuclear periphery. (K) Live imaging of entire mitotic divisions in control and myosin-10-depleted embryos. (L) Quantification of chromosome congression

Science 22 MAY 2025 6 of 12

9202 ‘zz Afenuge4 uo Aisieaiun Buellyz e Hio'90us 105" Mmmy//:sdny WoJy papeojumoqd



RESEARCH ARTICLE

duration. (M) Quantification of mitotic duration (NEBD to anaphase). (N) Extent of chromosome segregation errors. (0) Live imaging of entire mitotic divisions in control and
myosin-10 AHL-expressing embryos. White arrow highlights uncongressed and subsequent lagging chromosome. (P) Quantification of chromosome congression duration.

(Q) Quantification of mitotic duration (NEBD to anaphase). (R) Extent of chromosome segregation errors. Scale bars, 5 um [(A), (B), (C), (G), (K), and (0)]; 1 pm [(A), insets].
Sample sizes (embryos): 11 1gG control, 11 myosin-10 TRIM-Away [(D) to (F)]; 6 control, 6 myosin-10 AHL [(H) to (J)]; 9 IgG control, 10 myosin-10 TRIM-Away (L); 11 1gG control,
11 myosin-10 TRIM-Away [(M) and (N)]; 10 control, 10 myosin-10 AHL [(P) to (R)]. Two-tailed unpaired t test, **P < 0.01 (J); ***P < 0.001 (F); ****P < 0.0001 [(L), (M), (N),

(P),and (Q)]; ; ns, not significant [(E) and (1)].

implemented TRIM-Away, a method for degrading proteins in mouse
oocytes and embryos (43) (fig. S5G). Consistent with its previously
described role in myosin II-independent contraction (40), anillin deg-
radation impaired centripetal chromosome movement following
NEBD (fig. S5, H to J).

To further evaluate the contribution of filament depolymerization
to network contraction, we analyzed the density and dynamics of actin
cables following NEBD. During contraction, the density of actin cables
remained constant (fig. S1, C and D). This conservation of cable density
is incompatible with myosin II-driven contraction, where F-actin mass
should remain constant in the shrinking network, leading to an in-
crease in cable density (Z8). This finding suggests the presence of
substantial filament turnover during network contraction. Cables in
the interconnected nuclear actin network often displayed puncta at
presumptive cable ends (Fig. 3M). We tracked these puncta to evaluate
cable length over time. In the case of myosin II-driven contraction,
cable shortening is achieved by the sliding of antiparallel filaments,
where cables shorten symmetrically, and each cable end should exhibit
similar speeds (44). However, we observed actin cables shortening
with differing speeds at each end (Fig. 3M). This is consistent with the
inherently asymmetric disassembly rates of barbed and pointed actin
filament ends (45) and with a model whereby filament depolymeriza-
tion drives network contraction. Thus, we propose that the contractile
behavior of the nuclear F-actin network is governed by competing
rates of filament elongation and depolymerization and that net fila-
ment disassembly can be attributed to a local dilution of formins fol-
lowing NEBD, which culminates in network contraction and centripetal
chromosome movement.

F-actin positions mitotic chromosomes peripherally

through myosin-10

We next investigated the mechanisms mediating actin-chromosome
interactions during prophase and prometaphase (movie S7). In pro-
phase mouse and human blastomeres, nuclear actin cables appeared to
be physically coupled to chromosomes at the nuclear periphery (Fig. 4A).
Given that peripheral chromosome organization is microtubule inde-
pendent (Fig. 1J), we reasoned that the increase in actin polymeriza-
tion during prophase may generate protrusive force, which transports
chromosomes to the nuclear periphery. We next live-imaged cells ex-
pressing NLS-actin-G13R to evaluate the requirement of nuclear F-
actin in prophase chromosome organization. Consistent with the
elimination of nuclear actin cables, cells expressing NLS-actin-G13R
failed to position prophase chromosomes at the nuclear periphery
prior to NEBD (fig. S4, D and G). Furthermore, prophase chromosomes
failed to individualize in the absence of nuclear F-actin and remained
clustered in the center of the nucleus (fig. S4D).

We next evaluated the mechanism of actin-chromosome coupling.
Previous experiments in X. laevis epithelia have shown that the un-
conventional motor myosin-10 localizes to interpolar microtubules and
chromatin during mitosis (46). Immunostaining for endogenous
myosin-10 in mouse embryos revealed a marked enrichment in the
interphase nucleus and colocalization with prophase chromatin (Fig.
4B), suggesting that this motor may mediate actin-chromosome inter-
actions. We implemented TRIM-Away to deplete endogenous myosin-
10 (fig. S6, A and B). Myosin-10 depletion had no effect on the density
of nuclear F-actin (fig. S6C). However, myosin-10-depleted cells failed
to fully position chromosomes at the nuclear periphery prior to NEBD
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(Fig. 4, C and F). We also microinjected embryos with mRNA encoding
a dominant-negative headless mutant myosin-10 AHL, which lacks the
actin-binding motor domain (47). Cells expressing myosin-10 AHL
similarly failed to fully position prophase chromosomes at the nuclear
periphery (Fig. 4, G and J, and fig. S6D). These results suggest a model
whereby actin polymerization and actin-chromosome coupling
through myosin-10 organize prophase chromosomes at the nuclear
periphery.

A ring-shaped chromosome arrangement facilitates amphitelic ki-
netochore attachment and promotes mitotic fidelity in centrosomal
cell lines (29). We thus examined whether the peripheral organization
of prophase chromosomes in the early mouse embryo functions analo-
gously. We reasoned that the placement of chromosomes at the nuclear
periphery may ensure that Kinetochores are outward facing and not
buried within the chromosome mass, thereby facilitating microtubule-
kinetochore interactions following NEBD. Consistent with this ratio-
nale, myosin-10 depletion and myosin-10 AHL expression resulted in
delayed chromosome congression, increased mitotic duration, and
chromosome missegregation (Fig. 4, K to R). Furthermore, we fre-
quently observed misaligned chromosomes during anaphase entry,
suggesting the presence of monotelic or syntelic kinetochore attach-
ments (Fig. 4, K and O). Together, these results indicate that nuclear
F-actin and myosin-10 organize prophase chromosomes at the nuclear
periphery to promote mitotic fidelity.

The minimum chromosomal scattering volume remained unaffected
following myosin-10 perturbation (Fig. 4, D, E, H, and I), suggesting
that myosin-10 may be dispensable for actin-chromosome coupling
during network contraction. To evaluate whether nonspecific actin-
chromosome interactions are sufficient to couple chromosomes to the
contracting network, we quantified the network pore size in phalloidin-
labeled embryos, which yielded an average pore area of 0.665 + 0.186 me
during prophase and 0.663 + 0.151 pm2 during prometaphase (fig. S1D).
This pore size is significantly smaller than mitotic chromosomes at the
two-cell stage, which have a length of 7.35 + 2.49 pm and a cross-sectional
area of 8.07 + 2.43 pm2. This suggests that chromosomal motors are
likely dispensable for actin-chromosome coupling during network
contraction, as the small pore size of the network renders chromosome
escape unlikely. We thus propose that nonspecific steric trapping is
sufficient to couple chromosomes to the contracting network, similar
to a previously observed mechanism in starfish oocytes (33).

Perispindle F-actin controls spindle size

We finally investigated the role of F-actin following spindle assembly.
In somatic cells, spindle size is typically regulated by centrosomes and
astral microtubules (2, 48-50). However, acentrosomal spindles in the
two-cell mouse embryo do not display astral microtubules (30, 31),
raising the question of how spindle size is regulated during early
development (movie S8). We imaged phalloidin-labeled embryos and
identified a distinct F-actin network that assembles in the cell center
and encloses the metaphase spindle (Fig. 5A). In contrast to the cable-
like morphology of nuclear actin, perispindle F-actin displays a dense
patch-like morphology resembling branched actin. We thus evaluated
the role of the Arp2/3 complex in perispindle F-actin nucleation.
Immunostaining of Arp3 revealed a prominent enrichment at the
metaphase spindle periphery (Fig. 5B). Moreover, embryos expressing
exogenous Arp3-GFP displayed a similar localization pattern (Fig. 5C).
Treatment with the Arp2/3 complex inhibitor CK-666 (51) reduced the
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Fig. 5. Perispindle F-actin controls spindle size and morphology. (A) Visualization of perispindle F-actin in a control metaphase cell. (B) Visualization of endogenous Arp3 in
a metaphase two-cell blastomere. Note the enrichment of Arp3 at the spindle periphery. (C) A two-cell mouse blastomere expressing Arp3-GFP and EB3-tdTomato. Note the
accumulation of Arp3-GFP around the metaphase spindle. (D) Visualization of metaphase F-actin in control and CK-666—treated cells. (E) Mean Phalloidin intensity profiles of
control and CK-666-treated embryos. (F) Perispindle F-actin intensity ratios. (G) Visualization of F-actin and chromosomes in nocodazole-treated cells. Note the F-actin

enrichment proximal to mitotic chromatin in the control cell. F-actin distribution appears homogenous in the Ran
-expressing cells. (J) Quantification of perispindle Arp3 enrichment in metaphase control and
expressing cells. (K) Metaphase spindles in control and CK-666-treated embryos. Quantification of spindle size and morphology. (L) Live imaging of spindle assembly

density. (I) Visualization of endogenous Arp3 in metaphase control and Ran'?*N

RanTZAN_

TN expressing cell. (H) Quantification of central F-actin

in an embryo treated with cytochalasin D. White arrows indicate spindle pole fragmentation. (M) Metaphase spindles in live embryos expressing memb-VCA. Quantification of
spindle size and morphology. Scale bars, 5 pm [(A), (B), (C), (D), (G), (I), (K), (L), and (M)]. Sample sizes (embryos): 6 control, 6 CK-666 [(E) and (F)]; 6 control (sham injection),
7 Ran™*N (H): 6 control (sham injection), 7 Ran™*N (J): 8 control, 8 CK-666 (K): 8 control (memb-GFP), 9 memb-VCA (M). Statistical tests: two-tailed unpaired t test, *P =
0.0143 (K top); **P < 0.01 [(F); (J); (K), bottom; and (M), bottom); **#P < 0.001 [(H) and (M), top].

density of perispindle F-actin (Fig. 5, D to F), further indicating that
the network is composed of branched filaments. Unlike the mouse
embryo, we did not detect a significant enrichment of F-actin at the
spindle periphery in human blastocysts (fig. S7A).

In contrast to metaphase F-actin organization, interphase F-actin
is homogenously distributed throughout the cytoplasm (fig. S1A). This
indicates that a mitosis-specific mechanism drives the symmetry
breaking of F-actin organization, leading to F-actin nucleation near
the cell center. Previous studies in mouse oocytes have shown that a
chromatin-derived gradient of guanosine triphosphaste (GTP)-bound
Ran (RanGTP) induces local Arp2/3 complex activation (52). We thus
visualized F-actin in nocodazole-treated cells to examine the relation-
ship between F-actin organization and mitotic chromatin. Phalloidin-
labeled cells displayed a marked accumulation of F-actin proximal to
mitotic chromatin (Fig. 5G), suggesting that chromatin-derived signals
may promote filament nucleation near the cell center. We next evalu-
ated the role of RanGTP by injecting embryos with mRNA encoding a
dominant-negative version of the Ran GTPase (RanTZ‘*N; T, Thr; N,
Asn). In nocodazole-treated cells, Ran™N expression significantly re-
duced the intensity of F-actin proximal to mitotic chromatin (Fig. 5,
Gand H). Ran™®¥ expression also decreased the density of endogenous
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Arp3 at the metaphase spindle periphery (Fig. 5, I and J). Therefore,
chromatin-derived RanGTP promotes Arp2/3-mediated F-actin nucle-
ation at the metaphase spindle periphery.

The finding of branched F-actin adjacent to microtubules is remi-
niscent of work describing centrosomal actin, which attenuates mi-
crotubule elongation in an Arp2/3-dependent manner (53). In vitro
reconstitution experiments have also shown that branched F-actin
blocks the growth of microtubules and triggers their disassembly (54).
We thus examined whether perispindle F-actin functions analogously,
by regulating mitotic spindle size in the absence of centrosomes. We
first determined how manipulations of Arp2/3 complex activity impact
spindle size and morphology. CK-666 treatment resulted in the marked
overgrowth of metaphase spindles (Fig. 5K). Metaphase spindles in
CK-666-treated cells deviated from the characteristic barrel shape of
cleavage-stage spindles (55) and assumed a thinner morphology with
a higher aspect ratio (Fig. 5K). We also observed unrestricted spindle
lengthening and spindle pole fragmentation following treatment with
cytochalasin D (Fig. 5L and fig. S7B), further indicating that the main-
tenance of spindle length and morphology is F-actin-dependent. To
further perturb the function of the Arp2/3 complex, we overexpressed
a membrane-anchored version of the Arp2/3 complex-activating
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verprolin- and cofilin-homology acidic (memb-VCA) construct (56).
Memb-VCA overexpression similarly diminished the density of peri-
spindle F-actin (fig. S7C), likely through the membrane sequestration
of Arp2/3 complex members. As a result, metaphase spindles displayed
unrestricted elongation, with spindle poles often reaching the cortex
(Fig. 5M).

Discussion

The lack of efficient spindle assembly mechanisms poses a major
challenge to mitotic cell divisions during early mammalian devel-
opment. Our study reveals two distinct actin assemblies that ensure
mitotic fidelity throughout the duration of mitosis (fig. S8). Unlike
centrosomal cell types, the mitotic spindle in the early embryo does not
exhibit bipolar organization or a well-defined spindle equator until
late prometaphase. Thus, in lieu of a fully assembled spindle, a nu-
clear F-actin network contracts and ensures that chromosomes are
partially congressed prior to spindle assembly. Furthermore, we
propose that centripetal chromosome movement likely promotes mi-
crotubule nucleation by increasing the spatial density of chromosomally
localized RCC1 protein, which activates Ran (57).

F-actin-dependent chromosome positioning notably solves a major
challenge associated with the unusually large mitotic chromosomes
and weak microtubule organizing centers of the early embryo. In cen-
trosomal cell types, microtubules emanating from centrosomes exert
polar ejection forces (PEFs) on chromosome arms, mediating their
congression toward the metaphase plate (58). Because the effectiveness
of PEFs increases with higher microtubule density and smaller chro-
mosome size (59), the early embryo represents a system in which PEFs
might be rendered ineffective.

The mechanisms of actin-chromosome coupling in the early mouse
embryo differ from those reported in oocytes. In this work, we de-
scribed myosin-10 as a chromosomal motor that mediates actin-based
chromosome positioning. By contrast, actin-chromosome interactions in
starfish oocytes are largely mediated by chromosomal F-actin patches
(18), and work in mammalian oocytes has suggested that actin cables
interact with kinetochores (20). A meiotic chromosomal F-actin motor
analogous to myosin-10 therefore remains unidentified. Additionally,
chromosomal F-actin in starfish oocytes is only detected following
NEBD (I8, 20). Instead, our data revealed that interphase nuclear actin
cables are maintained through mitotic entry, where they serve essen-
tial functions following NEBD.

Our finding of branched F-actin at the spindle periphery suggests
that, in the absence of centrosomes and astral microtubules, perisp-
indle F-actin functions as a provisional mechanism to modulate spin-
dle size. Furthermore, this suggests that spindle size in large acentriolar
cells may not be determined by an intrinsic upper limit (31) but by a
physical process whereby branched F-actin functions as a brake-like
mechanism during the elongation phase of spindle assembly (54). Our
study highlights the versatility of the actin cytoskeleton during pre-
implantation development, where it compensates for the lack of effi-
cient spindle assembly mechanisms, underscoring the remarkable
robustness of the developmental program.

Materials and methods

Ethical approval

This research complies with all relevant ethical regulations, including
review and approval of all mouse work from the Institutional Animal
Care and Use Committee (IACUC) of the University of Pennsylvania
(Protocol #806983) and review and approval of donated human em-
bryo work by the New England Institutional Review Board (WO
1-6450-1).

Mouse embryo work
Superovulated wild-type female mice at 8 weeks of age were used follow-

ing animal ethics guidelines of the University of Pennsylvania IACUC.
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Approximately five female mice were used per experimental replicate.
Superovulation was performed using 5 international units (IU) of preg-
nant mare serum (PMS, National Hormone and Peptide Program) go-
nadotropin given intraperitoneally and 5 IU of recombinant chorionic
gonadotrophin (CG, National Hormone and Peptide Program) given
48 hours after and immediately before mating. The embryos used in
our experiments were derived from Hsd:NSA(CF-1), but we also vali-
dated the presence of nuclear actin in FVB/NTac, C57BL/6JInv, and
IcrTac:ICR backgrounds. Animals were purchased from approved ven-
dors (i.e., Charles Rivers Laboratories, Envigo and Jackson Laboratory).
All mice were maintained within a BSL2 animal facility at the
University of Pennsylvania in pathogen-free conditions with access to
water and food ad libitum, a 12-hour dark/12-hour light cycle between
07:00 and 19:00 in a temperature (68° to 76°F) and humidity (30 to
70%) controlled room.

Embryos were flushed from oviducts with M2 medium (Merck) and
cultured in KSOM + AA (Merck) covered by mineral oil (Sigma) at 37°C
and 5% CO,. Live embryos were microinjected with 0.1 to 0.3 pL. RNA in
injection buffer (5 mM Tris, 5 mM NaCl, 0.1 mM EDTA) using a FemtoJet
(Eppendorf). For live imaging, embryos were cultured in 8-well p-Slides
(Ibidi) at 37°C and 5% CO, in an incubator adapted for the microscope
system (Carl Zeiss LSM780, LSM880 and Leica SP8). Expression con-
structs were cloned into pCS2+ or pPGEMHE backbones for mRNA pro-
duction. The nmMESSAGE mMACHINE® SP6 and T7 kits (Ambion) were
used to synthesize RNA using linearized plasmids as templates follow-
ing manufacturer’s instructions. RNA was purified using RNAeasy kit
(Qiagen) following manufacturer’s instructions. Embryos were micro-
injected with mRNA encoding: H2B-mRFP1 at 5 ng pl™; GFP-UtrCH at
70 ng pl™'; Formin 2-GFP at 50 ng pl~'; EB3-tdTomato at 50 ng pl™;
mClover3-MAP4-MTBD at 2 ng pl_l; mEmerald-Myosin-10 DHL at
60 ng pl_l; Ran-T24N-mRFP1 at 80 ng pl"1; YFP NLS-actin-S14C at 120 ng
pl™; YFP NLS-actin-G13R at 200 ng pl~'; mClover3-Maj sat-TALE at
30 ng pl ™.

Generation of nuclei acid constructs

The generation of constructs for myosin-10 DHL expression was previ-
ously described (60). The full length pCS2+ myosin-10 construct was
cloned from mouse embryonic fibroblast complementary DNA (cDNA).
Full-length mouse myosin-10 was cloned into a pCS2+ backbone, down-
stream of the SP6 promoter, by Gibson assembly utilizing the primers
5'-ATTCAAGGCCTCTCGAGCCTATGGACAGCTTCTTTCCCGAG-3’ and
5-TAATACGACTCACTATAGTTTCACCTGGAGCTGCCCTG-3'. Arp3-GFP
(from M. Welch, UC Berkeley, USA, Addgene #8462) and GFP-mDia2
(from A. Alberts, UC San Francisco, USA, Addgene #25407) were cloned
into a pCS2+ backbone downstream of the SP6 promoter. To generate
membrane-GFP-VCA, the VCA domain of EzrinTD-mCherry-VCA (gift
from Marie-Héléne Verlhac and Marie-Emilie Terret) was amplified by
PCR and cloned downstream of membrane-GFP (from A. Hamdoun, UC
San Diego, USA, Addgene #198056) via Gibson assembly. To express YFP
NLS-actin-S14C (39) (from D. Knipe, Harvard Medical School, USA,
Addgene #60615) and YFP NLS-actin-G13R (from D. Knipe, Harvard
Medical School, USA, Addgene #60614) in embryos, the open reading
frames (ORFs) of each construct were cloned into the pCS2+ backbone,
downstream of the SP6 promoter. Briefly, pCS2+ vector was linearized
by Xbal restriction digest. The ORFs from YFP NLS-actin-S14C (Addgene
#60614) and YFP NLS-actin-G13R (Addgene #60615) were transferred
into pCS2+ by Gibson assembly using identical primers: 5-ATTCAAG
GCCTCTCGAGCCTATGGTGAGCAAGGGCGAG-3' and 5'-TAATACGACTC
ACTATAGTTCTAGAAGCATTTGCGGTGG-3'.

Transient nucleic acid transfection

Transient small interfering RNA (siRNA) transfection of C2C12 mouse myo-
blasts was performed using 12 nM non-targeting siRNA (Dharmacon,
ON-TARGETplus Non-targeting Control siRNAs, D-001810-01) and 12 nM
myosin-10 siRNA (Dharmacon, ON-TARGETplus Mouse Myo10 siRNA,
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L-062004-01) complexed with Lipofectamine RNAiMAX (ThermoFisher,
13778100) in Opti-MEM (Gibco, 31985070). Plasmid DNA (pCS2+
myosin-10 tagless) was complexed with FuGENE 6 (Promega, E269A)
at a 1:3 ratio in Opti-MEM. After a 15-min incubation, the transfection
solution was added to the culture medium.

Endogenous protein degradation

For TRIM-Away (43) concentrated antibodies (Mouse IgG; Sigma, #12-
371, myosin-10; Novus Biologicals, 22430002; and Anillin ;Thermo
Scientific, PA5114851) were injected into 1-cell embryos at 0.3 pg/pl,
along with 400 ng/pl mCherry-TRIM21 mRNA.

Dyes and drug treatments

For labeling of genomic DNA, live embryos were incubated with
SPY650-DNA (Cytoskeleton, SC501) for 1 hour at 1:1000. Following
incubation, the medium was replaced and embryos were imaged
immediately. For drug treatments in Fig. 3, A to D, the following
concentrations were used: Cytochalasin D (Tocris, 1233) at 2 pg/ml,
(S)<(-)-Blebbistatin (Tocris, 1852) at 25 uM, H1152 (Tocris, 2414) at 25 pM,
Jasplakinolide (Tocris, 2792) at 5 M. For these experiments, drug was
applied during late interphase, and embryos were imaged after 1 hour
incubation. For the experiments in Fig. 3H, SMIFH2 (Tocris, 4401)
at 100 uM and Latrunculin A (Tocris, 3973) at 500 nM were applied
<20 min before imaging in order to avoid complete network depoly-
merization. For Figs. 1G and 3, E to G, Nocodazole (Tocris, 1228) was
added to the media at 50 ng/ml. For all vehicle control experiments,
dimethyl sulfoxide (DMSO) was added the media at concentrations
equivalent to treatment groups.

Immunoblotting

C2C12 cells were lysed in radioimmunoprecipitation assay buffer plus
protease inhibitor cocktail (Sigma, P8340), phosphatase inhibitor cock-
tail #2 (Sigma, P5726) and #3 (Sigma, P0044), used at 1:100 each. Super-
natants were collected after centrifugation at 14,000 rotations per
minute for 15 min at 4°C, adjusted to 1x laemmli sample buffer and then
subjected to SDS-PAGE. Antibodies for immunoblotting were purchased
from the following vendors: anti-GAPDH (2118) from Cell Signaling
Technology, Myosin-10 from Novus.

Immunofluorescence

For labeling of F-actin and microtubules in fixed embryos, embryos
were simultaneously extracted and fixed with 0.2% glutaraldehyde in
a fixation buffer consisting of 0.5% Triton X-100, and PEM (80 mM
PIPES, 5 mM EGTA, 2 mM MgCl2, pH 6.8) (61) for 10 min at 37°C.
Embryos were subsequently quenched in 1 mg/ml Sodium Borohydride
for 7 min to reduce autofluorescence, then briefly washed three times
in PBS w/ 0.1% Triton X-100 (PBT). For immunolabeling of endogenous
formin-2 and myosin-10, embryos were fixed in 4% Paraformaldehyde
(in PBS) for 20 min at 37°C and washed 3 times in 0.1% PBT. Embryos
were blocked in 3% BSA w/ 0.1% PBT for 30 min at room temperature,
then incubated in primary antibody solution overnight at 4 °C at the
following concentrations: a-tubulin (Sigma, T6199) at 1:200; formin-2
(Invitrogen, PA5- 65632 and Atlas antibodies, HPA05064:9) at 1:300;
Anillin (Thermo Scientific, PA5114851) at 1:200; Arp3 (Abcam, ab49671)
at 1:60; mDia2 (ECM biosciences, DP3491) at 1:100; myosin-10 (Novus
Biologicals) at 1:400. Following primary antibody incubation, embryos
were washed 5 times in 0.1% PBT for a total of 2 hours or longer. Samples
were incubated with pre-centrifuged Alexa Fluor 647-conjugated second-
ary antibodies (A32728, A32733) at 1:400 for 30 min. Embryos were then
washed 3 times in 0.1% PBT for a total of 1 hour or longer. For labeling
of the actin cytoskeleton, embryos were incubated in Phalloidin Alexa
Fluor 488 at 1:50 for 50 min, then briefly washed in 0.1% PBT before
imaging. To label chromosomes, fixed embryos were incubated with
4/,6-diamidino-2-phenylindole (DAPI; Sigma, 10236276001) at 1:1000,
and briefly washed in 0.1% PBT. Embryos which were imaged with a
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water immersion objective were mounted in 0.1% PBT. For higher-
resolution imaging, embryos and cell lines were mounted in 95% glycerol
and imaged with an oil-immersion objective.

Imaging

Fixed specimens were imaged using a laser scanning confocal micro-
scope (Leica SP8) with a 40x 1.1 NA Apochromat water-immersion
objective, or a 63x 1.4 NA Apochromat oil-immersion objective. Samples
were excited with standard laser lines (405, 488, 552, and 638 nm),
and images were acquired with Nyquist-optimized sampling. Live em-
bryos were imaged using a 40x 1.1 NA Apochromat water-immersion
objective. For long-term imaging of the entire cell division process,
images were acquired using 512 X 512 sampling, 16X to 32x line aver-
aging, and a pinhole size of 1.5 Airy units or higher. For short-term
imaging experiments, images were acquired using Nyquist-optimized
sampling, and a pinhole size of 1.5 AU or lower. Some images were
cropped in order to remove extra-cytoplasmic or extra-nuclear signal
when appropriate.

Actin cable and microtubule density measurements
Three-dimensional (3D) visualizations and analyses of embryos were
performed using Imaris 8.2 or Imaris 9.7 software (Bitplane). For
analysis of nuclear actin cable density, a mask of the nuclear region
was acquired by using the semiautomatic (interphase nuclei) or man-
ual segmentation (prophase nuclei) modes. The length of nuclear actin
cables was manually quantified using the point tool in Imaris. The
total length of all cables was then divided by the volume of the nuclear
compartment. The width of the cables was not factored into the analy-
ses, as the degree of filament bundling cannot be accurately deter-
mined by confocal microscopy (34).

For Fig. 1B, 1-um z-stacks were processed in two dimensions. To ana-
lyze network density, then cytoplasmic signal was removed by tracing
a line around the network and applying the “clear outside” function
in ImageJ. Ridge detection was performed on the Phalloidin signal to
extract cable lengths, and the network density was calculated by divid-
ing the summed cable lengths by the network area.

To analyze the void dimensions of prophase and prometaphase
F-actin networks, we utilized a previously described workflow, which
models network voids as circular pores (34). We processed z-stacks of
thickness ~1 pm in two dimensions, which approximates the thickness
of mitotic chromosomes (~1.2 pm). In brief, we performed ridge de-
tection to segment actin cables, then inverted the binary segmentation
image, essentially segmenting the inter-cable regions or “pores.” The
distance map was then computed, and the value of the maximum
eroded point of each pore segmentation was recorded to extract the cor-
responding pore radius. The circular pore area was then calculated.

Mitotic duration quantification

The length of NEBD to anaphase was defined as the duration between
the first frame of prometaphase and the first frame of anaphase. The
time to chromosome congression was defined as the duration between
the first frame of prometaphase and the frame where chromosomes
achieved stable alignment at the metaphase plate. Chromosomes were
only considered to be congressed if they remained at the metaphase
plate and were not ejected toward the spindle pole. In the case of cells
containing uncongressed chromosomes during anaphase induction,
the duration between NEBD to anaphase was recorded.

Chromosome distance to nuclear periphery

To evaluate the organization of prophase chromosomes in live embryos
(e.g., Fig. 1, G and J), the final prophase timepoint (immediately before
NEBD) was analyzed. For all groups, a three-slice maximum intensity
projection corresponding to the center of the nucleus was processed
in two dimensions. The chromosome signal was segmented and the
binary segmentation image was then multiplied by a distance map of
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the nuclear periphery (fig. S1J). The resulting image was then ex-
ported, and the mean of all nonzero values was calculated.

Convex hull area and volume quantification

We modeled chromosomal scattering volume by computing the con-
vex hull (the smallest convex set which contains a given object) of
segmented chromosomes (fig. S1I) (62). To quantify chromosomal scat-
tering volume in four dimensions, the convex hull was computed using
signal from SPY650-DNA or H2B-mRFP1 signal. In ImagelJ, a 3 X 3-
pixel median filter and bleach correction were applied, a 4D time series
was split into individual 3D stacks, and each 3D stack was thresholded
using the 3D Objects Counter plugin. In MATLAB, the 3D convex hull,
and its volume, were computed for each segmentation image and plot-
ted over time (https://github.com/Plachtal.ab/Hernandez-et-al-2025)
(63). The “minimum scattering volume” corresponds to the lowest
value over the plotted time period. For fixed imaging experiments, the
same procedure was performed on images of prometaphase-arrested
cells. For Figs. 2, D and E, 2D spatial analysis was performed on maxi-
mum intensity projections generated from ~4-um stacks. Briefly, high-
intensity puncta in the UtrCH-GFP channel were manually tracked in
ImageJ using the TrackMate plugin. Spatial coordinates for all tracks
were then exported into MATLAB. For each time slice, the 2D convex
hull of the tracked coordinates was calculated, and its area was plotted
over time.

Perispindle intensity ratio analysis

To evaluate perispindle actin intensity, the line tool in ImageJ was
used to draw a 20-um line along the metaphase plate. The « axis (dis-
tance) of the intensity plots were divided into quadrants, with the
outer quadrants being defined as spindle peripheral zones. The area
under the curve (AUC) was computed for each quadrant. The summed
areas of quadrants 1 and 4 (perispindle quadrants) were then divided
by the summed areas of quadrants 2 and 3 (inner quadrants).

Experimental design

No statistical methods were used to predetermine sample size. Following
isolation, embryos were randomly allocated to experimental groups.
Investigators were blinded to experimental groups during data analysis.
Only embryos exhibiting normal developmental morphology were used
for experiments.

Statistics and reproducibility

Statistical analyses were performed in Excel and GraphPad Prism. Data
were analyzed for normality using a D’Agostino-Pearson omnibus nor-
mality test. Variables displaying a normal distribution were analyzed
using an unpaired, two-tailed Student’s £ test for two groups, and analy-
sis of variance with Dunnett’s multiple comparisons test for more than
two groups. Variables that did not follow a normal distribution were
analyzed 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 at least
three independent experiments.
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Editor’'s summary

The process of mitotic cell division is canonically orchestrated by the mitotic spindle apparatus, which is composed
of microtubules. However, cells of the early mouse embryo do not contain centrosomes, the organelles responsible
for efficient spindle assembly. The exact processes governing early embryonic cell divisions has therefore remained
unclear. Using live-embryo imaging, Hernandez et al. discovered a contractile network of nuclear actin filaments
that organizes chromosomes during the early phases of mitosis (see the Perspective by Bement). The authors also
observed a separate actin network that regulates spindle size. These findings support the idea that actin filaments
serve essential functions during mitotic cell division in early embryos. —Stella M. Hurtley
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