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SUMMARY

Coordination between actin filaments and microtu-
bules is critical to complete important steps during
cell division. For instance, cytoplasmic actin fila-
ment dynamics play an active role in the off-center
positioning of the spindle during metaphase I in
mouse oocytes [1–3] or in gathering the chromo-
somes to ensure proper spindle formation in starfish
oocytes [4, 5], whereas cortical actin filaments con-
trol spindle rotation and positioning in adherent
cells or in mouse oocytes [6–9]. Several molecular
effectors have been found to facilitate anchoring
between the meiotic spindle and the cortical actin
[10–14]. In vitro reconstitutions have provided
detailed insights in the biochemical and physical
interactions between microtubules and actin fila-
ments [15–20]. Yet how actin meshwork architec-
ture affects microtubule dynamics is still unclear.
Here, we reconstituted microtubule aster in the
presence of a meshwork of actin filaments using
confined actin-intact Xenopus egg extracts. We
found that actin filament branching reduces the
lengths and growth rates of microtubules and con-
strains the mobility of microtubule asters. By recon-
stituting the interaction between dynamic actin fila-
ments and microtubules in a minimal system based
on purified proteins, we found that the branching of
actin filaments is sufficient to block microtubule
growth and trigger microtubule disassembly. In a
further exploration of Xenopus egg extracts, we
found that dense and static branched actin mesh-
work perturbs monopolar spindle assembly by
constraining the motion of the spindle pole. Inter-
estingly, monopolar spindle assembly was not con-
strained in conditions supporting dynamic mesh-
work rearrangements. We propose that branched
actin filament meshwork provides physical barriers
that limit microtubule growth.
RESULTS

Microtubule Aster Assembly in a Cytoplasmic Actin
Filament Meshwork
Xenopus egg extracts provide a powerful model system to

explore the general principles by which microtubule assembly

is regulated during metaphase spindle organization [21–24].

However, until now, this cell-free system has been mainly

used to study isolated spindle assemblies comprising microtu-

bules but devoid of actin filament structures. To examine the

interplay between cytoplasmic actin filament structures and

microtubule self-organization, we used Xenopus laevis egg

extracts with actin filaments intact (actin cytostatic-factor

extracts, hereafter referred to as actin-CSF), which correspond

to metaphase-II-arrested extracts that have been prepared

without inhibiting the growth of endogenous actin filaments

[25, 26] (STAR Methods). These actin-CSF extracts were

dispersed in mineral oil to generate spherical droplets ranging

from a few micrometers up to 100 mm in size, with rigid bound-

aries (STAR Methods), a size range that was well suited for

quantitatively studying the effect of spatial confinement on

actin [27, 28] or on microtubule and spindle self-organization

[29–31].

To reconstitute actin filament meshworks in the droplets of

actin-CSF extract, a nucleation-promoting factor, Scar-PWA

(poly-proline rich, WH2 and acidic motifs of Wiskott-Aldrich syn-

drome protein-WASp; an activator of the Arp2/3 complex), was

added to trigger the nucleation of branched actin filaments

(STAR Methods). In the absence of PWA, a highly contractile

meshwork formed within a droplet that eventually assembled

into a ring structure [20, 27] (Figure S1A, left; Video S1). With

250 nM PWA, a sparse and contractile branched meshwork

formed homogeneously throughout a droplet (Figures S1A, mid-

dle, and S1B; Video S1), with an average contractile rate of

30 nm.s�1 (Figure S1C, green data; Video S1). Increasing the

PWA concentration to 1.3 mM generated a dense and non-

contractile branched meshwork (i.e., a dense and static

branched meshwork; Figures S1A, right, and S1C, gray data;

Video S1). Multiple particle-tracking experiments of nanopar-

ticles (110 nm) showed that the dense and non-contractile

branched meshwork displayed the same viscous properties at

the micron scale as a sparse and contractile branched
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meshwork. However, and in contrast to the sparse and contrac-

tile branched meshwork, nanoparticle trajectories exhibited a

more confined motion (with an apparent confinement size of

2.1 and 2.8 mm, respectively; Figure S1D). Therefore, the con-

nectivity of the dense branched meshwork appeared too high

to favor myosin-induced contraction, in contrast to what was

previously reported [32].

In this egg-extract model, the actin filament meshwork assem-

bled much faster than microtubule structures. Therefore, we

explored the effect of pre-assembled actin filament meshwork

on the formation of microtubule asters. During spindle formation,

asters of microtubules can nucleate at centrosome sites or can

assemble in the vicinity of the chromosomes using spindle as-

sembly factors, which are regulated by a Ran-dependent

pathway [33]. Here, a constitutively active form of RanGTP, chro-

mosomes (from sperm nuclei), or centrosomes was used to pro-

mote aster assembly in actin-CSF droplets.

Aster assembly was monitored in absence of actin filaments

(using actin-CSF extracts treated with latrunculin A, an actin

filament depolymerizing agent, and blebbistatin, a myosin II

inhibitor) and, in the presence of actin filaments, either with a

sparse and contractile branched meshwork or a dense and

non-contractile branched meshwork (Figure 1A). Microtubules

were visualized using fluorescein isothiocyanate (FITC)-tubulin,

tetramethylrhodamine (TRITC)-tubulin, or EB1-GFP, and actin

filaments were visualized using dsRed-utrophin or GFP-utrophin.

In the first set of experiments, microtubule structures were pri-

marily induced by adding RanQ69L (constitutively active

RanGTP; STAR Methods). In the absence of actin filaments,

the asters that assembled contained radial arrays of microtu-

bules with an average length of 10.8 ± 5.5 mm (Figures 1C and

1D; STARMethods). In presence of a branched actin meshwork,

microtubules organized into morphologically similar asters to

those observed in absence of actin filaments (Figure 1A). Actin

filaments co-aligned with microtubules, reflecting the remodel-

ing of actin filaments into aster-like organizations (Figure 1B).

In comparison with the absence of actin filaments, the average

lengths of microtubules were lower with the sparse and contrac-

tile actin meshwork at 8.8 mm (19% reduction; Figure 1D, green)

and with the dense and static actin meshwork at 7.8 mm (27%

reduction; Figure 1D, gray). This was confirmed by evaluating

the EB1 density as function of the distance from the aster center

(STAR Methods; Figure S2A).

Microtubule length was also correlated with microtubule

growth rate in both static and contractile meshworks (Figures

1D and 1E, left; STAR Methods). This correlation appeared inde-

pendent of a direct effect of PWA on microtubule dynamics

because, in the absence of actin filaments, the average microtu-

bule growth rate of 16.6 mm.min�1 with 1.3 mM PWA added (Fig-

ure S2B) was not significantly different to 17.8 mm.min�1 without

PWA added. The reduction of microtubule dynamics appeared

not to be due to the reduction of ATP availability in the droplets.

No significant differences in microtubule growth rates were iden-

tified in asters nucleated from chromosomes at early and late

time periods (30 and 60 min after droplet formation; Figure S2C).

Altogether, these data suggest that themicrotubule growth in as-

ters was perturbed by the degree of branching within the actin

meshworks and that this perturbation was not dependent on

actin contractility.
2 Current Biology 28, 1–10, August 20, 2018
In a second set of experiments, microtubule structures were

induced by adding centrosomes to the actin-CSF extracts. As

with the asters induced by constitutively active Ran, actin fila-

ments and radial microtubules also co-aligned in centrosome-

induced asters (Figure 1B). In comparison with the condition in

which an actin filament meshwork was absent, microtubule

length and growth rate were reduced on average by about

19% and 30%, respectively, in the presence of sparse and con-

tractile branched actin meshwork (Figures 1D, 1E, and S2A).

Microtubule length and growth rate were also lower in the pres-

ence of a dense and static branched actin meshwork. Therefore,

similar effects of branched actin meshworks on microtubule

lengths and dynamics were observed with asters induced by

centrosomes to those asters induced by constitutively active

Ran GTP.

We have shown previously that centrosomes can directly pro-

mote actin filament assembly [34]. Therefore, we assessed

whether centrosomes can elongate actin filaments and promote

aster-like structures of actin filaments independently from pro-

moting microtubule asters in the actin-CSF extract. When cen-

trosomes were incubated in a dense actin filament meshwork

and in presence of nocodazole to preventmicrotubule formation,

no aster-like structures of actin filaments were observed. Cen-

trosomes appeared entrapped within the actin filament mesh-

work, surrounded by points of high actin densities (Figure S2D).

In addition, no actin filaments were observed to emanate from

microtubule templates. Therefore, these data suggest that

aster-like organizations of actin filaments resulted from the align-

ment of pre-assembled actin filaments along microtubules.

To assess the effect of meshwork density on actin filament

alignment with microtubules, we obtained a new meshwork by

adding 4 mM of latrunculin A and 250 nM PWA to the actin-

CSF extract. This meshwork, hereafter referred to as a loose

meshwork, was less dense than themeshwork described above.

With this loose meshwork, actin filaments reorganized around

the microtubules at the aster pole (Figure S2E). In addition, the

average growth rate of microtubules nucleated using RanQ69L

was as expected (Figure S2F; 13.1 mm.min�1) in being interme-

diate between those average growth rates of microtubules

nucleated in absence of actin filaments (17.8 mm.min�1) and

microtubules nucleated in a sparse and contractile branched

meshwork (11.3 mm.min�1).

Microtubule Length and Dynamics Depend on Actin
Filament Branching In Vitro

To have more insights on the role of actin assembly on microtu-

bule dynamics and bypass the complexity of the egg-extract

model, we studied the effect of different actin architectures

(branched or unbranched meshwork) on microtubule dynamics

using reconstituted systems based on purified proteins (Fig-

ure 2). The dynamics of actin filaments and microtubules were

maintained by use of the TicTac buffer [34]. Growth of microtu-

bules was initiated from biotinylated, non-hydrolysable, and sta-

bilized microtubule seeds attached to the substrate surface by

addition of 25 mM of labeled tubulin in presence of labeled actin

monomers alone (unbranched meshwork) or with the Arp2/3

complex activated by WASP-WA (WH2 and acidic motifs of

Wiskott-Aldrich syndrome protein-WASp; branched meshwork).

The behavior of individual actin filaments and microtubules were
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Figure 1. Microtubule Aster Assembly in a Cytoplasmic Actin Filament Meshwork
(A) The principle of the experiment: the monitoring of microtubule formation in absence of actin filaments (extracts treated with latrunculin A and blebbistatin), in a

sparse and contractile branched meshwork, or in dense and static branched meshwork. Asters were formed from two nucleation pathways: RanQ69L or

centrosomes. Actin filaments were labeled with GFP-utrophin and microtubules with TRITC-tubulin. The scale bar represents 10 mm.

(B) Ran and centrosome-nucleated asters in sparse and contractile branched or dense and static branched actinmeshwork. Actin filaments are labeled withGFP-

utrophin and microtubules with TRITC-tubulin. The scale bars represent 10 mm.

(C)Microtubule length was evaluated bymeasuring EB1 traces. Growth rates were evaluated from kymographs (STARMethods). The scale bar represents 10 mm.

(D and E) Quantitative analysis of microtubule length (D) and growth rate (E) for RanQ69L and centrosome-nucleated asters in various actin filament meshworks.

Each point represents a single measurement for one microtubule. Means and SDs are superimposed. **p < 0.01, ***p < 0.001.

See also Figures S1 and S2 and Video S1.
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Figure 2. Actin Architectures Modulate Microtubule Dynamics

(A) Time-lapse of in vitro reconstitution of microtubules (red) growing from biotinylated GMPCPP-stabilized microtubule seeds (green) at 25 mM tubulin con-

centration. Kymograph highlighting the time points of growth and catastrophe events acquired during the Video S2 is shown.

(B) Trajectories of microtubule growth (red) at 25 mM tubulin in the presence of unbranched actin network—green (2 mM). Microtubule seeds are also shown in

green. Kymograph corresponding to the Video S2 is shown.

(C) Trajectories of microtubule growth (red) at 25 mM tubulin in the presence of unbranched actin network—green (4 mM). Microtubule seeds are also shown in

green. Kymograph corresponding to the Video S2 is shown.

(legend continued on next page)
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monitored by total internal reflection fluorescence (TIRF)

microscopy.

In the absence of actin filaments, microtubules exhibit the

characteristic alternate phases of growth and catastrophe

(Figure 2A; Video S2). In comparison, and in the presence of

unbranched actin meshwork (2 mM actin), the apparent micro-

tubule growth rate was similar (2.2 ± 0.2 mm.min�1 versus 2.1 ±

0.2 mm.min�1), and the catastrophes were slightly less frequent,

resulting in a slightly higher microtubule length (25.9 ± 5.7 mm

versus 17.1 ± 5.6 mm; Figures 2B, 2F, 2G, and 2I; Video S2).

Increasing the density of unbranched actin meshwork (4 mM

actin) further stabilized microtubule growth, resulting in an

average length of 28.3 ± 9.3 mm (Figures 2C, 2F, 2G, and 2I;

Video S2). By contrast, in the presence of branched actin

meshwork (1 mM actin +Arp2/3), the microtubule length was

significantly lower (11.8 ± 3.2 mm) in comparison to the condi-

tion without actin filaments (Figures 2D, 2F, 2G, and 2I; Video

S2). Increasing the density of branched actin meshwork

(2 mM actin +Arp2/3) further decreased both the microtubule

growth rate (1.5 ± 0.3 mm.min�1) and microtubule length

(6.8 ± 2.7 mm; Figures 2E, 2F, 2G, and 2I; Video S2). Also,

microtubule catastrophes were significantly more frequent (Fig-

ure 2H). Catastrophe events typically occurred (Figure 2E;

Video S2) when microtubule growing plus ends (yellow arrows

in Figure 2E) encountered a branched actin meshwork (blue ar-

rows in Figure 2E). Hence, the average lifetime of microtubules

was also significantly lower in comparison to the condition

without actin filaments (181.8 ± 68.6 s versus �418 ± 107.6 s;

Figure 2I). Our data revealed that the architecture (branched

versus unbranched) is the key determinant in affecting microtu-

bule dynamics. Interestingly, increasing actin density has an

opposite effect on microtubule dynamics, depending on the

actin architecture. Microtubules are stabilized by the un-

branched meshwork whereas destabilized by the branched

meshwork (Figures 2F and 2I). Moreover, these significant ef-

fects on microtubule dynamics appeared independent of the

direct activity of actin monomers and the Arp2/3 complex on

microtubules because the dynamics of microtubules that were

not in direct contact with the branched actin network were

not significantly different from those observed in the condition

without actin filaments. These data generated at the resolution

of single filaments indicate that actin filament branching ap-

pears sufficient to perturb microtubule elongation, which is
(D) Trajectories of microtubule growth (red) at 25 mM tubulin in the presence of bran

and 120 nM glutathione S-transferase (GST)-WA. Kymograph obtained from Vid

(E) Trajectories of microtubule growth (red) at 25 mM tubulin in the presence of bran

and 120 nM GST-WA. The kymograph obtained from Video S2 is shown with m

Branched actin network is indicated with arrows in blue. Microtubule plus ends

(F) Length analysis of microtubules grown in vitro from biotinylated GMPCPP-sta

complex. Microtubule length was not affected by the presence or absence of Ar

(G) Analysis of growth rate of the microtubules as calculated from their respective

rate in mm.min�1 along the x axis. Microtubules grown under branched actin netwo

apparent growth rate (p < 0.0001).

(H) Analysis of the number of catastrophe events. Microtubules grown in the pres

the presence of actin or tubulin alone.

(I) Lifetime distribution of microtubules. Microtubules in the presence of branched

with an average lifetime of <200 s compared with the microtubule control (�400 s)

3 independent experiments. The p value was generated by Mann-Whitney test,

(A–E) The scale bars represent 20 mm. See also Video S2.
consistent with the role of the Arp2/3 complex on microtubule

growth in the egg-extract model.

Aster Mobility Is Severely Restricted in Actin Filament
Meshwork
To assess whether actin filament meshworks could act as a

physical barrier by constraining and trapping the microtubule

asters in an elastic gel, we monitored the motion of microtubule

asters induced by constitutively active Ran in the egg-extract

model. The mobility of asters is likely to be driven by pushing

and pulling forces generated by the microtubules [29, 35].

Also, the co-localization of actin filaments with aster poles (as

previously observed) [15, 33] suggests a strong enrichment of

actin surrounding the pole (Figure 1B).

In the absence of actin filaments, the aster poles were very dy-

namic and moved throughout large parts of the droplet space

(Figure 3A, left; Video S3). By contrast, in the presence of either

sparse-contractile or dense-static branched-actin meshworks,

themotion of aster poles wasmuchmore limited (Figure 3A,mid-

dle and right; Video S3) and confirmed by lower mean square

displacement (MSD) values that capture the surface areas

covered by the aster poles (Figure 3B).

In the presence of a loosemeshwork (PWA + latrunculin A), the

motion of aster poles was intermediate between that observed

with the absence of actin filaments (red curve, Figure 3B) and

the presence of a sparse contractile or dense static branched

meshwork (green and gray curves, Figure 3B), indicating an in-

verse correlation between actin filament branching density and

aster-pole mobility. Interestingly, in the presence of the sparse

branched meshwork, the contractile velocity of the actin

(11.0 nm.s�1) was similar to the aster speed (10.8 nm.s�1; Fig-

ure 3C; Video S4). These data indicated that a branched mesh-

work constrained the mobility of the microtubule aster and

potentially modulated aster mobility through its contractile

activity.

Monopolar Spindle Formation in Actin Filament-Intact
Egg Extracts Confined in Droplets
To assess the effects of actin filament architecture and dynamics

on spindle formation in actin-CSF extracts, we used sperm

nuclei (hereafter referred to as chromosomes), which drive the

formation ofmeioticmonopolar spindles in conventional CSF ex-

tracts [22, 36]. These spindle structures correspond to focused
ched actin network—green (1 mM) produced with 50 nMof the Arp2/3 complex

eo S2 is shown. Branched actin network is indicated with arrows in blue.

ched actin network—green (2 mM) produced with 50 nM of the Arp2/3 complex

ore frequent catastrophes compared with the kymographs in the (A) or (B).

are indicated with arrows in yellow in (A)–(E). The scale bar represents 20 mm.

bilized microtubule seeds in the absence or presence of actin and the Arp2/3

p2/3 complex alone; ns, non-significant.

kymographs. Slope of the growth phase is expressed as the apparent growth

rk conditions (tubulin + actin + the Arp2/3 complex) display a significantly lower

ence of actin and the Arp2/3 complex display more catastrophic events than in

actin network (tubulin + actin + the Arp2/3 complex) were the most short lived,

. Error bars showmean ± SD for n = 20microtubules per condition, pooled from

assuming non-paired and non-Gaussian distribution.
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Figure 3. Aster Pole Mobility in Actin Filament Meshworks with Different Dynamic Properties

(A) Trajectories of Ran-aster poles nucleated in four different conditions: (1) in absence of actin filaments (extract treated with drugs); (2) in a branched loose

meshwork (extract incubated with 250 nM of PWA and 4 mMof latrunculin A); (3) in a sparse and contractile branchedmeshwork (extract incubated with 250 nMof

PWA); and (4) in a dense and static branched meshwork (extract incubated with 1.3 mM of PWA). Normalized trajectories in space are represented, and time is

encoded in color.

(B) Quantification of mean square displacements.

(C) Representative kymograph extracted from Video S4, showing that aster pole is transported by the actin filament meshwork contraction. Actin filaments were

labeled with GFP-utrophin, and microtubules were labeled with TRITC-tubulin. The scale bar represents 10 mm. Error bars represent SD.

See also Videos S3 and S4.
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asters (spindle poles) with microtubules asymmetrically distrib-

uted from the pole to the chromosomes. In absence of actin fil-

aments, monopolar spindle organization was characteristic of

that obtained in conventional CSF extracts (Figures 4A and

S3A). As expected, the nuclear mitotic apparatus protein

(NuMA) was localized at the spindle poles (Figure S3B; STAR

Methods). Interestingly, the pole-to-chromosome distance was

correlated with the droplet diameter (Figure S3C). This was in

agreement with previous studies that examined spindle assem-

bly in confined droplets and in Xenopus embryogenesis [30, 31],

suggesting that spindle size is dictated by the available quanti-

ties of certain essential spindle-assembly factors [30, 31, 37].

In the presence of actin filaments, the microtubule structures

also acquired a monopolar spindle morphology (Figures 4A,

S3D, and S3G). NuMA was localized to the spindle poles, illus-

trating that NuMA recruitment was unaffected by the actin fila-

ment meshwork (Figures S3E and S3H). As observed above

with microtubule asters, actin filaments were also organized

into aster-like structures at the spindle poles (Figure S4A).

In the presence of a sparse and contractile branched mesh-

work, the spindles had a pole-to-chromosome distance similar

to that observed in the absence of actin filaments (9.3 ± 4 mm

in both cases; Figure 4B). By contrast, in the presence of a

dense and static branched meshwork, spindle poles formed

in closer proximity to the chromosomes with a 35% lower

pole-to-chromosome distance (6.1 ± 3 mm), suggesting that
6 Current Biology 28, 1–10, August 20, 2018
spindle formation was arrested earlier in the presence of a

dense and static branched meshwork (Figures 4A and 4B).

Aswith theabsenceofactinfilaments, in thepresenceof sparse

and contractile branched meshwork, the pole-to-chromosome

distance was correlated with the droplet diameter (Figure S3F).

However, in the presence of dense and static branched mesh-

work, the pole-to-chromosome distance was not correlated

with the droplet diameter (Figure S3I).

Microtubule dynamics were also affected by the dense and

static branched meshwork. In the absence of actin filaments or

in the presence of a sparse and contractile branched meshwork,

microtubule lengths (13 ± 6 mm and 14 ± 7 mm, respectively) and

growth rates (17 and 18 mm.min�1, respectively) were similar

(Figure 4C). By contrast, in the presence of a dense and static

branched meshwork, the microtubule length was lower by

15% (11 ± 5 mm; Figure 4C) and the growth rate was lower by

23% (13 mm.min�1). Hence, microtubule growth appeared less

perturbed by the presence of an actin filament meshwork

when those structures were induced by chromosomes rather

than constitutively active Ran or centrosomes. This could be ex-

plained by the presence of the RanGTP gradient generated by

chromosomes, which is known to favor the local stabilization

of growing microtubules in the vicinity of the chromatin

[38, 39]. Nevertheless, a dense and static branched meshwork

affected monopolar spindle self-organization by primarily per-

turbing the pole-to-chromosome distance.
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Figure 4. Aster Spindle Self-Organization in Actin Filament-Intact Egg Extracts Confined in Droplets

(A) Microtubule self-organization in droplet-confined egg extracts in the absence of actin filaments (extract treated with latrunculin A and blebbistatin), in the

presence of a sparse and contractile branched meshwork (250 nM PWA) or in the presence of a dense and static branched meshwork (1.3 mM PWA). The scale

bars represent 10 mm.

(B) Pole-to-chromosome distance measured for the three cases described above. Each point represents a single measurement for one microtubule. Means and

SDs are superimposed. ***p < 0.001.

(C) Length and growth rate of chromosome-nucleatedmicrotubules. The procedure ofmeasurement is the same as described in Figure 1. Each point represents a

single measurement for one microtubule. Means and SDs are superimposed. ***p < 0.001.

(D) Microtubule nucleation in a highly contractile actin filament meshwork. Chromosomes andmicrotubules are entrapped in the actin filament ring structure. The

scale bar represents 10 mm.

(E) Schematic of the effect of actin filament branching meshwork on microtubule length and aster pole motion.

See also Figures S3 and S4.
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In absence of actin filament branching (no PWA added), a

highly contractile actin meshwork was formed. This meshwork

transported and confined chromosomes within a ring-like struc-

ture of actin filaments (Figure 4D). Nevertheless, both monopolar

and bipolar spindle structures were induced despite the con-

straints generated by actin filament architecture and contractility

(Figure 4D). In a few cases, microtubules were deformed by actin

filaments and actin filaments were deformed by microtubules

(Figures S4B and S4C). However, and overall, the actin filaments

primarily acted as a geometrical boundary within which chromo-

somes could still trigger microtubule nucleation.

DISCUSSION

Our study examined how microtubule assembly and dynamics

are affected by the presence and architecture of the network

of actin filaments. In Xenopus egg extracts, the length and

growth rates of microtubules were perturbed in a concentra-

tion-dependent manner by branched actin filaments, even
though the morphology of the microtubule aster was unaffected.

In a reconstituted in vitro model based on the minimal composi-

tion of proteins necessary to support the dynamic assembly

and/or disassembly of both microtubules and actin filaments,

branched actin filaments formed an entangled meshwork that

could perturb microtubule elongation and trigger microtubule

disassembly. Altogether, the results from these twomodels sug-

gest that branched actin meshwork physically constrains micro-

tubule growth. Microtubule growth has also been shown to be

regulated bymechanical forces in in vitro assays [40, 41]. Hence,

in this study, we propose that branches along actin filaments

form reticulation points in a physically interconnected network.

The consequential increase in network stiffness acts as an

obstacle against growing microtubules and perturbs their poly-

merization velocity by generating forces opposing microtubule

growth (Figure 4E). In addition, the microtubule stabilization by

unbranched actin filaments could be due to crowding effect.

Microtubule assembly in spatially confined droplets of Xeno-

pus egg extracts provides additional insights on the interplay
Current Biology 28, 1–10, August 20, 2018 7
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between microtubule and the actin filament meshwork. Microtu-

bules tended to locally dictate actin filament geometry by guid-

ing the microfilament organization into aster-like structures

(Figures 1B and S4A). This is in agreement with observations

showing that microtubule organization can constrain actin fila-

ment alignment in vitro [15, 18] or in vivo [1, 2]. The co-alignments

between microtubules and actin filaments are also correlated

with a reduction of microtubule growth rate. In this scheme, actin

filament density and co-alignment with microtubules could steri-

cally hinder and limit subunit addition at the microtubule plus

end. The multiple contacts between microtubules and actin fila-

ments, probably mediated by the presence of cross-linkers,

could generate friction forces opposing microtubule growth (Fig-

ure 4E). Such mechanical regulation of microtubules by actin

filaments may play a role in living cells and complement

biochemical regulation of the coordination between actin fila-

ments and microtubules [42, 43]. Hence, the co-alignment of

microtubules and actin filaments could also result in a spatial

reorganization of biochemical effectors.

Monopolar spindle formation was arrested at an early stage in

dense and static branched actin meshwork, whereas it can

assemble properly in a sparse and dynamic one. This difference

in monopolar spindle formation can be explained by greater stiff-

ness of the dense meshwork versus the sparse meshwork.

Indeed, the modulus of elasticity of semi-flexible actin filament

meshwork increases with local actin concentration [44] as well

as with the degree of branching [45]. In turn, the greater stiffness

of the densemeshwork generates a larger resistive force that op-

poses the force-generating elements driving the outward growth

of the spindle pole (Figure 4E). In the sparsemeshwork, the resis-

tive force is insufficient to perturb the force-generating elements

driving spindle growth.

Actin meshwork density and architecture restricted the

mobility of microtubule aster in the egg extracts. This effect is

likely tobe relevant in the specific regulationof themotionandpo-

sition of interphase asters or meiotic or mitotic spindles. Actin

filament assembly and the mechanical properties of the mesh-

work have been shown in mouse oocytes to control spindle

centering or migration toward the periphery of the oocyte [8, 9].

In addition, actin filaments are essential for the proper alignment

and segregation of chromosomes during meiosis because they

drive the formation of kinetochore fibers [46].Moreover, actin fila-

ment spatiotemporal dynamics are tightly regulated in cells and

oscillate strongly throughout the cell cycle [47, 48].

In conclusion, the temporal and spatial regulation of the

dynamics and architecture of networks of actin filaments can

impact microtubule network self-organization and positioning

via the production of mechanical forces resisting microtubule

growth. The resultant physical interactions of actin filaments

with microtubules could also result in a spatial reorganization

of biochemical effectors regulating both cytoskeletal networks.
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48. Field, C.M., Wühr, M., Anderson, G.A., Kueh, H.Y., Strickland, D., and

Mitchison, T.J. (2011). Actin behavior in bulk cytoplasm is cell cycle regu-

lated in early vertebrate embryos. J. Cell Sci. 124, 2086–2095.

49. Isambert, H., Venier, P., Maggs, A.C., Fattoum, A., Kassab, R., Pantaloni,

D., and Carlier, M.-F. (1995). Flexibility of actin filaments derived from ther-

mal fluctuations. Effect of bound nucleotide, phalloidin, and muscle regu-

latory proteins. J. Biol. Chem. 270, 11437–11444.

50. Reymann, A.-C., Martiel, J.-L., Cambier, T., Blanchoin, L., Boujemaa-

Paterski, R., and Th�ery, M. (2010). Nucleation geometry governs ordered

actin networks structures. Nat. Mater. 9, 827–832.

51. Michelot, A., Berro, J., Gu�erin, C., Boujemaa-Paterski, R., Staiger, C.J.,

Martiel, J.L., and Blanchoin, L. (2007). Actin-filament stochastic dynamics

mediated by ADF/cofilin. Curr. Biol. 17, 825–833.

52. Izaurralde, E., Kutay, U., von Kobbe, C., Mattaj, I.W., and Görlich, D.

(1997). The asymmetric distribution of the constituents of the Ran system

is essential for transport into and out of the nucleus. EMBO J. 16, 6535–

6547.

53. Petry, S., Pugieux, C., N�ed�elec, F.J., and Vale, R.D. (2011). Augmin pro-

motes meiotic spindle formation and bipolarity in Xenopus egg extracts.

Proc. Natl. Acad. Sci. USA 108, 14473–14478.

54. Hannak, E., and Heald, R. (2006). Investigating mitotic spindle assembly

and function in vitro using Xenopus laevis egg extracts. Nat. Protoc. 1,

2305–2314.
10 Current Biology 28, 1–10, August 20, 2018
55. Gillespie, P.J., Gambus, A., and Blow, J.J. (2012). Preparation and use of

Xenopus egg extracts to study DNA replication and chromatin associated

proteins. Methods 57, 203–213.

56. Shelanski, M.L. (1973). Chemistry of the filaments and tubules of brain.

J. Histochem. Cytochem. 21, 529–539.

57. Aumeier, C., Schaedel, L., Gaillard, J., John, K., Blanchoin, L., and Th�ery,

M. (2016). Self-repair promotes microtubule rescue. Nat. Cell Biol. 18,

1054–1064.

58. Machesky, L.M., Mullins, R.D., Higgs, H.N., Kaiser, D.A., Blanchoin, L.,

May, R.C., Hall, M.E., and Pollard, T.D. (1999). Scar, a WASp-related pro-

tein, activates nucleation of actin filaments by the Arp2/3 complex. Proc.

Natl. Acad. Sci. USA 96, 3739–3744.

59. Jimenez, A.M., Roch�e,M., Pinot, M., Panizza, P., Courbin, L., andGueroui,

Z. (2011). Towards high throughput production of artificial egg oocytes us-

ing microfluidics. Lab Chip 11, 429–434.

60. de Chaumont, F., Dallongeville, S., Chenouard, N., Herv�e, N., Pop, S.,

Provoost, T., Meas-Yedid, V., Pankajakshan, P., Lecomte, T., Le

Montagner, Y., et al. (2012). Icy: an open bioimage informatics platform

for extended reproducible research. Nat. Methods 9, 690–696.

61. Tarantino, N., Tinevez, J.Y., Crowell, E.F., Boisson, B., Henriques, R.,
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Actin-intact Xenopus egg extract preparation
Xenopus laevis egg extracts were prepared as previously described [26, 54]. ATP regenerating system (1 mM ATP, 10 mM creatine

phosphate, 80 mg/mL creatine phosphokinase, final concentrations) was added at the beginning of each experiment. All reagents for

buffer preparation were purchased from Sigma-Aldrich. Sperm nuclei were prepared as previously described [55]. Studies on Xen-

opus leaves have been approved by the committee ‘‘Comit�e National de R�eflexion Ethique sur l’Exp�erimentation Animale - CE005’’

under the reference #755 2015060214546588 and all experiments were conform with the committee ethical rules.

METHOD DETAILS

Protein production and purification
Actin was purified from rabbit skeletal-muscle acetone powder and labeled with Alexa 488 according to the protocol described in

[49]. Arp2/3 complex was purified as described earlier [51]. GST-WA (Arp2/3 activating domain of WASp) was expressed and purified

as described previously [50]. Tubulin was purified from fresh bovine brain by three cycles of temperature-dependent assembly and/or

disassembly in Brinkley Buffer 80 (BRB80 buffer: 80 mM Pipes pH 6.8, 1 mM EGTA and 1 mMMgCl2) and labeled with ATTO-565 or

ATTO-488 followed by the protocol described in [56]. Microtubule seeds were prepared with 20% ATTO-488-labeled tubulin and

80% biotinylated tubulin as described earlier [57].

Recombinant PWA (Scar-WA) proteins were produced as previously described [58]. RanQ69L, EB1-GFP, Utr-GFP, and Utr-dsRed

were expressed from plasmids and purified using standard protocols.

Microtubule nucleation and observation in Xenopus egg extracts
Microtubules were nucleated from several assembly pathways, mediated by sperm nuclei, centrosomes, or RanQ69L. Depending on

the requirements of the experiments, microtubules were labeled with FITC-tubulin or HiLyte Fluor 647-tubulin (Cytoskeleton Inc.) at a

final concentration of 300 nM or with EB1-GFP at a final concentration of 200 nM. The antibody NuMA-GFP was used at a final con-

centration of 7.5 mg/mL to characterize the spindle pole and was a gift of J.Pelletier and T.J.Mitchison. Asters nucleated from Ran

were nucleated in the presence of 8 mMRanQ69L (final concentration). Unlabelled centrosomes were purified from Jurkat cells. Flu-

orescently labeled centrosomes were purified from HeLa cells expressing eGFP-centrin1.

Nocodazole was used to depolymerize microtubules at a final concentration of 10 mM in the extract.

Generation of emulsion droplets/encapsulated extracts
Cell extract was encapsulated in droplets using a water-in-oil emulsion process. A biocompatible block copolymer (Arlacel P135) is

added to mineral oil (Sigma) to stabilize emulsion and facilitate observations. This method, which has previously been described al-

lows the formation ofmicrotubule asters in droplets [59]. TheXenopus laevis egg extracts were added to the block copolymer solution

(1% (v CSF/v Oil)) at room temperature. Themixture was then gently sheared by pipetting the solution up and down for a few seconds

to generate extract-in-oil droplets. The mechanical dispersion of the biphasic solution formed micrometre-sized extract-in-oil drop-

lets within a few seconds. The emulsion was incubated for 30 minutes at 19�C and then observed under the microscope for 45 mi-

nutes. The droplets presenting microtubule formation had a diameter comprised between 10 and 120 mm.
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Actin nucleation and observation in confined Xenopus extracts
Actin was labeled with GFP-Utrophin or dsRed-Utrophin at a final concentration of 80 nM. To impede F-actin meshwork formation,

we treated the extract with Latrunculin-A (Sigma) and Blebbistatin (Sigma) at final concentrations of 25 mM and 70 mM, respectively.

To promote homogeneous nucleation of F-actin in the droplets, PWAwas used at final concentrations of 1.3 mMor 250 nM. The loose

meshwork was obtained by PWA at a final concentration of 250 nM and Latrunculin-A at a final concentration of 4 mM.

Bead coating
Beads introduced in the extract were coated with a polymer to avoid non-specific interactions with the intracellular environment. La-

tex fluorescent beads (0.1 mm, Life Technologies) were coated with 10 000 PLL-PEG (PLL(20)-g[3.5]-PEG(2), Susos) per particle. The

coupling was done by electrostatic interaction between the poly-lysine of the PEG and the carboxyl groups on the surface of the

particle.

In vitro reconstitution of actin and microtubule networks
Microtubule and actin networks were reconstituted in vitro in a flow cell chamber with an approximate reaction volume of 30 mL

with an entry and exit sites that were constructed using a double-sided tape (70 mm height) between a glass coverslip coated with

(20% SiPEG-Biotin 30 kDa + 80% SiPEG 5kDa) and a passivated glass slide (SiPEG 30 kDa). Both the coverslip and glass slides

were washed and coated with either SiPEG-Biotin / 30 kDa / 5 kDa prior to the experiment following a chemical cleaning proced-

ure as described in [57]. For the microtubule control experiments, the biotynylated MT seeds were attached randomly on SiPEG

(20% SiPEG-Biotin 30 KDa + 80% SiPEG 5kDa) coated coverslips by perfusing 100 ul of Neutravidin (0.05 mg ml�1 in 1 X HKEM

(10mM HEPES pH 7.5, 50 mM KCl, 5 mM MgCl2, 1 mM EGTA)). The unbound seeds were washed away using 300 mL of wash

buffer (1X HKEM supplemented with 0.1% BSA). Microtubules were elongated by introducing a mix of tubulin at 25 mM (20%

labeled and 80% unlabelled tubulin) in TIC-TAC buffer (10 mM HEPES, 16 mM Pipes (pH 6.8), 50 mM KCl, 5 mM MgCl2, 1 mM

EGTA) supplemented with 1 mM GTP and 2.7 mM ATP, 10 mM DTT, 20 mg ml�1 catalase, 3 mg ml�1 glucose, 100 mg ml�1

glucose oxidase and 0.25% w/v methylcellulose. The same experimental setup was followed to study actin-microtubule interac-

tion, by the addition of Arp2/3 complex (50 nM), GST-WA (120 nM) and Actin (2 mM) for branched; Actin (2 mM) alone for

unbranched network, in a 30 mL reaction.

Imaging of Confined Xenopus extracts
Fluorescence imaging was performed using IX71 and IX81 Microscopes (Olympus) equipped with an EM-CCD camera (electron

multiplying CCD, C9100-02, Hamamatsu, Corporation) or an ImageEM (X2 EM-CCD C9100-23B, Hamamatsu Corporation) respec-

tively. An X60 (PlanApo, NA 1.42) oil objective and a LED system of illumination (Spectra X, Lumencor) were used. Microscope set-

tings and functions were controlled using Simple PCI software (Hamamatsu) or Micro-Manager. Confocal microscopy was

performed with a Zeiss LSM 710 META laser scanning confocal microscope using an X63 (PlanApochromatic, NA 1.4) objective. Im-

age analysis was performed using ImageJ and MATLAB. The pole-to-chromosome distance was measured by taking the distance

between the microtubule pole (maximum of fluorescence of the microtubule fluorescence channel) and the chromosome centroid.

Kymographs analysis: for branched contractile meshworks, wemeasured the F-actin velocity onmovies with a 3 s interval whereas

for the branched static meshwork, it was measured on movies with a 30 s interval (to obtain the necessary resolution for the velocity

measurement). Kymographs were traced and analyzed with ImageJ software.

Quantitative analysis of EB1-GFP dynamics:movies were acquiredwith one image every second for oneminute. Time projection of

the movies allowed the measurement of microtubule length. Kymographs following the path of microtubules were traced and growth

rate was extracted from those kymographs. For each condition described, two independent experiments were performed with

two different cell extracts. In each experiment, three to six asters were monitored and analyzed.

Evaluation of EB1 count. To evaluate EB1 count, the comets were tracked with the ‘‘Spot Detector’’ plugin of Icy software. The

coordinates were then used to compute the EB1 count as a function of the aster center.

Automated beads tracking was done with the software Icy [60]. The trajectories were obtained by using the Spot Tracking and the

TrackManager Plugins. The trajectories were exported in Excel files and analyzedwithMATLAB. The trackswere filtered to keep only

the tracks withmore than 30 points. Mean square displacement analysis was done with themsdanalyzer class in MATLAB [61]. Diffu-

sion coefficient was computed from a linear fit on the first 25% of the curve. Alpha was computed from a linear fit on the first 25% of

the log-log curve. Viscosity was computed as previously described [62].

For pole mobility, movies were acquired between 30 and 75 minutes after the beginning of the incubation. Droplets with only one

pole were imaged at 30 s intervals for about 10-15 minutes. For movie analysis, tracking was done manually using the Manual

Tracking plugin from ImageJ.

Imaging of actin and microtubule networks in vitro by TIRF microscopy
Microtubules and actin were visualized on an inverted microscope using 60X Nikon APO TIRF oil-immersion objective. The micro-

scope stage was maintained at 37 �C by means of a temperature controller to obtain an optimal microtubule growth. Excitation

was achieved using lasers with wavelengths of 491 and 561 nm (Optical Insights). Multi-stage time-lapsemovies were acquired using

Metamorph software (version 7.7.5, Universal Imaging) with images taken every 5 s for 20 min. Movies obtained using Metamorph

were further processed to improve the signal/noise ratio (Band pass filter and subtract background functions of ImageJ, version
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1.47n5). The kymographs corresponding to the time-lapsemovies (from 120 s to 860 s) were achieved using ImageJ. Themicrotubule

dynamics were studied only at the plus end. Themicrotubule length presented in Figure 2D corresponds to themaximum length (mm)

of the microtubule obtained from every MT seed analyzed during the time interval 120 s to 860 s. The apparent growth rate (mm/min)

represents the maximum microtubule growth rate measured from every MT seed based on the kymograph analysis during the time

interval 120 s to 860 s. The lifetime (s) represents the maximum time before which MTs undergo catastrophe. It is also measured for

the same population of microtubules used for lengthmeasurements, during the same time interval 120 s to 860 s. Catastrophe events

were calculated from kymographs obtained with ImageJ, corresponding to the MTs originating from every MT seed under different

conditions over the time interval 120 s to 860 s. Number of catastrophe events were obtained by counting the number of catastrophes

per kymograph. The growth of actin branched network is never fully homogeneous due to primer activation [63]. Indeed, the forma-

tion of a branched network is an autocatalytic process emanating from an initial filament (name primer or mother filament); this

process generates part of the reaction chamber with a dense actin network where other parts are deprived of network. Therefore,

some microtubule seeds are embedded in the branched actin network and some never embedded. We used the first population

to determine the role of a branched actin network on microtubule dynamics and the second population, as an internal control to

demonstrate that actin monomers, pWA or Arp2/3 complex did not have any effect on microtubule dynamics. This population is rep-

resented as ‘‘absence of surrounding actin network’’ in Figures 2F, 2G, and 2I. The corresponding graphs were produced using

GraphPad Prism 6.0.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis of Confined Xenopus extracts
Data treatment was performed with Excel andMATLAB. Student’s t tests were performed with MATLAB. For the interpretation of the

p values, NS means there is no significant difference between the two distributions. One star means p value < 0.05, two stars means

p value < 0.01, and three stars means p value < 0.001. Error bars always show the standard deviation. For each condition, at least

three independent experiments were done.

Data analysis of in vitro actin and microtubule networks
Statistical analysis were obtained using Mann-Witney test assuming non-paired and non-Gaussian distribution.
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