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Abstract

Rapid and reductive cell divisions during embryogenesis require that intracellular structures adapt

to a wide range of cell sizes. The mitotic spindle presents a central example of this flexibility,

scaling with the dimensions of the cell to mediate accurate chromosome segregation. To determine

whether spindle size regulation is achieved through a developmental program or is intrinsically

specified by cell size or shape, we developed a system to encapsulate cytoplasm from Xenopus

eggs and embryos inside cell-like compartments of defined sizes. Spindle size was observed to

shrink with decreasing compartment size, similar to what occurs during early embryogenesis, and

this scaling trend depended on compartment volume rather than shape. Thus, the amount of

cytoplasmic material provides a mechanism for regulating the size of intracellular structures.

While mechanisms that set eukaryotic cell size by coordinating growth and division rates

have been uncovered (1-3), much less is known about how the size and shape of a cell affect

its physiology. Recent work has suggested mechanisms by which cell boundaries or size can

control biochemical reactions (2), constrain cytoskeletal assembly (4-6), and dictate the

positioning of internal structures (7, 8). The size-scaling problem is most acute during early

embryo development when cell size changes rapidly. For example, over the first 10 hours of

amphibian embryogenesis cell diameter may decrease 100-fold – from a 1.2 mm egg to 12

μm diameter blastomeres – due to cell division in the absence of growth (9). How micron-

scale organelles and cellular structures adapt and function across a wide spectrum of cell

sizes is an emerging area of research (10-14).
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Here we focused on the mitotic spindle, a dynamic bipolar structure consisting of

microtubules and many associated factors that must be appropriately sized to accurately

distribute chromosomes to daughter cells. During development, spindle size correlates with

cell size in the embryos of invertebrates (15, 16), amphibians (9) (fig. S1), and mammals

(17). However, it is unknown whether spindle size is governed by compositional changes as

part of a developmental blueprint, or if spindle size is coupled directly to physical properties

of the cell, such as size and shape. Although molecular mechanisms of spindle size

regulation have been proposed (9-13), the existence of a causal relationship between cell

size and spindle size remains unclear.

Due to the difficulty of modulating cell size in vivo, we investigated spindle size scaling by

developing an in vitro system of cell-like droplets of varying size containing Xenopus egg or

embryo cytoplasm. Xenopus egg extracts transit the cell cycle in the absence of cell

boundaries and recapitulate many cell biological activities in vitro, including spindle

assembly (18, 19). To match cell size changes during Xenopus embryogenesis, we tuned

compartment volume 1,000,000-fold using microfluidic systems (4, 5) (Fig. 1A, and fig.

S2). A polyethylene glycol (PEG)-ylated stearate served as a surfactant to prevent droplets

from coalescing and to prevent cytoplasmic proteins from interacting with the boundary

(Fig.1A).

Metaphase spindle length and width scaled with droplet size in vitro (Fig.1, B and C, and

fig. S3). Spindles, which normally have a steady-state length of 35-40 μm in bulk egg

extract (20), became smaller as the size of the encapsulating droplet decreased (Fig. 1C and

fig. S3). Spindle size-scaling was approximately linear in droplet diameters ranging from 20

– 80 μm (Fig. 1C), whereas in larger droplets, spindle size matched that of unencapsulated

egg extracts. Spindle assembly efficiency decreased in very small droplets and dropped to

zero in droplets with a diameter less than 20 μm (fig. S3C and D). Thus, two regimes of

scaling were observed: one in which spindle size was coupled to droplet diameter and a

second in which they were uncoupled. These two regimes were similar to spindle scaling

trends observed in vivo during early Xenopus embryogenesis (Fig. 1C and D, Fig. S1B) (9).

Thus, compartmentalization is sufficient to recapitulate spindle size scaling during

embryogenesis in the absence of any developmental cues (e.g. transcription).

We considered two possible explanations for the scaling of spindle size with cell or droplet

size. The position of cell or droplet boundaries could directly influence spindle size through

interaction with microtubules. Alternatively, cytoplasmic volume could limit the amount of

material for assembly, which has been proposed for centrosome size regulation in C. elegans

(12, 21) and spindle size regulation in mouse and sea snail embryos (17, 22). To distinguish

between these two possibilities we compared spindle size scaling in droplets that were

spherical or compressed into a disk-like shape (z-height ∼ 25 μm) (fig. S4B). Spindle length

and assembly efficiency in different shaped droplets collapsed onto the same curve when

plotted against volume but not diameter, suggesting that spindle assembly is dependent on

amount of cytoplasm rather than the position of the compartment boundaries (Fig.2 and fig.

S4C). While spindles were positioned near the center of cells in the embryo, they appeared

more randomly distributed when formed in droplets (fig. S4D) (31). Although the cell

boundary plays a crucial role in positioning and could affect spindle size in vivo, we did not
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observe an effect in droplets (fig. S4D). Thus compartment volume, not boundary

interactions dictate spindle size in our system.

To elucidate how spindle size scales with compartment volume we considered a limiting

component mechanism, in which the amount of particular molecules per cell regulates

spindle assembly. While multiple components could become limiting, we focused our

attention on tubulin, the subunit of microtubules and the major structural component of the

spindle whose levels have been implicated in regulating spindle size (23). Because cellular

tubulin concentration and the number and length of microtubules in the egg extract spindle

have been characterized (24, 25), it was possible to determine what fraction of soluble

tubulin within a given volume remained in the cytoplasm after spindle assembly. We used

this information to create a simplified quantitative model that predicted spindle size based

on compartment volume (Fig. 3A and fig. S5). The model assumes an available pool of

soluble α/β-tubulin dimers, which is depleted as the spindle assembles, and depends on both

cytoplasmic volume and spindle volume. Because tubulin concentration is known to affect

microtubule dynamics (26, 27), we hypothesized that this depletion might drive volume-

dependent spindle scaling. Combining this idea with measured spindle parameters (24, 25)

and the observation that tubulin density in the spindle does not change with spindle size (fig.

S6) (28), we derived an analytical model for volume-dependent spindle scaling that agrees

quantitatively with our data both in droplets (Fig. 3B and fig. S5C) and in cells during

embryogenesis (fig. S5D) (31).

A key prediction of this model is that the soluble tubulin concentration after spindle

assembly should be lower for smaller cells. We measured the fluorescence intensity of

tubulin in the cytoplasm and spindle as a function of cell volume (fig. S6A) and found that

cytoplasmic tubulin was significantly depleted in cells smaller than 150 μm in diameter,

with up to 60% of the total cellular tubulin incorporated into the spindle in the smallest cells

(Fig. 3C and fig. S6B). This result is quantitatively consistent with our model (Fig. 3C) and

rules out other models in which the spindle assembles from a constant fraction of cellular

material. While our analysis suggests that tubulin is necessary to maintain spindle size, it is

likely not to be sufficient. The addition of tubulin to egg extracts did not alter spindle scaling

in droplets (fig. S7), presumably because the levels of other spindle assembly factors were

also limiting. In summary, although the model described here is general and can be applied

to other molecular components that are enriched in the spindle, its quantitative agreement

with measured data suggests that tubulin depletion plays an important role in volume-

dependent spindle scaling.

Volume offers a useful mechanism for directly modulating spindle size throughout

development. Because cell size varies within an embryo, and even within individual stages

of development (fig S8A), scaling mechanisms based only on developmental timing or

cytoplasmic composition would not couple spindle size to cell size, potentially leading to

spindle positioning errors. We found that spindle length and cell volume correlated across

most stages of X. laevis early embryogenesis (Fig. 4A), and also within individual

developmental stages (fig. S8B and C), in support of volume-dependent scaling in vivo. To

demonstrate that cytoplasmic volume regulates spindle size independent of developmental

stage, we encapsulated Stage 4 (8 cell) and Stage 8 (∼4000 cell) embryo extracts. In the
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largest droplets, maximum spindle size was consistent with results in unencapsulated

extracts (29), and depended on developmental stage (Fig. 4B). Nonetheless, encapsulated

mitotic spindles from both extracts exhibited volume-dependent scaling (Fig. 4B), showing

that cytoplasmic volume and composition together control spindle size during X. laevis

embryogenesis.

To determine whether cytoplasmic volume-dependent spindle scaling is conserved in other

organisms, we encapsulated egg extracts from a related frog species, Xenopus tropicalis,

which generate smaller spindles than X. laevis extracts, in part due to higher microtubule

severing activity of p60 Katanin (20, 30). Like X. laevis spindles, X. tropicalis spindles

scaled with compartment volume, both in vitro (fig. S9, A and B) and in vivo (Fig. 4A and

fig. S10B). Combined with recent data for spindle size in embryos of the mammal M.

musculus (17), these findings indicate conservation of volume-dependent scaling in

vertebrate evolution. Although the upper limits to spindle size vary in embryonic cells

among these organisms (fig. S10C), large portions of the scaling curves closely overlapped

(fig. S10D).

Taken together, these results suggest that volume-dependent spindle size scaling is

conserved across spindle architectures (meiotic and mitotic), developmental stages, and

vertebrate species. Previous reports on spindle scaling factors have focused primarily on

compositional differences between cells or cytoplasmic extracts. We have identified cell

volume as a physicochemical scaling mechanism that regulates spindle size through limiting

amounts of cytoplasmic material, acting in concert with other mechanisms that alter activity

of microtubule regulatory factors (25, 28-30). Altogether, mechanisms altering the

concentration or activity of cytoplasmic scaling factors appear to modulate maximum and

minimum spindle size, whereas cytoplasmic volume couples spindle size to cell size (fig.

S11). We propose that the amounts of certain molecules known to be important for spindle

assembly, including but not limited to tubulin, are responsible for this coupling, which

weakens as cell volume increases and the components required for assembly are no longer

limiting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Spindle Length Scales with Compartment Size In Vitro and In Vivo
(A) System for creating cell-like compartments in vitro, including a passivated boundary,

cell-free cytoplasm capable of assembling metaphase spindles (Xenopus egg or embryo

extracts), and tunable compartment size. (B) Spindles in droplets – compressed to improve

image quality - corresponding to spheres 80, 55, and 40 μm in diameter. Uneven shading is

due to image stitching. (C) Spindle length in encapsulated X. laevis egg extract scaled with

droplet size in vitro. Left: Linear scaling regime. Inset: scaling prediction. Raw data (orange

circles), and average spindle length (orange squares) +/- SD across 5 μm intervals in droplet

diameter are shown. P-value (< 10-60) and R2 (0.34) calculated from linear fit to raw droplet

data in 20-80 μm diameter range. Right: full scaling curve in vitro. For comparison, gray

bars indicate two standard deviations from average embryo data in D. (D) Spindle length

scaling in vitro mirrored length scaling in the X. laevis embryo through Stage 8 with similar

linear scaling regimes and a plateau where spindle size was uncoupled from compartment

size. Raw data from embryos across 5 μm intervals in cell diameter (gray circles), and

average spindle length (black squares) +/- 2 SD (thick error bars) are shown. Scale bar 20

μm.
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Figure 2. Cytoplasmic Volume Sets Spindle Size In Vitro
To distinguish between boundary- and volume-sensing models, spindle length scaling was

compared in uncompressed (spherical) and compressed (disk-like) droplets (details in fig.

S4B). Spindle length scaling in both droplet geometries appeared identical when plotted as a

function of droplet volume, supporting a volume-sensing mechanism. Spindle scaling curves

did not overlay when plotted as a function of projected (imaged) droplet diameter, ruling out

boundary-sensing. Raw data points (circles: gray = uncompressed, red = compressed) and

spindle length, averaged across ten droplets (squares: black = uncompressed, red =

compressed), are shown. Raw data was fit to a log function in volume plot and linear

function in diameter plot (black line, R2 = 0.45 (uncompressed), and red line, R2 = 0.79
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(compressed)). P-values indicate statistical difference between y-intercepts of compressed

vs. uncompressed regression lines, calculated using an analysis of covariance.
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Figure 3. A Limiting Component Model for Spindle Size Regulation
(A) Schematic of limiting component model (for more details, see fig. S5A and

supplemental text). (B) Limiting tubulin model accurately predicted X. Laevis spindle length

from droplet volume in vitro. Raw data from droplets (blue circles) and binned averages

(dark blue squares) was compared to the model. Shaded gray regions represent model

predictions across a range of parameter values (fig. S5B); the red line shows the prediction

for intermediate values. (C) Cytoplasmic tubulin became significantly depleted as cell size

decreased during X. laevis embryogenesis. Comparison of model prediction (red) and
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experimental data (gray) for the fraction of total cellular tubulin incorporated in the spindle

as a function of cell volume. Model used parameter values that gave best agreement in fig.

S5C and D.
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Figure 4. Cell Volume and Composition Control Spindle Size During Xenopus Early
Embryogenesis
(A) Spindle length scaled linearly with cell volume across a broad range of developmental

stages during early X. laevis embryogenesis (Stages 5-10). Spindle length had an upper limit

and was uncoupled from cell volume in Stages 2-4. Raw data (colored circles) and stage-

averaged cell diameter and spindle length (black squares) +/- SD are shown. (B) Despite

having distinct maximum spindle lengths, coupled to developmental stage (Stage 4 = green,

Stage 8 = red), the length of X. laevis embryo extract mitotic spindles scaled with

compartment volume in vitro. This result suggested that changes in cytoplasmic volume and

composition work in concert to regulate spindle size. Raw data points (light circles) and bin-

averaged spindle length (squares) were calculated for 5 μm intervals in droplet diameter

across the 20-80 μm range of droplet diameters (wider interval were used for averaging in

largest droplets because data was sparse).
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