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Abstract

Accurate positioning of the mitotic spindle within the rounded cell body is critical to physiological maintenance. Mitotic cells encounter
confinement from neighboring cells or the extracellular matrix (ECM), which can cause rotation of mitotic spindles and tilting of the
metaphase plate (MP). To understand the effect of confinement on mitosis by fibers (ECM confinement), we use flexible ECM-
mimicking nanofibers that allow natural rounding of the cell body while confining it to differing levels. Rounded mitotic bodies are
anchored in place by actin retraction fibers (RFs) originating from adhesions on fibers. We discover that the extent of confinement
influences RF organization in 3D, forming triangular and band-like patterns on the cell cortex under low and high confinement,
respectively. Our mechanistic analysis reveals that the patterning of RFs on the cell cortex is the primary driver of the MP rotation. A
stochastic Monte Carlo simulation of the centrosome, chromosome, membrane interactions, and 3D arrangement of RFs recovers MP
tilting trends observed experimentally. Under high ECM confinement, the fibers can mechanically pinch the cortex, causing the MP to
have localized deformations at contact sites with fibers. Interestingly, high ECM confinement leads to low and high MP tilts, which we
mechanistically show to depend upon the extent of cortical deformation, RF patterning, and MP position. We identify that cortical
deformation and RFs work in tandem to limit MP tilt, while asymmetric positioning of MP leads to high tilts. Overall, we provide
fundamental insights into how mitosis may proceed in ECM-confining microenvironments in vivo.

Significance Statement

Mitosis proceeds with the cell body rounding up, during which it encounters confinement from neighboring tissue, influencing mitotic
spindle organization. Confinement outcomes are unknown for isolated cells interacting with a few extracellular matrix fibers. Using
flexible and suspended fibers that mimic native architectures, we detail confinement effects as mitotic bodies push against the fibers.
Confined rounded bodies are anchored in position by actin retraction fibers, whose 3D patterning on the cell cortex depends upon con-
finement levels. While 2D methods impose artificial confinement to achieve metaphase plate (MP) rotations through improper round-
ing, we show that natural and full rounding of cell bodies in fiber networks can also have MP rotations, thus distinguishing
confinement biology on fibers from extensive studies in 2D.

in fibrous environments leads to diverse mitotic outcomes and er-
rors (9). On the other hand, confinement from the neighboring
cells is “volumetric” and can happen without RFs (10, 11).

Introduction

Eukaryotic cell division proceeds with interphase cells undergoing
significant shape changes to become rounded cell bodies. The stiff

cortex of spherical cells is held in place by two dominant mechan-
ical cues: retraction fibers (RFs) and mechanical confinement
(1-5). Actin-rich RFs connect the cell body with sites of interphase
adhesions, thus acting as stabilizing mechanical links for proper
positioning of the mitotic spindle (1, 6-8). The level of RF coverage

Improper rounding under confinement can lead to mitotic spindle
orientation defects, increased mitotic errors, delayed or halted
division, and even cell death (4, 11-17). In loose connective tissues
and interstitial matrices having sparse organization of fibrillar
collagens (18-24), it is conceivable that rounded mitotic cells are
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heldin place by RFs while also mechanically confined between the
extracellular matrix (ECM) fibers (we define this to be ECM con-
finement). Recent intravital in vivo imaging of breast cancer cells
has shown cells migrating along aligned collagen fibers, exerting
forces through protrusions that cause fiber deformations and
rounded cells confined between two parallel fibers (25). Here, we
inquire about the combined action of these cues (RFs and ECM
confinement) to direct mitotic spindle positioning and orientation.

The position and orientation of the mitotic spindle within cells
dictate the division axis, crucially determining symmetric or asym-
metric cell division, thereby impacting cell fate, tissue develop-
ment, and homeostasis (26-29). Improper spindle orientation can
have significant physiological consequences (30, 31). Recent work
by Tan et al. (32) highlights that an off-centered metaphase plate
(MP) promotes asymmetric divisions with unequal daughter cell
sizes, while a centrally aligned MP supports symmetric cell divi-
sions. In epithelial tissues, spindle orientation parallel to the tissue
plane ensures symmetric division, allowing daughter cells to
spread within the tissue plane and contributing to tissue elong-
ation and development (28, 33, 34). Conversely, apicobasal spindle
orientation supports asymmetric division in epithelial cells and
promotes tissue stratification, as seen in mouse skin development
and the terminal end buds of mammary ducts (35, 36). In cultured
cells on fibronectin micropatterns, external forces transmitted
through RFs orient the spindle along these cues, potentially pro-
moting symmetric cell divisions (1, 3, 6). Therefore, proper spindle
orientation within the tissue and RF cues are crucial for proper or-
gan development and maintaining tissue homeostasis. Spindle mi-
sorientation is often associated with developmental disorders,
including microcephaly, cancer, defects in tissue architecture,
and cell fate misspecification (30, 31, 37). Thus, understanding
the mechanisms regulating spindle orientation is essential for en-
suring proper tissue development, growth, and disease prevention.

Numerous strategies have been developed to study the individ-
ual contributions of RFs and confinement on mitosis. RFs are part
of the cortical mechanosensory complex, which links the cell cor-
tex to the astral microtubules to transmit the effects of external
cues to organize the mitotic spindle (6, 38). Our prior work has
shown that increased RF coverage on the cell cortex with increas-
ing density of underlying ECM-mimicking nanofibers limits
rounded cell body movement, causing faster division and a higher
incidence of multipolar defects (9). Studies using flat tissue cul-
ture plates and fibronectin-coated micropatterns have shown
that RFs formed on the coverslips promote spindle alignment par-
allel to the substrate (1, 2). On the other hand, when sandwiching
(confining) cells between two fibronectin-coated coverslips, the
spindles are oriented perpendicularly to the substrate due to the
influence of RFs generated on both the bottom and top coverslips
(7). Volumetric confinement using an atomic force microscope
(AFM) cantilever placed directly on the rounded cell has shown
that low confining forces (~5 nN) accelerate mitotic progression,
while at larger confining forces (~100 nN), the integrity of the mi-
totic spindle and the overall mitotic progression is impaired (4, 5).
Maintaining proper orientation of mitotic spindles under confine-
mentrequires appropriate tension levels atintercellular junctions
in the epithelium plane (33, 39), but increasing the confining
forces by using dense gels leads to delayed division (10), buckling
of mitotic spindles (40), and spindle multipolarity defects leading
to cell death (14).

Here, we introduce a repeatable system of ECM-mimicking sus-
pended nanofibers capable of interrogating the combined effects
of ECM confinement and RFs in orienting the mitotic spindle.
The suspended and flexible nature of fibers allows the natural

rounding of cells undergoing division, confining them to differing
levels while mechanically linking the cortex and interphase adhe-
sion sites through RFs. We find that the extent of confinement
regulates the 3D patterning of RFs on the cortex, and high con-
finement causes localized deformations of the cell cortex and,
consequently, in the MP. For a mechanistic interpretation of
the outcome due to the combined effects of cortical deformation
and RF patterning, we developed a stochastic Monte Carlo in sil-
ico framework accounting for the centrosome (CS), chromosome
(CH), and membrane interactions. We discover that the patterning
of RFs primarily regulates the MP tilt, and the cortical pinching cre-
ates physical constraints on MP positioning and complements the
RFs under high ECM confinement to reduce the MP tilt. Overall,
we provide knowledge of the combined effects of ECM confinement
and RF patterning in orienting the mitotic spindle, as conceivably
expected in fibrous in vivo environments.

Results

Mechanical confinement in fiber networks
enables measurement of mitotic forces and
induces tilt of the MP

Mitotic cells exert outward forces as they round up against volu-
metric confinement. In our previous work, we showed that cells
attached to two fibers (12 pm apart) underwent division by balling
up while being held by RFs originating from four adhesion sites on
fibers (Fig. 1a(i), Movies S1 and S2) (9). Often, the cells got trapped
between the two fibers, causing them to bow outwards (Fig. 1a(i),
Movies S2 and S3), which we termed as ECM confinement.
Naturally, we inquired if our model system could be used to study
the combined effects of the extent of confinement and RF arrange-
ment on orienting the mitotic spindle and MP. To quantify the ex-
tent of confinement, we analyzed the basal-apical positioning of
the rounded cell with respect to the fiber plane from the confocal
cross-sectional side views (yz, Fig. 1a(ii)). We measured two
heights: cell height (H) and height of fiber plane (h) from the bot-
tom of the cell, with a value of h/H =0, indicating a pure uncon-
fined cell positioned on top of fibers (no bowing out of fibers),
and h/H=0.5 showing confinement at the cell mid-plane with
the maximum outward bulge of fibers and formation of two cellu-
lar lobes. Thus, we categorized cells as confined for h/H values
ranging from 0.3 to 0.5 and unconfined for h/H ratios ranging
from 0 to 0.3 (Fig. 1a(iii)). Mechanical confinement resulted in no-
ticeable cortical deformations at sites of contact with fibers (yel-
low arrowheads in Fig. 1a), which was associated with increased
cell height (Figs. 1a(iv) and S1a) and aspect ratio (Fig. S1b).

The bending of fibers allowed us to estimate the forces during
interphase, mitosis, and post-cell division (Fig. 1b(j, ii), Movie S4)
using Nanonet Force Microscopy (Appendix I in Supplementary
Material) (41-43). During interphase, cells are in their natural con-
tractile state and thus deflect the fibers inward (pink arrows,
Fig. 1b(j, ii)). Contractile forces are, by convention, considered to
be positive. Following mitotic entry in confined conditions, cells
progressively round up by forcing the fibers outwards (yellow ar-
rows, Fig. 1b(i, ii)). Consistent with literature-reported data, we ob-
served a steady increase in the magnitude of the rounding forces
from nuclear envelope breakdown, with peak mitotic forces of
~12-14 nN achieved during metaphase (5, 44). In contrast, in the
case of unconfined cells, we did not observe appreciable expansive
forces (outward deflection of fibers). Since RFs anchored the cells,
our force measurement platform allowed us to estimate the
tension in RFs. We estimated the tension in RFs (~214 pN) by
assuming RFs from each adhesion site to be analogous to
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Fig. 1. Mechanical confinement of mitotic cells in fibrous environments. a) (i) Representative 3D isometric views of single fixed mitotic cells on top of
fibers (unconfined) or trapped between two fibers (confined), actin (cell cortex), histone H2B (CHs) and the fibers (fibronectin coating) are indicated in red,
cyan, and green respectively. Inset cartoons highlight the outward bowing of fibers during ECM confinement. (ii) Representative side views (yz
cross-section) of fixed unconfined and confined cells with the fibers as green dots (yellow arrowheads). H represents the cell height taken at metaphase,

and his the height from the fiber plane to the bottom of the cell. Scale bars are 10 pm. (iii) Histogram showing relative occurrence of the different levels of

confinement (quantified by h/H, N =10, n=73). (iv) Metaphase cell height increases with confinement (h/H) (R*=0.9, P=0.0132; N=10, n=73).
Representative cross-sectional images of fixed mitotic cells with very low h/H (~0.1) and high h/H (~0.5). Scale bars are 10 um. b) (i) Time-lapse images of a

representative live mitotic confined cell undergoing cell division. (ii) Nanonet Force Microscopy-based force profiles of confined and unconfined cells
transitioning from interphase to mitosis, with inset images showing a live single cell at different stages. By convention, mitosis forces are shown as

negative to represent outward deflection of fibers. The dashed rectangle box shows the average force profiles for confined cells rounding during mitosis

which is normalized for time taken from NEBD to cytokinesis (N =4, n = 23) along with representative top views of fixed cells undergoing various stages of

division. Scale bars are (i) 50 pm and (ii) 20 pm. c) Representative top (xy) and front (xz) views of fixed, confined and unconfined cells demonstrating the 3D
tilt of the MP. The yellow arrow represents the MP rotation. Cells are stained with actin cortex (magenta), microtubules (cyan), KTs (green), and CHs (red).
Scale bars represent 10 um. d) Representative fixed images showing the measurement of inter-KT separation and the quantitation showing an increase in
the average inter-KT distance with confinement. Scale bars represent 5 um. e) Confinement causes a drop in the mitosis duration, N=5, n=47.
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springs-in-parallel (average number of RFs ~10 per focal adhesion
cluster, Fig. S2). Following the mitotic exit, we observed that
daughter cells started spreading and re-applying contractile
forces (Fig. 1b(ii)).

Next, we investigated whether the ECM confinement affected
the organization of the mitotic spindle and MP. We found that
ECM confinement caused the mitotic spindles to rotate inside the
cell body with a large MP tilt visualized from the xz front views of
confocal z-stack images (Fig. 1c). Additionally, ECM confinement
correlated with an increase in the average inter-kinetochore (KT)
separation distance during metaphase (Fig. 1d) and significantly
faster mitosis (Fig. 1e). The observation that increased inter-KT
separation distance corresponds to faster mitotic durations aligns
with our previous observations on cells placed in different fibrous
environments (9), demonstrating that increased inter-KT separ-
ation with an increasing density of underlying ECM fibers corre-
lates with faster mitotic exit. Cytokinesis events captured from
live cell imaging revealed substantial reorientation of the cell div-
ision axis under ECM confinement (Fig. S3 and Movie S5).

Overall, we quantified the mitotic forces as cells balled up
under ECM confinement. We found that ECM confinement caused
tilting of the MP and reduced mitotic durations.

The patterning of RFs governs MP tilting

We wanted to interrogate the factors responsible for the tilt of the
MP under ECM confinement. We identified two key parameters: (i)
the extent of mechanical confinement and (ii) the 3D organization
of the RFs. Using confocal microscopy, we generated 3D z-stacks
of fluorescently labeled fibers, cell cortex, and the MP (Fig. 2a(i,
ii)) and analyzed cells with well-defined flat-disk-shaped MPs
from the maximum intensity projection in the yz side view, which
enabled us to measure the MP tilt from the xz front view (see car-
toon inset in Fig. 2a(iii)). We found a strong correlation between
average MP tilt from the xz front views and the extent of confine-
ment from yz side views (R? =0.96, Fig. 2a(iii)). MP tilt in the xy top
view showed a marginal increase under high confinement
(Fig. S4). We focused exclusively on front-view measurements
for their stronger correlation with confinement (h/H). Instances
of complete 3D MP rotation, which prevented MP tilt measure-
ments, were excluded from our analysis (Fig. S5).

Next, we analyzed the spatial patterning of RFs under different
levels of ECM confinement. From the xy top views, we observed
that both confined and unconfined cells were held in space by
four sets of RFs attaching the cell cortex region between the exter-
nal fibers (top view in Fig. 2a(i, ii)). Such an arrangement originates
from the adhesion geometry of these cells during interphase,
which agrees with our previous study (9). We observed that the
patterning of RFs extended from the fiber plane to the cells’ mid-
cortical (equatorial) level (Fig. S6). To quantify ECM confinement-
driven RF coverage, we measured the proportion of the cortical
perimeter (xz-view) covered by RFs (Fig. 2b(i)). We found RF cover-
age decreased with increasing levels of confinement (h/H,
Fig. 2b(ii)), signifying a band- and triangle-like pattern of RFs at
high and low confinement, respectively (Fig. 2b(ii, inset) and c(i)).

Next, we sought to mechanistically explain the underlying
mechanisms causing the variation in the MP tilt as a function of
the extent of confinement (h/H) and the RF patterns. We devel-
oped a computational model to account for CSs, CHs, KTs, and
cell cortex in a rounded mitotic cell. The model is built upon our
earlier framework (9, 45), with augmentation to include spatial or-
ganization of experimentally observed RF patterns during ECM
confinement. We simulated a pairwise interaction model where

the model entities (CSs, CHs, and KTs) interacted among them-
selves and with the cell cortex through forces that vary with the
separation distance (45-48). However, the forces between CS
and KT are assumed to be distance independent (45, 49). Thus,
our model includes five fundamental forces: CS attraction to
each other, CS attraction to the KTs, CS repulsion from the CH
arms, and short-range attraction among CSs to the RF regions
and the remaining cortex (CRTX) (Fig. 2c(ii) and details of the mod-
el are included in Appendix II in Supplementary Material). These
forces arise from microtubule dynamics and molecular motors in-
teracting with various model components (48). The CS-CS, CS-CH,
and CS-KT forces were maintained at a base value corresponding
to a bipolar majority (45). The interaction forces between CSs and
RFs transmitted through the astral MTs were set several times
stronger than those from the remaining CRTX (see Table SII for
model parameters). This choice of force parameters is consistent
with our earlier observation that the RFs interact with the CSs ~4
to 10 times stronger than the remaining CRTX. Such consideration
is crucial for achieving the observed propensity of spindle statis-
tics in cells undergoing mitosis in various fibrous environments
(9). Coupling the five force interactions in a stochastic energy
minimization framework, we performed Monte Carlo simulations
to achieve stable mechanical equilibria of the spindle.

Next, we computationally investigated the mechanism behind
the MP tilt under ECM confinement. Our experiments showed that
the extent of confinement correlated with changes in cell height
and patterning of RFs in band like and triangular shapes at high
and low confinement, respectively. We recreated the RF patterns
in our model (Fig. 2c(i); see simulated RF pattern in Table SI,
Case 4). We determined that the contribution of cell height to
MP tilting was insignificant (Fig. S7). Our computational model
successfully reproduced the observed trend of increased MP tilt
with increasing levels of confinement (Fig. 2c(iii)). The model sug-
gests that the smaller MP tilts at low ECM confinement result from
the increased RF coverage (Fig. 2b(ii)) due to the triangle-like pat-
terning of the RFs. Experimental estimates of RF coverage from
(xz) front views of the cells (Fig. 2b(ii)) correlate with the RF cover-
age area (area of cell cortex regions covered by the RFs) in our sim-
ulations (Fig. S8). As the RF adhesion pattern on the cell cortex
changes with confinement, from triangular patterns at low ECM
confinement to band-like patterns at high ECM confinement, the
RF coverage area decreases accordingly. The increased RF cover-
age area at low ECM confinement causes a substantial pull on
the CSs from the RF regions, yielding lower MP tilt. Maintaining
similar RF coverage by expanding the band-like RF pattern at
high confinement to match the maximum RF coverage of the tri-
angular pattern at low confinement leads to a decrease in MP
tilt at high confinement compared with low confinement, contra-
dicting experimental observations (Fig. S9). We simulated various
configurations to determine whether RF arrangements other than
the experimentally observed triangular pattern at low ECM con-
finement can also produce the observed trend of MP tilt
(Table SI). Notably, deviations like rectangular RF spots or band-
like patterns extending from the fiber plane to the cell equator,
despite following a similar trend of RF coverage area with confine-
ment, failed to replicate the experimental MP tilt trend across
varying confinement levels (h/H; see columns 3 and 4 in
Table SI). Therefore, by combining experiments and mechanistic
computational modeling, we demonstrate the area and geometric
patterning of RFs (triangular shape in unconfined and band like in
confined) influence MP tilting.

Although the average tilt angle increases with h/H, polar histo-
grams of MP tilts from our simulations at low (h/H ~0.1) and high
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10 pm. Band-like arrangement emerges for RF organization in confined cells, while unconfined cells have triangular forms of RF regions that extends
downwards from the mid-cortical level, corresponding adopted RF regions for the computational simulations. (if) Computational model of the mitotic cell
between the two external fibers (marked in green). CSs attract each other (fcs-cs) or KTs (fes-kr) and are attracted to the cortex region devoid of RFs
(fes-crrx) or coupled to RFs (fcs-rr). CSs repel CH arms (fcs-cn). All relevant components of the mitotic machinery are marked and indexed below. fcs_gr
attraction is considered several times stronger than fes_crrx. (ili) Computational data for MP tilt as a function of h/H without cortex deformation,
representative snapshots showing the front and side views of spherical unconfined and confined cells. Average MP tilt is estimated from ~500 simulations
with different random initializations for each condition. Error bars represent the SEM measured with respect to the corresponding mean values of the
data. Note that crosses in a(iii) and c(iii) show the low and high MP tilt angles observed at high confinement along with representative images. The average
of these two angles is plotted in the main figure, and the origin of two configurations is explained in Fig. 3.

ECM confinement (h/H ~0.5) show distinct distributions (Fig. S10).
In low confinement, most MPs are positioned within a narrow an-
gular width. In contrast, cells under high ECM confinement exhibit
~60% of MPs at low angles (<10°), with the remainder displaying a
broader distribution, which leads to a larger average MP tilt at high
ECM confinement. Next, we investigate the factors contributing to
both high and low tilts under high ECM confinement (shown by
crosses in Fig. 2a(iii) and c(iii)) and what limits MP tilts.

The interplay of RFs and cortical pinching
regulates the extent of MP positioning and tilt
under high ECM confinement

Next, we inquired about the origin of low and high MP tilt angles at
high ECM confinement (h/H ~0.5). We found that high confine-
ment by the parallel fibers could pinch the cell, forming two
symmetric cellular lobes due to local deformation in the cortex.
Thus, we interrogated the independent contributions of cortical
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Fig. 3. Relative influence of pinching and RF distribution on the MP tilt angle in confined cells. a) (i, ii) Front (xz) and side (yz) views of representative fixed,
confined cells with similar confinement level (h/H ~0.5) but with small and large MP tilt respectively. (iii) Representative side view of a confined cell
showing the hy metric, which denotes the distance between the center of the MP and the plane of the fibers. “P” denotes the length of MP, and 0.5 P defines
the MP mid-plane. (iv, v) MP tilt angles as a function of hy obtained from both experiments (N =6, n=28) and computational modeling (from 200
independent simulations). Blue- and yellow-shaded regions represent low hs ( < 1 pm) associated with low MP tilts (<15°) and high h¢ (>1pm) associated
with high tilt angles (>15°), respectively. b) (i) Side view of a representative fixed, confined cell demonstrating the cortical deformations (C) induced by the
external fibers. C is measured as the horizontal distance from the fiber position to the line tangent to the cortical surface of the cell. Inset demonstrates
that cortical deformations can further lead to deformations (denoted by yellow triangles) within the MP. Five more representative cases showing
deformations in the cortex and MP, with scale bars of 2 pm in magnified views of boxed regions. (ii) Plot of s as a function of cortical deformation (C) from
experiments (N =5, n=48). The insets show scatter plots of spindle pole (CS pole) positions for different deformations (C =0, 2, and 4 pm) from 500
independent simulations per C, visualized from side views of the cells. For clarity, only the spindle pole located in the front half of the cell (from the side
view) is displayed. c) Polar histograms of the MP tilt angles generated from ~500 independent simulations in the presence of (i) only RFs, (ii) only cortical
deformation (with C =4 pm), and (iii) the presence of both cortical deformations (C =4 um) and RFs. Insets in (i) and (iii) demonstrate a magnified view of
the polar histograms. CSs are in yellow, CHs are blue, KTs are in red, and two green lines denote external fibers. RF attachment areas are represented as
two light red bands on the cell surface. All scale bars represent 10 um, unless noted.

pinching and RFs in tilting the MP under high ECM confinement. A one cellular lobe) positioned (Fig. 3a(i, ii)). We developed a new
close examination of the confocal front (xz) and side (yz) views re- metric hy (Fig. 3a(iii)), denoting the distance between the MP cen-
vealed the MP plate to be symmetrically (similar proportion in troid and the fiber plane to describe the proportion of MP in cellu-
both cellular lobes) and asymmetrically (major proportion in lar lobes: a value closer to zero signifying equal proportion in both
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lobes. From our experiments and simulations, we observed a high-
er occurrence of cells with low hy (<1 um) that were associated
with lower MP tilt angles (<15°; Figs. 3a(iv, v) and S11). However,
for hy values >1 um (MP positioned asymmetrically), we predom-
inantly observed higher MP tilt angles (>15° Fig. 3a(iv, v)).
Inspection of confocal images of hf >1pm cases revealed one
of the spindle poles was positioned far from the RF regions. In con-
trast, the other pole remained close to the band-like RF regions on
the opposite cell side [see Fig. 1c (confined case front view) and
Fig. S12].

Next, our confocal images revealed large deformations at sites
of pinching of the cortex by external fibers (Fig. 3b(i)). We probed
the extent of deformation from outside the cell cortex (C in
Fig. 3b(i)) and found a measurable C (>1 pm) only at high confine-
ment (h/H ~0.4-0.5). Contrary tointuition, we found no correlation
between C and h/H (Fig. S13). We believe that variations in cortex
stiffness and cell sizes may cause an imbalance between the out-
ward forces from the rounding cell and the compression from ex-
ternal fibers, leading to different degrees of deformation at the
same confinement level. We found that these deformations led
to sharp changes in MP at sites of pinching from the external fibers
(Fig. 3b(i) with more representative examples), suggesting a prob-
able physical limitation in the translation of MP. On the other
hand, unconfined cells, with fibers far below the equatorial plane
experiencing minimal outward forces, showed negligible cortical
and MP deformation (Fig. S14). To determine whether cortical de-
formation imposes geometric constraints on CS/CH movement,
we examined how MP position (k) varied with cortical deform-
ation (C) in our experiments (Fig. 3b(ii)). While smaller deforma-
tions showed no clear correlation, larger deformations were
associated with lower h¢ values. Given the limited number of ex-
perimental cases with significant deformation, we turned to sim-
ulations for further insight. We plotted the spindle pole
(centrosomal pole) distribution from the side view in simulations.
We found that spindle poles were positioned closer to the fiber
plane at large cortical deformations (Fig. 3b(ii), insets). Spindle
poles near the RF region at the cell mid-cortical level correspond
to spindle alignment parallel to the fiber plane, with low MP tilt
and low h, whereas a scattered spindle pole from the RF region re-
flects a misaligned spindle with a large MP tilt and large hy. Direct
estimation of hy from simulations confirmed that more significant
cortical deformation (C>2pm) correlated with hr<1 pm
(Fig. S15a). Incidentally, confinement caused a significant drop
in MP fluctuations from the xy top views (Fig. S16), likely due to dif-
ferent RF arrangements in confined versus unconfined cells and
cortical deformation at high confinement.

Next, we used our computational framework to examine the
cooperative ability of cortical deformation and RFs to regulate
the MP tilting under high ECM confinement. First, we examined
the effect of RFs by themselves, followed by the combined impact
of RFs and cortical deformation. In the absence of cortical deform-
ation, RFs were able to align almost 60% of spindles with the fiber
planes with MP tilts <10° (Fig. 3c(i)). We note that the reduced MP
tiltis due to stronger CS-RF attraction atlow hs (<1 pm) that coun-
ters the CS-CRTX attractive forces from the remaining cortex,
thus aligning the spindle parallel to the fiber plane (Fig. S17a).
However, the absence of cortical deformation might allow MP
translation (hy > 1 pm), leading to a certain fraction of cases dis-
playing tilted MPs (Fig. 3c(i), inset). At hy > 1 um, signifying the po-
sitioning of MP in one of the cellular lobes; the observed high MP
tilt is due to one CS pole positioned far from RF regions driven
by the CS-CRTX attraction, while the other pole remains close to
RFs on the opposite cell side influenced by the CS-RF attractive

forces (Fig. S17b). Next, we examined the role of cortical deforma-
tions without and with the presence of RFs. We reasoned that high
cortical deformation near the fiber plane (hf < 1 um) could physic-
ally limit the MP’s translation in one of the cellular lobes, thus sig-
nificantly reducing the tilting. We discovered that without RFs (i.e.
with uniform distribution of cortical cues for CS-CRTX interac-
tions), pinching was inadequate for aligning the spindle with the
fiber plane, resulting in a broad distribution of MP tilt angles
(Fig. 3c(ii)). Strikingly, combining the effects of cortical deform-
ation (C=4um) and RFs in the simulations resulted in a signifi-
cant rise (~33%) in the proportion of cells with low MP tilts
(<10°; Fig. 3c(iii)) compared with RFs alone (Fig. 3c(i)). Our simula-
tions at different values of cortical deformation further elucidate
the cooperativity of RFs and cortical deformations under two con-
ditions (hf <1 um and hs > 1 um; Fig. S15). At hy <1 um, we ob-
served a decrease in MP tilt angle with increasing cortical
deformation, while at hy > 1 ym, we observed high tilt angles inde-
pendent of cortical deformations.

Overall, we show that the MP tilt is sensitive to the positioning
of MP relative to the fiber plane. MP centroid away from the fiber
plane exhibits high MP tilt due to the reduced influence of RFs.
MP centroid close to the fiber plane predominantly exhibits low
MP tilts due to the influence of RFs as the primary mechanical
cues for spindle alignment. Cortical deformation, which physical-
ly interacts with the MP, further enhances the proportion of cells
displaying low MP tilt angles.

Discussion

We report how mechanical ECM confinement impacts the posi-
tioning and orientation of mitotic spindles. We generate a repeat-
able system of cells undergoing division using aligned nanofiber
networks of interfiber spacing 12 pm, allowing the mitotic cells
to confine between the external fibers at varying levels. The fibers
are suspended and flexible, which allows the natural and com-
plete rounding of cells. We observed that mitotic HeLa cells, hav-
ing diameters much larger than the interfiber spacing, experience
significant confinement effects, with almost 55% of cells en-
trapped between these fibers while rounding up for mitosis. In
denser ECM environments with closer fiber spacing (50), we expect
to get a mitotic response of cells attached to three or more fibers,
with cells sitting atop fibers (9). Thus, our approach establishes a
method to study the mitotic outcomes under confinement as ex-
pected in sparse fibrous in vivo environments of loose connective
and interstitial tissue with interfiber spacing ranging from a few to
20 pm (18-24). Our experimental fiber arrangement and spacing
closely resemble recent in vivo observations of aligned collagen fi-
bers interacting with breast cancer cells (25). In the intravital im-
ages and time-lapse movies, cells were observed migrating along
aligned collagen fibers, deforming the fibers with their protrusive
tips (25). A closer look at these images suggests that a few round-
ish cells remain confined between the fiber doublets. In our setup,
cells rounding up during mitosis deform the fiber networks while
beingheld in position by RFs that connect the cell cortex to the ad-
hesion sites. We find that the extent of confinement pattern RFs
on the cortex and the deformed ECM fibers apply a restorative
compression to cause a local deformation in the cell cortex and,
consequently, in the MP. Our study reveals distinct RF patterns
emerge as a function of the positioning of the cell body with re-
spect to the fiber plane. In the unconfined state, the fibers are posi-
tioned at the bottom of the cell body; thus, the RFs start from
below and terminate toward the middle of the cell body, forming
a triangular pattern on the cell cortex. Under high confinement,

Gzoz Ainr 1L uoisenb Aq 681£918/10ziebd//i/a101e/snxauseud/w oo dno-ojwapeoe//:sdyy woly papeojumoq


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf201#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf201#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf201#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf201#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf201#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf201#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf201#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf201#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf201#supplementary-data

8 | PNAS Nexus, 2025, Vol. 4, No. 7

the fiber plane is situated mid-body, thus creating a band-like RF
pattern. By combining quantitative microscopy and computation-
al modeling, we mechanistically interrogate the combined effects
of confinement-driven RF patterning and cortical deformation in
regulating the MP positioning, orientation, and mitotic duration.

While mechanical confinement and cell-ECM/cell-cell connec-
tions have been individually shown to influence mitotic spindle
orientation, their combined effects remain poorly understood.
Disruption of RF-mediated connections in unconfined cells
through pharmacological treatment or laser ablation results in
mitotic spindle misalignment (1, 6, 7). Using a vertical microcanti-
lever array, Sorce et al. demonstrated that confined cells with in-
sufficient rounding force (impaired actin cytoskeleton) can
undergo large spindle rotations (~70°) (44). In vivo, confined mitot-
ic cells behave similarly, with an almost orthogonal reorientation
of the mitotic spindle upon loss of actin cortical tension (51). At
the cellular level, two major forces dominate: (i) the outward
rounding forces at the start of cell division caused by a multifold
increase in the cortical tension (52) and the intracellular hydro-
static pressure (5) and (i) the pulling forces exerted on the
rounded cell body, either from the neighboring ECM (actin-rich
RFs) (1, 2,9, 53) or neighboring cells (cell-cell cadherin-based con-
nections) in a tissue (53-55). Mitotic rounding forces counteract
the externally imposed mechanical confinement from surround-
ing ECM or cells and have been previously measured in vitro via
AFM cantilevers and vertical cantilever arrays (4, 5, 56).
Contractile forces existing within RFs have been characterized
via optical tweezers. Our deformable nanonets allow us to quan-
tify the mitotic rounding forces while indirectly measuring the
forces within each RF. A caveat in our force measurement is
that forces are calculated from the top view; thus, we cannot re-
late the force values with the extent of confinement. However,
the mitotic force calculation of 12-14 nN is similar to the ~15 nN
peak force for Hela cells reported using the vertical cantilever as-
say (44). Furthermore, our estimate of RF tension (~214 pN) from
cells not completely rounded agrees with previously reported val-
ues using optical tweezers (250 pN) (1).

We observed MP tilting and positioning depending on the ex-
tent of confinement. To gain a mechanistic understanding of
these outcomes, we utilized our computational model, encom-
passing various MT-dependent forces regulated by internal and
external factors involved in mitotic spindle organization.
Numerous studies have shown that a cortically localized protein
complex composed of Gai, LGN, and NuMA facilitates the recruit-
ment of the MT minus-end-directed dynein-dynactin complex to
the cell cortex, exerting pulling forces on the astral MTs extending
from spindle poles (57, 58). External factors of RFs and confine-
ment can significantly alter spindle orientation by causing a re-
organization of the internal molecular components and
enriching them in the cortical region attached to RFs (6-8, 38,
53) or the intercellular junctions (33, 53, 54, 59). In addition to
Gai/LGN/NUMA, other cortical mechanosensory proteins, such
as integrins, FAK, Src, p130Cas, caveolin-1, and MISP, have been
found to enrich near the cortex region connected to RFs, exerting
a significantly stronger pull on the CSs via the astral MTs than the
rest of the cell cortex (6-9, 38). Our simulations account for experi-
mentally observed cortical cues in RF-covered and RF-free cortical
regions through CS-RF and CS-CRTX attractive forces, respective-
ly (Fig. 4). Notably, in the unconfined cells (low ECM confinement),
positioning the rounded cell body at or above the fiber plane re-
sults in a triangular pattern of RFs that cover a large area on the
cell cortex spanning from the fiber plane (sites of adhesions) to
the equatorial plane of the cell body. Thus, we expect that a larger

RF coverage area will attract evolving CS clusters on opposite cell
halves toward the corresponding RF regions with enhanced CS-RF
attractive forces, which will subdue the effect of the CS-CRTX at-
traction from the remaining cortex. The larger RF regions, in turn,
align the mitotic spindle parallel to the equatorial plane (analo-
gously to the external fiber plane), yielding smaller MP tilts
(Fig. 4). On the other hand, in confined cells (high ECM confine-
ment), the band-like arrangement of RFs at or near the equatorial
plane with reduced RF coverage results in a relatively weaker in-
fluence of the CS-RF forces while enhancing the net CS-CRTX at-
traction. These competing forces acting on the CSs lead to more
MPs acquiring a greater tilt angle than the unconfined cells
(Fig. S10). Furthermore, our computational model reveals a sur-
prising role of the triangular shape of RF patterns in yielding
smaller MP tilt angles at low confinement. Within a diverse array
of simulated RF patterns on the spherical cortex, the only config-
urations matching the experimentally observed trend of MP tilt
are those with triangular RF patterns. Conversely, deviations
from triangular RF patterns, such as rectangular RF spots or com-
pact band-like patterns extending from the fiber plane to the cell
equator at low ECM confinement, lead to MP tilting, inconsistent
with experiments (Table SI, Cases 1-3).

In addition to the small RF coverage due to band-like RF pat-
terning, cells at high confinement exhibit significant cortical de-
formation caused by external fibers. The mechanical imbalance
between the outward mitotic rounding forces deflecting the fibers
and the inward compression from these deflected fibers, possibly
caused by the variations in cell size, cortex stiffness, and heter-
ogenous fluctuations in external fibers during cell rounding, re-
sults in varying levels of cortical deformation at high
confinement. We investigated whether such deformation in the
cell cortex can subdue the effect of low RF coverage that contrib-
utes to the tilting of the MP. Indeed, our experiments and compu-
tational studies show that increased cortical deformation, leading
to localized MP deformation, correlates inversely with MP tilt an-
gles. Deformation may constrain the MPs to be physically limited
in movement, which works in tandem with RF cues to reduce
the MP tilt by outweighing the CS-CRTX attractions from the re-
maining cortex, which are responsible for spindle misalignment
(tilted MP; Fig. 4). To determine the combined ability of cortical
deformation and RF cues, we simulated our model under three
conditions: cortical deformation only, RF cues only, and a combin-
ation of both these cues. The MP tilt angles are random under cor-
tical deformation alone (without RFs), consistent with previous
findings in cells cultured on poly-L-lysine that cannot establish
RFs and, thus, display random orientations of the mitotic spindle
(6, 7, 60). However, the sole presence of RFs in the model caused
more cells to have low MP tilts. Combining both cues (cortical de-
formation and RFs) substantially increased MPs with low tilt oc-
currences. Altogether, our study reveals a possible correlation
between the positioning of MPs relative to the fiber plane and
the resulting MP tilt angles (Fig. 4). MPs located close to the fiber
plane predominantly exhibit reduced tilt angles due to the influ-
ence of CS-RF attraction and physical constraints on MPs due to
pinching from the external fibers. On the other hand, MPs posi-
tioned further away from the fiber plane tend to have higher MP
tilt angles due to dominant CS-CRTX attractive forces from the re-
maining cell cortex.

Interestingly, cells under high ECM confinement correlate with
faster progression through mitosis. It is well established that the
formation of stable, amphitelic KT-microtubule attachments trig-
gers spindle assembly checkpoint silencing and mitotic exit
(61, 62). A key question raised by our studies is: Why do such
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Fig. 4. A schematic representation of model outcomes outlining the role of RF organization and cortical deformation regulating MP orientation. Front (xz)
schematics of the cell show MP tilt and corresponding spindle orientation. Unconfined cells have triangular RF coverage that gives rise to low MP tilts. In
contrast, confined cells have reduced RF coverage due to band-like patterning. Under confinement, external fibers can pinch the cell cortex, leading to
local deformation of the MP. Low cortical deformation, with no MP deformation, generally allows for translation of the MP in one of the cellular lobes,
resulting in a high MP tilt prompted by CS-CRTX attraction. In contrast, high cortical deformation accompanied by localized MP deformation may impose

physical constraints on MP movement, reducing the overall MP tilt.

attachments form more quickly under ECM confinement? One
possibility is that, in confined cells, CSs tend to position on oppos-
ite sides of the cell near the mid-cortical level, influenced by RFs
on the equatorial surface. In contrast, in unconfined cells, where
RFs are distributed over a broader region below the mid-cortical
level, CSs are positioned significantly below the mid-cortical level.
This centrosomal arrangement under low ECM confinement may
delay the attachment of microtubules to KTs on CHs located in the
hemisphere lacking CSs because microtubules must sample a lar-
ger area as they search for CHs/KTs. Delayed contact may reduce
the activity of motor proteins, such as CENP-E (kinesin-7), which

facilitate lateral CH transport toward the spindle mid-plane
upon microtubule-KT interaction, promoting CH alignment (63-
65). Consequently, it might delay the formation of stable amphi-
telic attachments, leading to longer mitotic transit times.

Our results on cell division under ECM confinement reveal fun-
damental insights into how external mechanical signals influence
the organization of the MP and, subsequently, the dynamics of re-
sulting daughter cells. Time-lapse movies from the top view of
cells in our study reveal that spindles with low MP tilt facilitate
the in-plane spreading of daughter cells along external fibers
(Movie S4). In contrast, high MP tilt can cause one daughter cell
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to stay on the original fiber doublet and the other to move to a
neighboring doublet (Movie SS5). This observation could have
broader implications for tissue organization. Low MP tilt supports
in-plane division, crucial for epithelial integrity and tissue elong-
ation. In contrast, high MP tilt can disrupt this integrity by causing
one daughter cell to detach, potentially leading to tissue stratifica-
tion or promoting physiological disorders (28, 33-36). The flexibil-
ity of confining ECM fibers in our study plays a crucial role in
facilitating the natural rounding of mitotic cells by outward de-
flection of the external fibers, thus promoting the timely progres-
sion of mitosis. In contrast, previous studies involving cells
confined within microchannels (66, 67), AFM cantilevers (4), inside
dense gels (14, 40), or others (68) show improper mitotic rounding
under high confinement, resulting in spindle organization defects
and impaired mitotic progression. These observations emphasize
the crucial influence of the geometry and flexibility of fibrous ECM
environments in shaping mitotic spindle dynamics and ensuring
mitotic progression. Our study disambiguates the contributions
from RFs and local deformations in the MP. It shows that the posi-
tioning of MP and confinement-driven patterning of RFs on the
cortex are critical determinants of mitotic spindle angular posi-
tioning within the rounded cell body. Moreover, our findings
open exciting opportunities to explore confinement-based out-
comes in multiple scenarios, including stratification, sprouting,
maintenance, growth, and tumoricity (53). However, we acknow-
ledge certain limitations in assessing the dynamic behavior of the
MP tilt. While our work demonstrates the influence of confine-
ment and cortical deformations on MP organization, the lack of
time-lapse volumetric imaging limits our ability to capture real-
time fluctuations of the MP tilt in three dimensions and the full ki-
netics of cell rounding and confinement between fibers. Advanced
imaging techniques would provide deeper insights into these tem-
poral dynamics. Mitotic spindle organization and cell division are
complex biological processes involving many components and
processes; a simple explanation of this complexity through a reduc-
tionist approach, whether experimental or computational, remains
challenging. The qualitative agreement between simulations and
experiments demonstrates that our model captures essential inter-
actions and significantly advances mitotic biology. Overall, we
identify a new role of fibrous ECM in confinement mitotic biology
and shed light on how cells might undergo mitosis with angularly
misplaced mitotic spindles in vivo.

Materials and methods

Generation of nanofiber networks

Aligned and suspended fiber networks were generated from
solutions of polystyrene (Scientific Polymer Products, Ontario,
NY, United States of America) dissolved in xylene (X5-500;
Thermo Fisher Scientific, Waltham, MA, United States of
America), using our previously reported nonelectrospinning
Spinneret-based Tunable Engineered Parameters technique (69—
71). Force-sensing 250 nm fibers were generated from 7 wt% solu-
tions of polystyrene (MW: 2,000,000 g/mol) in xylene and depos-
ited with a 12-pm interfiber spacing on top of large diameter
(2 um) support fibers prepared from 5 wt% solutions of polystyr-
ene (MW: 15,000,000 g/mol; Agilent Technologies) dissolved in xy-
lene. Fiber networks were bonded at intersection points utilizing
solvent vapor in a custom fusing chamber. The elastic modulus
of fibers (~1-3 GPa) (72) closely matches the reported values of col-
lagen fibers (~2-5GPa) (73-75). The chosen diameter (250 nm)
falls within a broad range of ECM fiber diameters (22, 76, 77).

The lengths of the fiber networks can also span hundreds of mi-
crometers. Thus, the fiber networks used in our system represent
ECM dimensions and mechanical properties.

Cell culturing and mitotic synchronization

Hela cells expressing histone H2B GFP were cultured in
Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA,
United States of America) supplemented with 10% fetal bovine se-
rum (Gibco, Thermo Fischer Scientific) in T25 flasks (Corning,
Corning, NY, United States of America) and maintained at 37 °C
and 5% CO, in a humidified incubator. Nanofiber networks were
sterilized with 70% ethanol and functionalized with 4 ug/mL of
rhodamine-conjugated fibronectin (Cytoskeleton Inc.) in PBS for
1h to enable cell-fiber attachment.

Cell division synchronization was performed by treating cells
with 9 uM of the Cdk1 inhibitor RO-3306 for 20 h (9). Cells were
subsequently released for the division after five times wash with
complete culture media.

Time-lapse imaging of mitotic cells

Cells cultured on fibers were imaged every 5 min with a 20x 0.8
NA objective in a wide-field microscope (Zeiss AxioObserver Z1)
equipped with a FITC filter set for GFP fluorescence. Experiments
were performed under incubation conditions of 37°C and 5%
CO; (Zeiss, Oberkochen, Germany). Mitosis duration was estimated
from the time-lapse imaging and was taken from the start of
the nuclear envelope breakdown (NEBD) to the initiation of
telophase.

Immunofluorescent staining and imaging

Cells synchronized with the Cdk1 inhibitor RO-3306 were released
with a drug washout and monitored for mitotic entry. Cells were
fixed with 4% paraformaldehyde (15 min) after ~1h after drug
washout, where the maximal number of cells were observed (by
visual inspection) to be in metaphase. Fixed cells were permeabi-
lized in 0.1% Triton X-100 solution for 15 min and blocked with 5%
goat serum (Invitrogen, Grand Island, NY, United States of
America) for 45 min. Primary antibodies were diluted in an anti-
body dilution buffer consisting of PBS with 1% bovine serum albu-
min and Triton-X 100 and stored overnight at 4 °C. Primary
antibodies include anti-beta tubulin (1:500, mouse monoclonal,
2 28 33; Invitrogen) and anti-Hec1 (1:1,000, human monoclonal)
for labeling microtubules and KTs, respectively. Secondary anti-
bodies diluted in antibody dilution buffer were added along with
the conjugated Phalloidin-TRITC (Santa Cruz Biotechnology) or
Alexa Fluor 647 Phalloidin (1:40-1:80; Invitrogen) and stored in a
dark place for 45 min. Secondary antibodies include donkey anti-
human IgG Alexa Fluor 555 (1:600) and goat anti-mouse IgG Alexa
Fluor 405 (1:500; Invitrogen). Confocal microscopy was performed
using a laser scanning confocal microscope (LSM 880; Carl Zeiss
Inc.) with optimal imaging settings and z-slice thicknesses ranging
from 0.36 to 0.5 pm.

Analysis of cell parameters

Confocal z-stacks of fluorescently labeled rounded mitotic cells
were visualized in the Zeiss Zen software or ImageJ. The Ortho
function in Zen software was utilized to generate the top view
(xy) and the cross-sectional front (xz) and side (yz) views. Mitotic
cell height and aspect ratio were computed from the cross-
sectional yz side views of cells by manual outlining in Image].
The cortical perimeter of the cell was estimated from the xz front
view of cells.
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MP orientation analysis

The MP tilt was most evident from the front view of the confocal
z-stacks; thus, the xz front views were used to calculate the MP
tilt. Measurements were taken with respect to the reference line
orthogonal to the plane of the fibers (Fig. 2a).

RF analysis

Z-stacks of phalloidin-stained cells were used to quantify the 3D
organization of RFs. Mainly, xz front views are generated, and
the arc length covered by RFs on either side of the cell (Fig. 2b) is
measured in Image] using the segment line tool. The RF coverage
metric is a binary metric that describes the extent of the cell sur-
face covered with RFs.

Quantification of cell forces

Deflections of nanofibers during interphase (contractile cell state,
inward fiber deflections) and cell rounding (expansive rounded
state, outward fiber deflections) were converted to force (nN) val-
ues using our previously reported Nanonet Force Microscopy
(41, 42, 72). Briefly, fibers are modeled as Euler-Bernoulli beams
with fixed boundary conditions and subjected to point loads at the
cell-fiber contact regions (Appendix I in Supplementary Material).

Statistical analysis

Statistical analysis was performed in GraphPad Prism (GraphPad
Software, La Jolla, CA, United States of America) software.
Statistical comparison among multiple groups was performed us-
ing one-way ANOVA and Tukey’s honestly significant difference
test. Pairwise statistical comparisons were performed using
Student’s t-test. Error bars in scatter data plots indicate SD. *, **,
**, and " represent P < 0.05, 0.01, 0.001, and 0.0001, respectively.

Computational modeling

Typically, the HeLa cell lines we have used in the experiments can
show multicentrosomal characteristics (9, 78). Here, we focused
only on the bipolar regime of the metaphase spindle.
Accordingly, we designed our numerical protocols with several
CSs and analyzed the spindle orientations only for bipolar spin-
dles (Fig. S18). The choice of the parameter space ensures a major-
ity of bipolar spindles with eight CSs (9, 45). However, choosing
eight CSsis arbitrary and applicable to any number (45). To main-
tain the bipolar majority, each CS exerts attractive forces on other
CSs, KTs, and cell membranes while repelling the CH arms. These
forces arise from the interaction of CS-nucleated microtubules
with another CS, possibly via dynein or kinesin-14, microtubules
connecting CSs to KTs and cell membranes via dynein or pushing
the chromosomal arms via chromokinesins (such as kinesin-10
and kinesin-4) (47, 48, 79-81). Considering such attractive and re-
pulsive force combinations is consistent with other models of
multicentrosomal clustering into bipolar spindles (13, 46, 82).
We carried out our simulations with CSs and CHs represented
as particle-like objects positioned at nodes of a cubic lattice con-
fined within a cellular volume. The large lattice structure growing
beyond the cell membrane allows the discretization of the cell
surface into a finite number of roughly equidistant nodes, similar
to the grid size inside the cell. The surface nodes are divided into
regions devoid of or coupled to RFs. Notably, the surface regions
covered by RFs interact more strongly with CSs through attractive
forces than the remaining surface regions (9). Using a Monte Carlo
simulation, we determine the temporal evolution of CSs and CHs
within the cell volume. The potential energies from pairwise

interaction forces among CSs, CHs, and the cell membrane are es-
timated. Achieving the minimum energy ensured a mechanical
equilibrium configuration of the spindle. The subsequent equilib-
rium snapshots are chosen to characterize spindle dynamics and
measure chromosomal tilt. The model was calibrated using vary-
ingvalues of confinement (h/H) and cortex deformation (C), which
were used as inputs for the computational simulations. The
computational model is prepared with cells deformed around
the mid-cortex for h/H ~0.5, achieving geometric similarity to
the experiment. For different levels of cortical deformations, the
model predicts the MP position (hr) and tilt. For more detailed in-
formation on the simulation methods, please refer to Appendix II
in Supplementary Material.
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