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Abstract

Cytoskeleton-mediated force transmission regulates nucleus morphology. How nuclei shaping
occurs in fibrous in vivo environments remains poorly understood. Here a suspended
nanofiber assay of precisely-tunable (nm-um) diameters is used to quantify nucleus plasticity
in fibrous environments mimicking the natural extracellular matrix. In contrast to the apical
cap over the nucleus in cells on 2-dimensional surfaces, the cellular cytoskeleton of cells on
fibers displays a uniform actin network caging the nucleus. The role of contractility-driven
caging in sculpting nuclear shapes is investigated as cells spread on aligned single fibers,
doublets, and multiple fibers of varying diameters. Cell contractility increases with fiber
diameter due to increased focal adhesion clustering and density of actin stress fibers, which
correlates with increased mechanosensitive transcription factor YAP translocation to the
nucleus. Unexpectedly, large- and small-diameter fiber combinations lead to teardrop-shaped

nuclei due to stress-fiber anisotropy across the cell. As cells spread on fibers, diameter-
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dependent invaginations that run the nucleus's length are formed at contact sites. The deepest
and sharpest invaginations are insufficient to trigger nucleus rupture, often observed in 2D or
confined systems. Overall, we describe the unknown adaptability of nuclei to fibrous
environments and resultant sculpting of the nucleus shapes, with pathophysiological

implications.

1. Introduction

The nucleus, as the stiffest cellular organelle, plays a central role in mechanotransduction -2,
Proper control of nuclear shapes is one of the primary cellular functions controlling cell
migration, differentiation, and tissue morphogenesis *. Thus, not surprisingly, defects in
nuclear shapes are often implicated in various disease states, including progeria, muscular
dystrophy, and cancer metastasis [*). Mechanical forces regulate nuclear shapes 7]
originating from cells' dynamic interactions with their surrounding microenvironment, i.e., the
extracellular matrix (ECM), and transmitted to the nucleus by the cell cytoskeleton. The
nuclear envelope composed of the lamin intermediate filament networks is critical in
sustaining external forces exerted on the nucleus. Lamin network mutations and deficiencies
cause significant reduction of the nuclear stiffness [*], leading to nuclear blebbing °!, and

mislocalization of DNA repair factors, and DNA damage %/,

Mechanical forces primarily act through the actomyosin contractions in the stress fibers to
control nucleus shape to induce nucleo-cytoplasmic shuttling of transcription factors like
YAP/TAZ, MKLI1, and chromatin remodeling proteins such as HDAC 12!, The force-
mediated nuclear shape changes also induce reorganization and stretching of the internal
chromatin domains ['*, resulting in altered transcriptional activity and mechanical properties
of the nucleus '*. A growing consensus in the field has been that nuclei rupture as they
undergo drastic shape changes, causing mislocalization of signaling molecules (6,12). Large
scale mechanical forces, driven by ECM stiffness, mold cell shape, which controls the nucleus
shape; high aspect ratio nuclei induce high curvature at the poles, making them susceptible to

rupture 1,

In vivo 3D aligned matrices, frequently observed in healthy and diseased states, including

tendons ['®7] muscle tissue!'®!], and extracellular regions surrounding metastatic tumors 2

221 provide topographic cues for cells to spread uniaxially and migrate persistently by exerting
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23,241 Fibrillar matrices composed of individual collagen fibrils range in size from 70 to

forces |
300 nm 2281 that can bundle to larger fibers varying from 1 to 20 um in diameter 2681,
Mimicking the native ECM architecture within an in vitro setting is often highly challenging,
and flat 2D substrates with and without anisotropic features and 3D gels have been used
extensively to study cell behavior'?®!. 2D systems have limited physiological relevance. While
3D collagen gels capture the fibrillar architecture, the inherent heterogeneity in these matrices
renders it difficult to understand the role of fiber dimensions and organization in regulating
cytoskeletal and nuclear responses %!, Studies by the Yamada group have demonstrated
how single-cell behavior in 3D microenvironments can be recapitulated through the use of
narrow 1D microprinted lines of varying widths (1-40 pm) 2. Microprinted lines are
essentially 2D surfaces, and in our study, we inquired if suspended 1D fibrillar architecture of
precisely controlled fiber diameters (150-6000 nm) and interfiber spacing regulated nuclear
responses of uniaxial spread cells, as we have previously shown protrusive, contractile, and
migratory behavior of uniaxial cells to be sensitive to fiber curvature and spacing >3, In
this study, we chose nucleus rupture and the spatial localization of YAP/TAZ as two markers
of nuclear response to changes in fiber curvatures. We discovered that cytoskeletal and lamin
networks in suspended cells are localized in an almost uniform caging structure surrounding
the nucleus, contrary to the preferential apical localization in flat continuous surfaces. Fiber-
curvature driven cytoskeleton tension led to precise sculpting of nucleus shape, including
unique teardrop shapes due to actin stress fiber anisotropy and invaginations that ran the
length of the nucleus. We found that all nucleus shapes, including the sharpest invaginations
formed on nanofibers, did not undergo rupture events, indicating remarkable adaptability of
nuclei to fibrillar environments. Nuclear translocation of YAP increased with the diameter or
fiber density. Overall, we describe cellular mechanosensitivity unique to fiber matrices with

implications in pathophysiology.

2. Results

2.1. Suspended cells show uniform nuclear caging of cytoskeletal elements and lamins

We wished to compare the responses of cells plated on flat 2D as opposed to those attached to
suspended fibers of varying diameters. We utilized force-measuring nanonets composed of
large diameter (~2000 nm) 'strut' fibers fused to orthogonal small diameter aligned fibers

(Nanonet force Microscopy, NFM) [2340-421 Tq investigate the role of fiber diameter, we
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selected three different fiber diameters: 200 nm, 350 nm, and 800 nm, while keeping the
spacing between large strut fibers constant (~250 um). Fiber beam stiffness, midspan of a
beam scales approximately with ~d?; thus, constant beam length allows us to directly compare
the effects of fiber diameter contributing to an increase in stiffness *¥4% We investigated
the dynamics of cell spreading and the organization of cytoskeletal networks using a custom
setup to add cell suspension droplets on the fibronectin-coated fiber networks (Figure 1a, b).
The inter-fiber spacing (10-12 pm) was chosen to ensure that cells spread along two fibers to
form symmetric parallel-cuboidal shapes (Figure 1b (iii)). We monitored cell spreading using
optical microscopy for cells attached approximately midway across the fiber span length
(Figure 1c¢). After making initial contact with the fiber networks, cells began to protrude
along the nanofibers (Movie S1). Consistent with our previous findings"*¥, we observed
protrusions formed during spreading were primarily actin-based, while microtubules and
vimentin intermediate filaments localized later during the spreading cycle (Figure S1 b). To
characterize cell size and shape during spreading, we tracked the cell projected area and the
circularity for one hour for the three diameters (Movies S2-4). The cell area growth curves for
all the fiber diameter categories showed a faster initial incremental phase followed by gradual
maturation at longer times (Figure 1d (i, iii)), matching growth rate kinetics on 2D
substrates**), Interestingly, we found that cells achieved steady-state area and circularity
faster (~ 40 min) on 200 nm diameter fibers, while cells on larger diameter fibers

demonstrated higher spread areas and circularity (Figure 1d).

Next, we inquired if classic apical localization of cytoskeletal elements, described in studies
on flat surfaces, extended to cells attached to suspended nanonets. On 2D substrates, nuclear
shapes are shown to be regulated by cell boundary movements that involve both the
actomyosin cytoskeleton's contractility and the mechanical tension of the cell membrane
[4445] Khatau et al. identified the apical perinuclear actin cap as a primary regulator of the
nuclear shape 6. In contrast, more recently, Ihalainen et al. demonstrated a differential
localization*”! of the nuclear lamins (particularly Lamin A/C) towards the apical nuclear
envelope. Informed by these studies, we examined the localization of the major cytoskeletal
elements (f-actin stress fibers, microtubules, and vimentin intermediate filaments) and nuclear
lamins (A/C and B1) in cells attached to flat glass surfaces and on our suspended nanonets.
We observed that the f-actin, microtubule, and intermediate filament cytoskeleton

was highly aligned along the fiber axis in elongated cells compared to their counterparts on

flat glass (Figure S1 a,c). Confocal microscopy side-views (xz and yz) at various stages
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during cell spreading revealed significant differences in the localization of the nuclear lamins

and the overall organization of the cytoskeletal elements around the nucleus (Figure 1e (i),

Figure S2). On flat 2D, our findings on apical-basal localization of Lamin A/C were in
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Figure 1: Cell spreading on suspended fiber networks: a) Schematic of assay used for studying cell spreading. Cell

suspension is dropped on top of suspended nanonets coated with fibronectin and imaged in real-time. b) i) SEM image

of suspended nanonet (scale bar, 50 pm) ii) SEM images of 3 different fiber diameters 200, 350 and 800 nm used for

the study, (scale bar, 1 um) and iii) Representative cell (stained for Actin-green, DAPI —blue, and fiber -red) on a 2-

fiber (diameter: 350 nm) doublet (scale bar, 20 um). ¢) Images from time lapse microscopy showing different phases of

cell spreading on a 2-fiber doublet. (scale bar, 50 pm) d, i,iii) Temporal evolution of cell spreading area and circularity

respectively (n=16-29 cells per category). d, ii, iv) Statistical comparison of cell spread area and circularity

respectively after 1 hour of spreading e) i) Representative immunofluorescence images showing differences in

localization of cytoskeletal elements and nuclear envelope proteins between Flat 2D and suspended nanonets.
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Cytoskeletal elements form a 'caging' structure surrounding the nucleus, while on 2D they 'cap' the nucleus from apical
side (scale bars, 5 pm) and ii) Representative confocal side views (xz) along with intensity profiles along the z-
direction, first and second intensity peaks correspond to basal and apical surfaces respectively, (scale bar, 5 pm) iii)
Comparison of the basal and apical intensity for the different cytoskeletal and nuclear envelope proteins (n=10-11 per
category) demonstrating intensity ratio values close to 1 for suspended nanonets (diameter: 200 nm) due to caging of

nucleus, absent in cells on 2D. Images and data are shown for C2C12 myoblasts.

agreement with previously reported literature (Intensity ratiopasai/apicat = 0.35+0.04), but
contrasted on suspended nanonets (Intensity ratiopasa/apica = 1.05+0.05). In a similar manner,
cells on flat glass displayed preferential enrichment of different cytoskeletal elements towards
the apical side in a 'capping' manner (Figure S2a), with the strongest apical preference
observed in the case of the vimentin intermediate filaments (Intensity ratiopasa/apical =
0.09+0.02). Contrarily, the cytoskeletal network was nearly uniformly distributed around the
nucleus in a 'caging' manner on suspended nanonets (intensity ratios ~1, Figure 1e (iii)).
Overall, we conclude that cytoskeletal caging of the nucleus in suspended nanonets causes the
uniform distribution of nuclear lamins, which is distinctly different than observations from 2D

substrates.

2.2. Increase in cytoskeletal tension during cell spreading is fiber-diameter dependent

Since cells were achieving steady-state spreading fastest on the smallest diameters and
suspended networks were causing cytoskeletal elements to cage the nucleus, we inquired
about the role of focal adhesions and actin networks in establishing contractile forces.
Visualizing cell-fiber adhesions through paxillin immunostaining at various time points (5,
10, 20, 40, and 60 min) during cell spreading revealed that focal adhesion (FA) clusters were
formed along the entire cell length at early stages (t~10 min). In contrast, a preferential
localization of the FA clusters occurred to the cell poles with increased spreading (Figure 2a
(i), Figure S3). Normalized paxillin intensity taken along the cell length revealed two distinct
peaks (Figure 2a (ii)) corresponding to the major FA clusters at either cell pole, consistent
with our previous findings**3#3%1. The transition of adhesion sites from being punctate along
the entire cell body to localizing in major clusters at cell poles occurred by the 20-min time
point (Figure 2a (ii)). A closer inspection of the adhesion distribution along the cell length at
60-min (Figure 2a (iii)) revealed smaller paxillin clusters distributed along the cell-fiber
length, which became more prominent on larger diameter (800 nm) fibers (red arrowheads).

FA cluster lengths were observed to grow in length with cell spread, with the largest 800 nm
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diameter fibers resulting in the longest cluster lengths at 60-min time point (Figure 2a (iv,

v)).
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Figure 2: Cell contractility during spreading: a) Focal adhesion (FA) organization: i) Representative images showing
cells stained for actin (red), paxillin (green) and DAPI (blue) at different timepoints during spreading (fiber diameter:
350 nm), (scale bars, 20 pm), ii) Normalized paxillin intensity (average of 9-12 profiles for each timepoint) showing
spatiotemporal reorganization of focal adhesions as cells spread, iii) Differences in FA organization in clusters (yellow
arrow) at the poles and along cell body-fiber length (red arrowheads) for different fiber diameters, (scale bars, 20 pm) ,
iv) Temporal evolution of FA cluster lengths, and v) Comparison of FA cluster lengths at final spread state, n=21, 14 and
33, b) Actin cytoskeleton organization: i) Maximum intensity projections of actin cytoskeleton at spread state (60 min),
(scale bars, 10 um), ii) Stress fiber angle formed at the focal adhesion cluster zones, n=68, 88 and 80, (scale bars, 10
um), iii) Transient evolution of orientation of the stress fibers during spreading, iv) number of major stress fibers
originating from each FA clustering zone, n=33, 49 and 47 and v) number of major stress fibers caging the nucleus,
n=20, 14 and 20. Inset are representative images of FA clustering zone, (scale bars, 10 pm) and nucleus caging with actin

networks (scale bars, 5 um), ¢) Contractile forces: i) Schematic of force measurement using Nanonet Force Microscopy
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(NFM) technique, ii) Transient cell attachment force evolution during spreading, (n=11-12 cells each diameter
category), iii) Comparison of cell forces at spread state between the different fiber diameters, iv) Relationship between
cell forces and cell spread area. Cell forces are computed from both fibers. Sample sizes are given for 200-200, 350-

350, and 800-800 nm diameter doublets respectively. Images and data are shown for C2C12 myoblasts.

Our observations that FA clustering occurred in a fiber diameter-dependent manner suggested
that fiber diameter might also influence the associated cytoskeletal tension. We
immunostained for the contractile f-actin cytoskeleton (Figure 2b (i)) in cells at various time
points (5, 10, 20, 40, and 60 min) and found that the average angle made by stress fibers
anchored to the FA clustering sites at poles progressively decreased as cells spread, with the
number of stress fibers originating at each FA cluster zone increased with fiber diameter,
indicating increased contractility (Figure 2b (iv)). We also investigated the actin cytoskeletal
organization in the perinuclear region since the actin stress fibers in this region directly affect
nucleus shape regulation. Appearing as individual dots surrounding the nucleus, in confocal
cross-sections (yz, Figure 2b (v)), we found that the number of stress fibers originating from
individual FA clustering regions were less than those in the perinuclear region due to
convergence of stress fibers emanating from FA clusters on either side, a behavior unique to

anisotropically stretched cells in suspended nanonets (Figure S4).

Using NFM, we estimated the forces in cell spreading by monitoring the contractile inward
deflection of fibers (Figure 1c¢, 2¢ (i)). Fiber deflections were subsequently converted into
attachment forces at the individual FA clusters using inverse methods that minimize the error
between computed and experimentally observed fiber deflections (Materials and Methods).
The inputs to the computational framework include fiber properties and force vectors that

originate from FA clustering zones (Figure 2a (iii)) and are directed along the average stress

also plotted cell force against the cell spread area (Figure 2¢ (iv)). We found that for the same
area across different diameters, cells attached to larger diameter fibers exerted significantly
higher forces. Overall, our data suggest that increasing the fiber diameter causes cells to form
larger focal adhesion clusters at the poles, leading to an increased number of actin stress fibers

resulting in higher cell contractility.
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2.3. Nuclear translocation of YAP is regulated by nuclear compression

Given our observations on the arrangement of F-actin networks caging the nucleus, we sought
to investigate how the compression forces impacted the nucleus geometry and translocation of
various transcription factors, including YAP (Yes-associated protein) 8], known for its
central role in mechanotransduction. To determine nucleus geometry, we used confocal
microscopy on DAPI-stained cells (Figure 3a (i)) that were fixed at various time points (5,

10, 20, 40, and 60 min). We employed three parameters: nucleus projected area (size in xy

plane, top view), nucleus eccentricity (shape in xy plane), and the nucleus thickness
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Figure 3: Nuclear compression and YAP localization during spreading: a) i) Representative images showing top
view (xy) and side view (xz) of nuclei at different timepoints during cell spreading (fiber diameter: 350 nm), (scale bars,
5 um), ii) Increase in nucleus projected area (xy) and decrease in nucleus thickness (z), indicating nucleus flattening with
cell spreading, n=13-32 per timepoint iii) Nucleus thickness comparison between rounded (5 min) and spread (60 min)
state, n=14, 13, 12 and 9 (for round state) and n=32, 25, 36 and 22 (for spread state) for 200 nm, 350 nm, 800 nm and
Flat 2D respectively, b) Representative cross-section (yz) images of cells under various drug conditions and lamin A/C
knockdown, n=25, 10, 11, 11, 9, 14 and 13 (scale bars, 5 pm), Comparison of nucleus thickness with control (no
treatment), fiber diameter: 350 nm, c) Nuclear entry of YAP during cell spreading: i) Representative images at various
timepoints during spreading, (scale bars, 10 um) ii) Comparison of nuclear/cytoplasmic YAP between rounded (5 min)
and spread state (60 min) for different fiber diameters, n=10-15 cells per timepoint and diameter category iii) Increase in
nuclear YAP correlates with cell forces (iv) Increase in nuclear YAP correlates with nucleus thickness, and (v) Nuclear
Y AP localization decreases with loss of contractility through pharmacological inhibition, n=21 and 20 for control and

Y27632 treatment. Fiber diameter: 800 nm. Images and data are shown for C2C12 myoblasts.
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(compression in xz plane, side view). Nucleus projected area increased steadily and reached
an equilibrium value for all the fiber diameters tested (Figure 3a (ii), Figure S5a), with cells
in 200 nm nanonets reaching stable areas the fastest. As cells spread, we observed the nuclei
elongated (rise in eccentricity, Figure S5b). Not surprisingly, as the nuclei underwent
compression from the near-spherical shape in rounded cells to the flattened 'pancake' shape
(confocal side views, Figure 3a (i)), the nucleus thickness reduced significantly over time
(Figure 3a (ii)), with the minimum thickness in cells attached to 800 nm nanonets (Figure 3a

(iii)), suggesting that the cytoskeletal tension primarily drove the nuclear compression.

To test the relative contributions of the actin and microtubule cytoskeletons in regulating
force-driven nuclear compression, we treated cells on nanonets with either cytochalasin D (2
uM) or nocodazole (1 uM). As expected, cytochalasin D treatment led to cells of reduced
spread area (Figure S6) and disrupted actin cytoskeleton as evidenced by loss of stress fibers
caging the nucleus (Figure 3b). Under these conditions, the nucleus thickness was
significantly (~1.5x) higher than the control cells (no drugs). In contrast, disruption of the
microtubule cytoskeleton did not significantly alter the nuclear compression levels. Next, we
reduced cytoskeletal tension and actin stress fiber formation through the selective ROCK
inhibitor Y27632 and observed nuclei of significantly larger thickness (Figure 3b), further

elucidating the role of the actin cytoskeleton caging network in nucleus shape maintenance.

Informed by these findings, next, we investigated the role of the nuclear lamina in sustaining
cytoskeletal forces. The nuclear lamina, composed of the nuclear lamins (A, C, B1, and B2),
is a thin intermediate filament meshwork enveloping the nucleus, providing essential
mechanical support. We generated C2C12 lamin A/C KD cells with wrinkled nucleus

si*1. Fully spread

morphologies (Figure S7) consistent with observations from previous studie
Lamin KD cells had lower nucleus thickness than control, likely due to decreased nuclear
stiffness!!>). Next, we altered the chromatin compaction levels by pre-treating cells with the
histone deacetylase inhibitor (HDACi) valproic acid (VPA) used for chromatin decompaction
and reducing nucleus stiffness or the histone demethylase inhibitor, Methylstat used for
chromatin compaction and increasing nuclear stiffness!®*". Cells treated with VPA or
Methylstat demonstrated significantly decreased and increased nucleus thickness,

respectively, compared to control cells (Figure 3b).
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Recent studies have shown how cytoskeletal-mediated compressive forces acting on the
nucleus can stretch the nuclear membrane pores!'?l. We wanted to inquire if the nuclear entry
of YAP correlated with the fiber-diameter driven nuclear compression. Immunostaining for
YAP (Fig 3c (i)) at various time points during cell spreading showed that Y AP localization
was primarily cytoplasmic (Y AP intensity ratio between nucleus and cytoplasm Iyuc/Ieyt <1)
during early stages of cell spreading (5-10 min) but with an increase in cytoskeletal tension at
later stages of cell spreading, a significant increase in the nuclear entry of YAP was observed
(Figure 3c (ii)). Interestingly, we observed that the nuclear YAP translocation ratio was
independent of cell shape but dependent upon force and nucleus thickness (Figure 3¢ (iii,
iv)). Thus, reducing nuclear compression through contractility inhibition (Y27632 treatment)

resulted in a significant decrease in the nuclear translocation of YAP (Figure 3¢ (v)).

2.4. Mismatch diameter fiber networks sculpt asymmetric nuclear shapes and

invaginations

Cells in the native fibrous ECM can interact simultaneously with fibers of different diameter
combinations. Hence, we interrogated force dynamics and YAP localization in mismatch
diameter nanonets. To this end, we developed a fiber-spinning strategy using our non-

electrospinning Spinneret-based Tunable Engineered Parameters (STEPP!33)

platform to
deposit nanonets in two mismatch-diameter combinations (2-fiber 200-800 nm doublets, and 3-
fiber triplets (200-800-200 nm, and 800-200-800 nm). We reasoned that cell spreading on 200-
800 nm doublets would proceed as described in Figure 1, with cells spreading faster on 200 nm
side leading to trapezoidal-shaped cells with a longer base on 200 nm diameter side.
Unexpectedly, we found symmetric spreading on both diameters (Figure 4a, Movie S5) but
enhanced focal adhesion clustering (with respect to the 200 nm-200 nm counterparts) along the
cell-fiber interface on the 200 nm fiber side (Figure 4a (i, ii)) that was similar to the focal
adhesion clustering on 800 nm nanonets (Figure 2a (iii)). Increased cell adhesion sites on the

200 nm fiber side caused cells to spread more, have higher circularities, and exert larger forces

on the 200 nm diameter fiber than their counterparts on 200-200 nm nanonets (Figure 4a (iii-

v)).

Intrigued by the altered force exerted by cells on mismatch nanonets, we next inquired if YAP
localization inside the nucleus was also affected. First, we investigated the differences in

nucleus cell shapes. We unexpectedly discovered asymmetric nuclear shapes (teardrop,
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confocal side view) with the tapered end towards the 800 nm diameter fiber (Figure 4b (i)).

Analyzing the actin stress fiber distribution across the cells attached to mismatch diameter
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Figure 4: Sculpting nucleus shapes using mismatch diameter networks a i) Cells attached to a small diameter (200
nm) fiber coupled on other side to a large diameter (800 nm) fiber, (scale bars, 20 um) ii) Mismatch fiber combination
leads to enhanced focal adhesion organization along smaller diameter fiber, n=10-14 per category, (iii) Increased cell
spread area compared to 200-200 nm networks iv) Altered cell shape, n=12-17 per category, v) Force exertion on 200 nm
diameter fiber in 200-800 nm mismatch configuration is higher than in 200-200 nm configuration, n=10-12 per category,
b i) Mismatch (2-fiber , 200-800 nm) networks induce asymmetric (teardrop) nucleus shape, nuclear cross-sections (yz)
perpendicular to cell length are used (scale bars, 5 um), (ii) Teardrop shapes are formed due to higher density of actin
stress fibers at the 800 nm diameter side of cell, n=17 cells, iii) Analysis of teardrop shapes using Nucleus Asymmetry
Index, n=10,28 and 11 for 200-200, 200-800 and 800-800 combinations respectively, iv) nuclear/cytoplasmic YAP in
mismatch diameter networks, n=19,13 and 16 for 200-200, 200-800 and 800-800 combinations respectively c) i,ii 3-fiber

mismatch (800-200-800 nm and 200-800-200 nm) can induce 'invaginations' in nucleus (yz-cross sections, nuclear
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envelope stained for lamin A/C, green, fibers, red) , second representative cross-section for each category, is included to
demonstrate cytoskeletal caging, actin (red), Lamin A/C (green), fibers (white) and nucleus (blue), (scale bars, 10 pm for
top views, 5 um for cross-sectional views) iii) Comparison of the nucleus thickness and the depth of the invaginations
show that 200-800-200 nm triplets have thicker nuclei and larger invaginations due to middle 800 nm diameter fiber

compared to 800-200-800 category (n=16 for both categories). Images and data are shown for C2C12 myoblasts.

doublets revealed a higher density near the larger diameter fibers, potentially being the cause
of increased nucleus compression (Figure 4b (ii)). To quantify the teardrop shapes, we defined
the nucleus asymmetry index (NAI, Figure 4b (iii), Materials and Methods) as Amin/Amax,
where Amax and Amin are the areas of the larger and smaller regions with respect to the nucleus
mid-width line (Figure 4b (iii)) respectively. Cells adhering to mismatch doublets
demonstrated significant asymmetry (NAI ~ 0.8, Figure 4b (iii)), compared with symmetric
nuclei on 200-200 and 800-800 nm nanonets (NAI ~ 0.95). Furthermore, the nuclear
localization of YAP was significantly enhanced in mismatch diameter fiber networks, as

compared to the 200-200 nm, but less than 800-800 nm nanonets (Figure 4b (iv)).

Next, we extended the fiber-spinning strategy to generate precise 3-fiber nanonets (triplets) that
provided the symmetric same-diameter outer fibers and a mismatch diameter inner fiber (200-
800-200 nm and 800-200-800 nm, Movie S6, and S7 respectively) that resulted in symmetric
cell shapes (Figure 4c (i,ii)). However, we noted that the shape of the nucleus on outer fibers
was flattened and at inner fiber had nucleus distortions (invaginations). Visualizing nuclei's
confocal cross-sections (yz), immunostained for Lamin A/C (nuclear envelope marker),
revealed several interesting aspects of the overall nuclear geometry. First, the nucleus thickness
observed on these mismatched 3-fiber nanonets demonstrated a similar trend compared to the
same diameter 2-fiber nanonets. Nuclei in cells on 200-800-200 nm nanonets were significantly
thicker than those on 800-200-800 nm, just as the nucleus thickness in 200-200 nm nanonets
was higher than 800-800 nm nanonets (Figure 4c (iii))). Second, in 3-fiber triplets, we observed
the extent of invagination in the 200-800-200 nm combination was more significant due to
lower force exertion of the outside 200 nm diameter fibers (Figure 4c (iii)). Overall, our data
suggest that nucleus shape, YAP localization, and nucleus invaginations are regulated by the

diameter combinations of fibers external to the cell.

2.5. Single fibers sculpt curvature-dependent nuclear invaginations
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Our observation that single fibers induced nucleus invaginations running along the nuclei
length prompted us to investigate the role of curvature in the physical indentation of the
nucleus. To interrogate this behavior, we utilized a simplified model system of a single cell
spreading on a single fiber (Figure 5a, Movie S8). Immunostaining for the focal adhesions
(paxillin) revealed that similar to the parallel-cuboidal shape cells spread on 2-fiber nanonets,
major focal adhesion clusters localized to the poles of the spindle shape cells (Figure S8a (i)).
We also observed that majority of the actin stress fibers caged the nucleus (Figure S8a (ii)),
causing local invaginations in the nucleus (Figure 5b (i)). We confirmed that the cell
spreading and FA cluster formation was similar to our prior observations on 2-fiber nanonets
(Figure S8b (i, ii)). Next, we varied the fiber diameter over a broad range (~150 nm (high
curvature) to > 6,000 nm (low curvature) to understand the extent of fiber-induced local
invaginations (Figure 5b (i)) in nuclei. We compared the radius of curvature (R;, Figure 5b
(ii)) of the nuclear membrane at the invagination site with the radius of the best-fit projected
circle on the apical side of the nucleus (Ro). With increasing diameters, we found the
curvature ratio Ri/R,, linearly scale with the fiber diameter (Figure 5b (ii)). We also found the
nucleus aspect ratio reduced significantly with increased fiber diameter, indicating a change in
nucleus shape from elongated on small diameter fibers to flattened on larger diameter fibers
(Figure 5b (iii)). With the increase in diameters, we observed a drop in the cell aspect ratios
(Figure S8c), with cells adhering to the 150 nm diameter fibers forming long protrusions and
having the highest aspect ratios. Fluorescent labeling of the fiber (conjugated fibronectin,
red) and the nuclear envelope (Lamin A/C, green) revealed the nucleus to be locally deformed
at the location of fiber, thus allowing us to sculpt invaginations of varying sizes and shapes

(Figure Sc (i)). We quantitated the effective shapes (S) of nuclear invaginations with a bell

curve defined by § = Soe_yz/ 202, where Sy denotes the invagination depth (z-direction), and
o is related to the lateral spread (y-direction) of the invagination. We found that nuclear
invaginations on lower diameter fibers of high curvatures were typically ~ 2 um deep (So) and
narrow (o ~ 0.4 um). With an increase in fiber diameters, the size (depth and lateral spread) of
these invaginations was found to increase (Figure Sc (ii)). However, the sharpness ratio (ratio
of So and o) was the highest for low diameter fibers, which decreased with an increase in
diameter, indicating smoother nuclear deformations. Our data showed a strong linear fit

between nucleus invagination shapes and fiber diameter for all tested diameters.

Next, we wanted to investigate the effect of fiber diameter on the spatial localization of YAP.

On the lower diameter nanofibers, cells primarily demonstrated a cytoplasmic YAP
14
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localization (Figure 5d (i)) with the nucleus/cytoplasmic intensity ratio less than ~ 1 (Figure
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Figure S: Sculpting nucleus invaginations using curvature of single fibers a) i) Timelapse images showing different phases
of cell spreading on a 1-fiber system causing cells to spread in elongated spindle shapes, (scale bars, 50 um), Confocal side
views of representative cells at various spreading time points demonstrate the fiber—mediated nuclear deformations (scale bars,
5 um) , cytoskeletal and focal adhesion arrangement in spindle-shaped cells at various timepoints, actin (red), paxillin (green)
and nucleus (blue), (scale bars, 20 um) b) i) Representative images showing effect of substrate curvature (fiber diameter) on the
invagination shape/size, (scale bars, 5 um) ii) representative images of the deformed nucleus shape on two diameters (150 and
6000 nm, scale bars: 5 um) and methodology for comparing invagination shapes, Fiber diameter dependence of Curvature ratio:
Radius of curvature at the invagination side (R;) divided by radius of curvature at the nucleus apical side (Ro),
n=12,10,17,10,10,9 and 9 respectively, (iii) Nucleus aspect ratio (top view, xy) as a function of fiber diameter,
n=14,10,10,11,10,6 and 6 respectively c) i) Nucleus in spindle cells exhibit invaginations near sites of external fibers (red
circle), Representative image showing cytoskeletal caging of nucleus in spindle cell, actin (red) and Lamin A/C (green), (scale
bars, 5 um), Invagination shape (shown in white circle) can be approximated with a bell curve, ii) invagination depth and
spread increase with fiber diameter, while invagination sharpness decreases with increase in fiber diameter, n=9-19 cells per
diameter category d) i) Representative stained images showing Y AP localization in cells on nanofibers, microfibers and Flat

2D, (scale bars, 20 um) ii) Comparison of YAP localization (Inuc/Icyt) in cells on different fiber diameters and Flat 2D,
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n=11,11,12,19,10,12,8 and 12 cells respectively, iii) Representative cells expressing NLS mCherry, showing primary
nuclear localization of NLS on both nanofibers and microfibers , (scale bars, 20 um) , NLS localization is predominantly
in the nucleus in cells attached to fibers of all diameters, n=7-14 cells for each diameter category e) influence of fiber
stiffness in regulation of invagination size, n=19,12 for PS and PU respectively, (scale bars, 5 um) and f) influence of
impaired nuclear lamina on invagination size in cells attached to 350 nm diameter fibers, n=19,11 for control, Lamin
A/C KD respectively (scale bars, 5 um). All R? values shown are calculated for linear fits. Sample sizes (4b (ii), 4¢ (ii),
4d (iv)) are given for 150 nm, 200 nm, 350 nm, 800 nm, 2500 nm, 3500 nm and 6600 nm respectively. Images and data
are shown for C2C12 myoblasts.

5d (ii)). However, with increased fiber diameters to micron-scale, we observed significantly
enhanced Y AP localization within the nucleus (Figure 5d (ii)). Interestingly, despite various
levels of nuclear deformations in both nanofibers and microfibers, the nuclei demonstrated no
signs of rupture, as confirmed by no appreciable leakage of NLS (nuclear localization
sequence) in cells expressing NLS mCherry (Figure 5d (iii), Figure S9, Movie S9).
Quantification of NLS localization revealed an average nuclear/cytoplasmic intensity ratio > 6

for all fiber diameters, demonstrating NLS to be primarily localized to the nucleus.

Next, to investigate the effect of material stiffness, independent of fiber curvature, we used
polyurethane (E: 10-100 MPa) and polystyrene (E: 1-3 GPa) fibers of ~350 nm diameters. We
observed a significant decrease (Figure 5e) in the size of the nuclear invaginations in softer
polyurethane fibers. We also inquired about the role of lamin A/C in nucleus invaginations
and found that impairing the nuclear envelope caused by the knockdown of lamin A/C
resulted in significantly larger nuclear deformations (Figure 5f). Inhibiting actin-based
contractility through Y27632 treatment resulted in thicker nuclei with significantly smaller

nuclear invaginations (Figure S8b (iv)).

2.6. Multiple fibers of the same diameter sculpt nucleus shapes

Since single fibers were causing significant invaginations in the nuclei, we inquired if multi-
fiber networks (>3) of the same diameter caused multiple similar-sized invaginations. We
deposited 350 nm diameter fibers at low (~3 um) inter-fiber spacing (Figure 6a (i) images
shown for single-cell attached to five and eight fibers). We found that cell and nucleus aspect
ratios (at the spread state) were reduced with the increase in the number of fibers (Figure 6a
(ii), Movie S10 for three fibers, and S11 for 7 seven fibers). Also, the increased compression
mediated by the cytoskeletal caging caused a significant reduction in nucleus thickness and

invagination depth (Figure 6a (iii)). Additionally, these deformations failed to generate
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ruptures in the nucleus, as confirmed by the spatial localization analysis of NLS (Figure S9).
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Figure 6. Nuclear geometry and YAP localization in cells attached to multiple fibers a) All figures are for 350 nm
diameter fibers. i) Representative images of cells attached to 5 and 8 fibers respectively, stained for actin (red), Lamin
A/C (green) and nucleus (blue). Fibers are coated with rhodamine fibronectin (pseudo-colored white), Insets are cross
sections (yz), showing the cytoskeletal caging of the nucleus with fibers identified with white arrowheads (scale bars, 20
pm and 5 pm for main and inset images respectively), ii) comparison of the cell and nuclear aspect ratio (xy top view) as
a function of the number of interacting fibers, n=10, 24, 6, 7 and 5 iii) nucleus thickness (n=25,14) and invagination depth
(n=19,14) in spindle (1 fiber) versus multifiber (> 3 fibers) systems, and iv) Representative nuclear cross sections (yz)
demonstrating shape sculpting over different substrates, Analysis of curvatures at the apical and basal side of the nucleus
for the different substrates, note, only curvature magnitude is considered here, spindle basal curvature being inward, is of
opposite sign as compared to all other categories, n=11, 16, 11 and 18 for Flat 2D, multifiber, parallel (2-fiber) and
spindle (1-fiber) respectively, v) Representative images showing the caging effect and nuclear compression as a function

of fiber-number density, Flat 2D is shown for reference, actin (red), Lamin A/C (green) (scale bars, 5 um), vi, vii)
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Comparison of YAP localization between spindle, 2-fiber, multifiber systems and flat 2D, n=12, 15, 11 and 12
respectively, Representative cells are stained for actin (red), YAP (green) and nucleus (blue), (scale bars, 20 um). b) YAP
localization across single, 2 fiber and multifiber configurations of all diameters and interfiber spacing in the study
showing positive correlation between YAP localization and increase in contour length (n=8-16 cells for each substrate
category), small and large circles represent nanofibers and microfibers, squares represent fiber doublets (same diameter
and mismatch), polygons represent 3-fiber mismatch and multifiber configurations, Flat 2D is marked with triangle.

Images and data are shown for C2C12 myoblasta.

We also quantified the shapes of nuclei in cells attached to flat 2D, 1-fiber, two- fiber, and
multiple fiber systems by quantifying the curvature of the nuclear envelope on either side

(Figure 6a (iv)). Consistent with previous literature*’>¥, our results indicate that the nucleus
is mostly pancake-shaped on flat continuous surfaces, which differs from cells on suspended 2-
fiber parallel doublets, where the nucleus is mostly ellipsoid shaped, with equivalent curvatures
on both sides. In multifiber networks, we found the nucleus shape to have a flatter surface (low
curvature) at the basal side, primarily due to cell attachment to multiple underlying fibers. In
comparison, the fiber-induced invaginations in the spindle-shaped cells result in a much sharper
curvature (inward) at the basal side. Concurrent with our previous findings that increasing the
number of fibers results in increased cell contractility*?), we found that for the same diameter,
increasing the number of fibers results in a decrease in nucleus thickness (Figure 6a (v)).

Interestingly, enhanced nuclear compression caused by cell attachment to multiple fibers led to
a significant increase in YAP's nuclear translocation compared to spindle and parallel-cuboidal
cells attached to single or two fibers of the same diameter, respectively (Figure 6a (vi-vii)). To
understand how different fiber configurations led to the altered nuclear entry of YAP, we
computed the stretching of the nuclear contour (yz cross-section) due to local invaginations
(single fibers) or compression (fiber doublets), or both (multiple fibers). We observed a distinct
increase in the contour length in cells attached to micron-scale fibers or multiple fibers. In
general, nuclear YAP localization for different fiber configurations and Flat 2D demonstrated

a strong dependence on the nuclear contour length (R?>=0.71, Figure 6b).

Overall, our observations show that the organization of contractile f-actin network in spindle
cells on single fibers induces nucleus invaginations in a diameter dependent manner, while the
same f-actin network in cells attached to multiple fibers leads to higher levels of nuclear

compression but reduced local invaginations and causes distinct YAP translocation to the
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nucleus. Irrespective of the shape, sharpness, and number of invaginations, we find that nuclei

of cells attached to fibrous matrices remain rupture-free.

3. Discussion

Nucleus shapes have been studied in a wide range of in vitro settings, but the role of
physiological fibrous ECM such as those found in skeletal muscle tissue and around
metastatic tumors 22731 in controlling nucleus shapes remain poorly described. Fibrous
ECM environments are composed of a mix of diameters (individual nanoscale fibrils that
combine into larger hundreds of nanometer or micron-scale bundles) distributed in a wide
range of orientations and inter-fiber spacing. In ECM regions with a large number of contact
sites (small pore size), cells sense confinement, and with few contact points (large pore size),

56-58

cells make contact with only single fibers P81, Cell contractility is altered with differing

381 resulting in changes in the overall cell *7** and

contact points across multiple diameters
nucleus shape. Here, we explore the mechanosensitivity of cells to fibrous microenvironments
using nanofiber networks of precisely controlled geometries and fiber diameters. Our method
of precisely controlling the external fibrous environment led to exquisite sculpting of the
nucleus with and without invaginations across multiple cell lines (C2C12 mouse myoblasts,
HT1080 human fibrosarcoma, and HeLa cells, Figure S10). Irrespective of the shape or
sharpness of the invaginations, we found nuclei to remain rupture-free and fiber-diameter

driven contractility and network organization to regulate translocation of mechanosensitive

Y AP to the nucleus.

To understand fiber diameter-driven contractility and associated nucleus shape changes, we
estimated the increase in contractility as rounded cells spread along the fiber doublets. While
the cell spreading behavior on fibers was similar to reported flat 2D behavior %, the
spreading rates were fiber diameter dependent, with cells attached to thinnest fibers achieving
steady-state spread areas the earliest. In the spread state, although actin, microtubules, and
vimentin localize at the apical side in cells on 2D, we found them to cage the nucleus with no
apical-basal preference in suspended cells. Even in cells spreading on single or multiple
fibers, where cell contact regions with fibers act as pseudo-basal regions, we observed a
uniform distribution of Lamin A/C expression (Figure S8d). In all diameter combinations,
focal adhesions were preferentially localized to the poles as cells spread on the fibers,

consistent with their localization pattern during spreading at the peripheries in cells on flat 2D
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and the poles in cells on micropatterned substrates [®*. The clustering of focal adhesions to the
poles occurred early in the cell spreading phase (~20 min), resembling those observed in 3D
cell-derived matrices (37, 38). Additionally, our observations that the lengths of FA clusters at
the poles and the number of focal adhesions along the cell-fiber contact length increased with
fiber diameter may potentially explain the slower spreading observed on larger diameter

fibers.

Cell contractility increased with diameter, and we compared forces, estimated using Nanonet
Force Microscopy (NFM) with other force measurement techniques using two metrics:
traction stress and tension per stress fiber. Assuming that the forces are uniformly distributed
over the entire length of FA cluster, then the average stress per FA cluster (Force/ FA
clusterarea, Wwhere FA clusterarea = FA clusteriengtn * Diameterfiver) was found to be ~8, 9, and 7
nN/um? for 200-200, 350-350, and 800-800 nm doublets, respectively, which is similar to the
reported values of stress per focal adhesion in the literature (~6 nN/um?) 63641 We
approximated the tension in individual stress fibers by assuming their arrangement to be
similar to be mechanical springs in parallel. Dividing the force per FA cluster at spread state
(60 min time point) with the number of stress fibers associated with each cluster, we obtained
the tension in each stress fiber to be ~7, 11, and 15 nN for 200-200, 350-350, and 800-800 nm
doublets, respectively, which agree with reported values (2-10 nN) (41,42). The ability to
estimate spreading forces allowed us to examine the extent of nucleus compression as a
function of fiber diameter. Since 800-800 nm doublets were exerting the highest forces, not
surprisingly, the nuclei in these networks had the highest compression that matched the
thickness of nuclei on flat 2D [*¢7], Loss of actin tension via cell treatment with cytochalasin
D alleviated nucleus compression, a behavior consistent with previous findings (8], In
contrast, the loss of microtubules via nocodazole treatment did not affect the nucleus
compression. On the other hand, reduction in stiffness of the nucleus and lamin A/C KD
resulted in increased compression while stiffening the nucleus reduced nucleus compression.
Previous studies have shown that nucleus flattening causes stretching of the nuclear pore
complexes 12! (NPCs), which lead to the nucleo-cytoplasmic shuttling of various transcription
factors, including YAP/TAZ "2 and HDAC3 ', Across the tested diameters, our studies
concluded that YAP localization increased with cell spreading due to increasing contractility.
Importantly, our studies showed that for similar levels of contractility but different spread

areas, YAP translocation remained similar.
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We also generated in vitro fibrous environments of a mix of diameter combinations to mimic
ECM heterogeneous fibrous environments. First, we generated 200-800 nm fiber diameter
mismatch doublets to study altered cell spreading, contractility, and nucleus shape. Unlike FA
clustering patterns observed during cell spreading on homogenous doublets (200-200 or 800-
800 nm), unexpectedly, we found a higher density of focal adhesion sites on the 200 nm
diameter that matched the adhesion sites' pattern on the 800 nm diameter fiber, resulting in
delayed cell spreading. Moreover, the 200 nm diameter fibers deflected more than the
corresponding deflection in a 200-200 nm homogenous doublet, resulting in increased
contractility. Confocal side views (yz) in mismatch doublets showed the nuclei to have a
remarkable teardrop shape (~60% cases), with the broad end towards the 200 nm diameter.
Intensity analysis of f-actin stress fiber distribution across the cell body in mismatch doublets
revealed a higher density of stress fibers towards the 800 nm diameter fiber, thus contributing
to the increased compression of the nucleus. We then generated triplets composed of two
same diameter outer fibers and a third middle fiber of different diameters (200-800-200 nm,
and 800-200-800 nm). We observed the 800 nm diameter fiber to induce large invaginations
in the nucleus in 200-800-200 nm triplets, consistent with the finding that the outer larger
diameter pairs caused significant nucleus compression due to higher contractility. The effect

of middle fiber in either of these triplets did not affect cell spreading behavior.

Nucleus invaginations have been previously reported using micropillars at sites of contact
[69.701 In contrast, here, we demonstrate that the invagination in the nucleus occurs across the
entire length of the nucleus. Naturally, we inquired if these invaginations' size depended on
the fiber diameter. Our earlier work has shown that cells attached to < ~100 nm diameter
fibers remain rounded, while those attached to larger diameters form elongated spindle
shapes®*. Thus, we chose the fiber diameters to range from 150-6600 nm. Immunostaining
for actin and paxillin revealed that actin stress fibers connecting the FA clustering zones
straddled the nucleus, thus causing compression of the nucleus and invaginations. The high
curvature (low diameter) fibers caused the sharpest invaginations (S¢/o), which transitioned to
smooth, wider invaginations with an increase in diameter. Despite such extreme nuclear
invaginations during cell spreading, no nuclear rupture events were detected (Movie S9).
Recently, single migrating cells have been shown to undergo nucleus rupture when they are
subjected to confinement of ~3 pm 71, On the other hand, our studies were able to get the

nucleus to compress to a height of ~4 um. Under these conditions, we show that while fiber

curvature and compression directly contribute to Y AP localization, they are insufficient to
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cause nucleus rupture. Increasing the number of fibers of the same diameter (350 nm) further
decreased the nucleus' height due to increased contractility, resulting in reduced invagination
depth compared to a single 350 nm diameter fiber. Contour length, a measure of the stretching
of the nucleus, shows a positive correlation with YAP localization across the different
diameters and interfiber spacing tested in our study (Figure 6b). In all the combinations tested

by us, nuclei remained rupture-free during cell spreading.

4. Conclusion

In conclusion, we demonstrate sculpting of the nucleus and their functional response using in
vivo mimicking fibrous environments through regulation of cell contractility in a fiber-
diameter and number-density manner. The nuclei remain robust mechanical organelles
capable of withstanding extensive shape changes and invaginations without undergoing
rupture. We envision that control of nuclear 3D shape in these environments will yield new
fundamental insights on the ECM-mediated alterations in the sub-nuclear chromatin
organization and overall gene expression during cancer metastasis, wound healing, cell

differentiation, and myogenesis.

5. Experimental Section/Methods

5.1 Fabrication of nanofiber networks

Using the previously reported non-electrospinning STEP technique®' ], suspended fiber
nanonets (horizontal arrays of densely spaced (~12 pum) nanofibers of differing diameters
(200nm, 350nm, 800nm) deposited on widely spaced (~ 250 um) vertical support fibers (~2
um diameter), were manufactured from solutions of polystyrene (MW: 2,000,000 g/mol;
Category No. 829; Scientific Polymer Products, Ontario, NY, USA) was dissolved in xylene
(X5-500; Thermo Fisher Scientific, Waltham, MA, USA) in 7-13 wt% solutions. Micron scale
(> 2 um) fibers were manufactured from 2-5 wt% of high molecular weight polystyrene
(MW: 15,000,000 g/mol, Agilent Technologies, Santa Clara, CA, USA). Briefly, the
polymeric solutions was extruded through a micropipette (inside diameter: 100 um; Jensen
Global, Santa Barbara, CA, USA) for deposition of aligned fibers on a hollow substrate.
Measured (using scanning electron microscopy images) diameters for the 150 nm, 200 nm,
350 nm, 800 nm, 2.5 pm, 3.5 pm and 6.6 um diameter categories are 153 + 1.2 nm, 206 + 2.6
nm, 361 = 4.5 nm, 808 = 7.6 nm, 2.50 = 0.02 um, 3.48 = 0.09 um and 6.62 = 0.17 um (values
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are shown as Mean £ SEM, n=37, 59, 90, 92, 28, 21 and 25 respectively). For the 350nm
diameter category, fiber networks with varying spacing (3-25) um were used. All fiber
networks were crosslinked at intersection points using a custom fusing chamber, to create

fixed-fixed boundary conditions.

5.2 Cell culturing and experimental procedure

C2C12 mouse myoblasts (ATCC), HT1080 human fibrosarcoma and HeLa cells were
cultured in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific) in T25 flasks
(Corning, Corning, NY, USA) kept at 37°C and 5% CO; in a humidified incubator. For
imaging cell spreading dynamics scaffolds containing fiber nanonets were mounted in glass-
bottom single well plate. For immunofluorescent staining experiments, cell seeding was
performed on fiber scaffolds mounted on glass-bottom six-well plates (Cellvis, Mountain
View, CA, USA). Prior to experimentation, fibers were sterilized in 70% ethanol for 10
minutes and functionalized for 1 hour under incubation at 37°C using 4 pg/mL fibronectin in
PBS (Invitrogen, Carlsbad, CA, USA). For fluorescent labelling of fibers, rhodamine
conjugated fibronectin (Cytoskeleton Inc., Denver, CO, USA) was used with the same
concentration and incubation time. Before cell seeding, the test platform was moved into an
AxioObserver microscope under incubation conditions of 37°C and 5% CO; (Zeiss,
Oberkochen, Germany). Without disturbing the closed environment, a droplet (~100 uL) of

cell suspension was deposited on the fiber nanonets to begin the experiment.

5.3 Live imaging

Time-lapse optical imaging was started immediately before introducing the cell suspension to
the fibers. Imaging was performed at 20x 0.8 NA objective in a Zeiss AxioObxerver Z1
microscope with an interval of 1-3 minutes for 1 hour. C2C12 or HT1080 cells expressing

NLS (nuclear localization signal) mCherry were imaged every 3 min with a TRITC filter set.

5.4 Immunofluorescent staining and imaging

Cells were fixed with 4% paraformaldehyde for 15 minutes at various timepoints (5, 10, 20,
40 and 60 minutes), following initial cell fiber contact. Cells were then permeabilized with a
0.1% Triton X-100 solution, washed in PBS twice and blocked with 5% goat serum
(Invitrogen, Grand Island, NY) for 30 minutes. Primary antibodies, diluted in an antibody

dilution buffer consisting of PBS with 1% Bovine Serum Albumin and Triton-X 100, were
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added to the fixed cells and kept either 1) overnight at 4° C / ii) at room temperature for 3
hours / iii) at 37°C for 2 hours. Diluted secondary antibodies, along with the conjugated
Phalloidin-TRITC (Santa Cruz Biotechnology, Dallas, TX, USA) or Alexa Fluor 647
Phalloidin (Invitrogen) diluted in 1:80 ratio, were subsequently added and stored in a dark
place for 45 minutes. Following a 3 times PBS wash, DAPI (4',6-diamidimo-2-phenylindole)
or Hoechst 33342 (Thermo Fisher Scientific) was added for 5 minutes to stain the cell nuclei.
Primary antibodies include Anti-Vimentin antibody (1:250, rabbit monoclonal, EPR3776,
Abcam), Anti-phospho-Paxillin (1:100, rabbit polyclonal, pTyr31, Invitrogen), Anti-beta
tubulin (1:500, mouse monoclonal, 2 28 33, Invitrogen), Anti-Lamin A/C (1:1000, mouse
monoclonal, sc-376248, Santa Cruz Biotechnology), Anti-Lamin B1 (1:500, mouse
monoclonal, sc-374015, Santa Cruz Biotechnology) and Anti-YAP (1:100, mouse
monoclonal, sc-101199, Santa Cruz Biotechnology). Secondary antibodies include Goat anti-
Rabbit IgG Alexa Fluor 488 (1:200, Invitrogen), Goat anti-mouse IgG Alexa Fluor 488
(1:200-1:1000, Invitrogen) and Goat anti-mouse IgG Alexa Fluor 647 secondary antibody
(1:500, Invitrogen). Images were taken using an inverted Zeiss microscope using a 63x
objective (NA 1.20, water immersion). Confocal microscopy was performed using a laser
scanning confocal microscope (LSM 880, Carl Zeiss Inc.) and images were obtained using a
63x 1.15 NA water immersion objective. Z-stacks were taken with slice thicknesses ranging
between 0.3-0.5 um. Z-stack images were processed in the Zen Blue software (Carl Zeiss

Inc).

5.5 Generation of knockdown cell lines

Lmna-KD were created using shRNA encoded on pLKO.1 puro plasmid (Addgene #8453)
and introduced into C2C12 with 2™ generation lentivirus. Sequences for shRNA was obtained
from Broad Institute Genetic Perturbation Platform. The sequence used for this study is
GCGGCTTGTGGAGATCGATAA. Viral particles were produced in HEK293T following
calcium phosphate transfection using 4.8 pg, 30 pg and 33.6 pg of VSVG (Addgene #14888),
psPAX2 (Addgene #12260) and pLKO.1 puro Lmna-shRNA plasmids respectively. After 48
hrs, supernatant containing viral particles were concentrated 100x following 2-hr
ultracentrifugation 50,000 g and 4°C. Cells were transduced in full growth media (DMEM
supplemented with 10% FBS) containing viral particles for 48 hrs and verified (Figure S11)
via Western blot using anti-Lmna/c mouse mAb (Cell Signaling Technology #4777).

5.6 Pharmacological inhibition
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For cytoskeletal inhibition, cells in suspension were incubated with 2 uM cytochalasin D
(actin disruption) (Fischer Scientific), 1 uM nocodazole (microtubule disruption) (Sigma
Aldrich) and 10-20 uM Y27632 (ROCK inhibition) (Hellobio, Princeton, NJ, USA) for 30
minutes -1 h. For chromatin compaction /decompaction cells were pre-treated with histone
demethylase inhibitor (Methylstat, 5 uM, 48 h incubation) (Sigma Aldrich, St. Louis, MO,
USA) and histone deacetylase inhibitor valproic acid (VPA, 2 mM, 24 h incubation) (Sigma

Aldrich) respectively. At least N=2 replicates were performed for each drug condition.

5.7 Analysis of shape metrics

Cells in suspension demonstrate a rounded morphology which evolves as they attach and
spread on a substrate. Cell circularity is defined by the relation:

Circularity=4nA/P?

where A is spread area (um?) and P is perimeter (um). A perfect circle results in a circularity
value of 1.0. As the shape elongates, this value approaches 0. Polarized cells were manually
outlined in ImageJ and the aspect ratio was quantified using the Bounding Rectangle

Function.

5.8 Analysis of focal adhesion clusters and actin stress fibers

Consistent with our previously reported convention, we quantified the length of the focal
adhesion (FA) cluster as the longest continuous length of immunostained paxillin. Intensity
profiles for paxillin were generated by performing line scans along the cell-fiber contact
region. For averaging purposes, profiles were normalized in 2 steps, 1) Intensity (plotted along
y-axis) was normalized with respect to peak intensity of the corresponding profile, ii) Cell
length (plotted along x-axis) was normalized with respect to the net length (measured from
end-to-end) of the particular cell. Intensity profiles were subsequently averaged using a
custom MATLAB routine, using a bin width of 0.01. Maximum intensity projections of
phalloidin stained cells were utilized to count the number of major actin stress fibers
emanating from each FA cluster and in the perinuclear region. Orientation of the actin stress
fibers were measured with respect to the undeflected nanofiber orientation. For average actin
localization in Figure 4b, images of perinuclear regions (17 cells) were averaged using a

custom MATLAB routine, and the average image is represented as an intensity heatmap.

5.9 Analysis of nucleus shapes and deformations
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Confocal z-stacks of DAPI/Hoechst/Lamin stained nuclei were processed in either Imagel
(NIH; https:// imagej.nih.gov/ij/) or Zen Blue (Carl Zeiss Inc). Nucleus projected area was
calculated from the top (xy) view at the equatorial plane (plane of the nanonets). The shape
(xy) of the nucleus was approximated as an ellipse and quantified by the ellipse eccentricity.
Eccentricity= (1-b%*a?)*> where 2a and 2b represent the shape of the major and minor axis of
the ellipse respectively. The eccentricity value of a perfectly symmetrical circle is 0, while the
value increases to 1, with increasing elongation of the ellipse. Nucleus aspect ratio was
measured by manually outlining and using the Bounding Rectangle Function in ImageJ.
Nucleus thickness was measured from the orthogonal side views (xz or yz) generated with the
Ortho function in Zen Blue, and the maximum z-dimension was considered as the thickness
of the nucleus. To quantify nuclear shapes in 'mismatch' diameter fiber doublets, cross-
sectional side views (yz) were generated using Ortho function in Zen Blue. A line is then
drawn through the nucleus mid-width as shown in (Figure 4b (iii)) and the area of the half
cross-sections were measured and designated as Amax and Amin based on larger and smaller

area respectively. Nucleus asymmetry index (NAI) is defined by Amin/Amax. Thus symmetric

nuclei will have a NAI of ~1, while teardrop shaped nuclei will have NAI < 1.

To quantify nuclear invaginations in spindle shaped cells attached to single fibers, the

deformed region of the nuclear envelope (yz cross-sectional view) was manually outlined in

Image] and a bell curve (S = Soe_yz/ 202, Figure 5c¢) was fitted to the manual trace using a
custom MATLAB (https://www.mathworks.com/) code to evaluate the individual parameters
So (invagination depth) and o (invagination spread). To quantify the level of curvature of the
nuclear surface, a best-fit circle was placed at the apical and basal surface of the cross-
sectional view (yz) of the nucleus, in the Zen Blue software. The curvature was defined as the

inverse of the radius of this best-fit circle.

5.10 Fluorescent Intensity analysis

To compare the basal and apical localization of cytoskeletal and nuclear envelope components
on fiber doublets, the orthogonal side views of the respective channels were first generated in
Zen Blue. Rectangular intensity profiles with a 5 pum width were computed at the cell/nucleus
mid-width (Figure 1e). The peak intensities at the apical and basal side were subsequently
extracted to compute the intensity ratio between basal and apical side.

To quantify the YAP/NLS localization within cells, cells and nuclei were first manually

outlined in Zen Blue to get the mean YAP/NLS intensity within the whole cell (Icenr) and
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inside the nucleus (Inuc) and the corresponding projected areas (Acen and Anuc). The average
intensity within the cytoplasm (projected area: Acy) is indirectly quantified from the
following relations:

Leen™Acent = Tnuc®Anue + Leyt* Acyt

Acel = Anuc HAcyt

The intensity ratio Inuc/cyt 1S quantified by the ratio of the average intensities within the nucleus

(Inuc) and the cytoplasm (Icy).

For NLS intensity analysis (Figure S9), rectangular intensity profiles (1 pm width) were
taken along the cell length. Fluorescent intensity was normalized with respect to peak

intensity of the corresponding profile and centered with respect to the nucleus midpoint.

5.11 Calculation of cell adhesion forces

Using our previously reported Nanonet Force Microscopy technique, cell-fiber adhesion
forces were quantified using a custom MATLAB code. Briefly, taut nanofibers were
approximated as loaded Euler Bernoulli beams with fixed-fixed boundary conditions and with
forces exerted at either cell pole (localization of the focal adhesion clusters) at an angle. This
direction of force exertion was taken along the average orientation (with respect to the
undeflected fibers) of the f-actin stress fibers emanating from the polar FA clusters. Next,
experimentally observed nanofiber deflection profiles were compared with the best fit profile
from finite-element model predictions and the error between them was minimized iteratively
to generate the adhesion forces. In fiber doublets (homogenous diameters), due to the high
level of symmetry in fiber deflections on either fiber, magnitude of the net cell force exerted

is approximated as twice the magnitude of the cell-adhesion force with each fiber.

5.12 Statistical analysis and data fitting

Statistical analysis was performed in GraphPad Prism (GraphPad Software, La Jolla, CA,
USA) software. For statistical comparison between multiple groups, ANOVA (along with
Tukey's honestly significant difference test) was utilized. For pairwise comparisons with a
control group, Student's t-test was used. In all scatter data column plots, error bars represent
standard deviation. Unless otherwise mentioned, in all other plots, error bars represent
standard error of measurement. For all statistical plots * ** ##* *#%* represent p< 0.05, 0.01,
0.001 and 0.0001 respectively. Data fitting was performed in either MATLAB (for nonlinear
fits) or Microsoft Excel (linear fits).
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Supporting Information.

Supplemental Figures S1-S11. Movies 1-11.

Supporting Information is available from the Wiley Online Library or from the author.
Supplemental Figures S1-S11.

Movie M1 (.MP4): C2C12 (mouse myoblasts) protruding on fiber doublets during spreading
(timestamp-h:min:sec).

Movie M2 (.MP4): C2C12 (mouse myoblasts) spreading on 200 nm diameter fiber doublets
Movie M3 (.MP4): C2C12 (mouse myoblasts) spreading on 350 nm diameter fiber doublets
Movie M4 (.MP4): C2C12 (mouse myoblasts) spreading on 800 nm diameter fiber doublets
Movie M5 (.MP4): C2C12 spreading on 200 nm-800 nm mismatch diameter fiber doublets
Movie M6 (.MP4): C2C12 spreading on 200 nm-800 nm-200 nm mismatch diameter fiber
triplet

Movie M7 (.MP4): C2C12 spreading on 800 nm-200 nm-800 nm mismatch diameter fiber
triplet

Movie M8 (.MP4): C2C12 spreading on single 350 nm diameter fibers (timestamp-
h:min:sec).

Movie M9 (.MP4): C2C12 cells expressing NLS mCherry spreading on single 200 nm
diameter fiber

Movie M10 (.MP4): C2C12 spreading on three 350 nm diameter fibers.

Movie M11 (.MP4): Two C2C12 cells transition from 4-fibers to 7-fibers (350 nm diameter)
during spreading.

All timestamps are in hours : minutes format unless otherwise specified.
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Figure S1. Cytoskeletal alignment in suspended fibers a,b) Representative cells showing cytoskeletal organization at
different timepoints during spreading on flat glass and suspended fiber doublets (fiber diameter: 350 nm) respectively, cells
are stained for actin (red), vimentin intermediate filaments (green), microtubules (cyan) and nuclei (blue), cells on fibers
show entry of microtubules and intermediate filaments into the protrusions as spreading progresses, scale bars represent 10
um c) Comparison of the alignment of the cytoskeletal elements in the perinuclear region, between flat glass and suspended
fibers (fiber diameter: 350 nm). Alignment factor is defined as cos(2a) where a is the orientation of the actin stress fiber or
individual pores within the microtubule or intermediate filament meshwork, with respect to the primary cell orientation,
Alignment factor ~ 1 for perfect alignment and ~ 0 for random alignment, scale bars represent 10 pm, n=5-6 cells for aligned

fibers and Flat 2D respectively.

Vimentin

Tubulin
fo _
£

Figure S2. Spatiotemporal localization of cytoskeletons a) Confocal side views (xz) showing 'Capping' localization of the
cytoskeletal elements at various timepoints during cell spreading on flat glass b) 'Caging' localization observed in suspended
fibers (fiber diameter: 350 nm), actin (red), vimentin intermediate filaments (green), microtubules (cyan) and nuclei (blue),

all scale bars represent 5 um
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Figure S3. Evolution of focal adhesion organization over the course of cell spreading a) Representative spread cell
showing focal adhesion clustering at cell poles, scale bars represent 20 pm, b), Average profiles (n=9-12 for each timepoint)
are shown, Paxillin intensity is normalized with respect to the peak intensity of each profile, Cell length normalization was
performed with respect to the entire length of the cell as shown in part a, In the spread state, two intensity peaks demonstrate

the focal adhesion clustering, Data is shown for 350 nm diameter category
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800 nm

Figure S4. Stress fiber organization in spread cells, Maximum intensity projections of representative cells demonstrating
stress fibers emerge from focal adhesion clusters on either side and converge to become almost parallel to the cell orientation,

in the perinuclear region. Actin and DAPI are pseudo-colored in green and red for better visualization. Scale bars represent

10 pm.
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Figure S5. Nucleus geometry during cell spreading a,b) Evolution of nucleus projected area (xy) and eccentricity as
function of spreading time and shown for the different diameter fiber doublets, respectively, n=17-34 per timepoint for each

diameter category
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Figure S6. Effect of cytoskeletal inhibition on cell spreading, Representative images showing control (no treatment),

cytochalasin D, nocodazole and Y27632 treated cells, fiber diameter: 350 nm, scale bars represent 20 pum. Comparison of the

cell spread area under different drug conditions, n=17,15,6 and 10.

Figure S7. Morphological alterations in Lamin A/C KD cells a) 3D isometric views showing wrinkled morphologies of

Lamin A/C KD cells, white arrows indicate wrinkles, Lamin B1 is shown in green

38


https://doi.org/10.1101/2021.10.19.465049

bioRxiv preprint doi: https://doi.org/10.1101/2021.10.19.465049; this version posted October 20, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Cell Spread Area (um?)

0.9
0.8
0.7
400 -3
':“ 0.6
305
S04
200 C 0.3
0.2
0.1
[] 0
0 20 40 60 0 20 40 60
Time(min) Time(min)

2400 nm

3600 nm l
Il
i
5

|

6400 nm
n

3

{

12

FA cluster length (um)

— Control
o Y27632
10
£
=
5 Kkkk
Yyy
ﬂ #
20 40 60 Nucleus Invagination
Time(min) Thickness Depth
i
20
%15 A
14
< A A
= 10
3 25
5 A
0+ T g
100 1000 10000
Fiber diameter(nm)
"I - 12 — Pl
K]
g 1 l [
> o8
®
c
8 o6
£
Q o4
2
c
‘g 02
L
i

o

Spindle

Multifiber

Flat 2D

Suspended cells

Figure S8. Cell and nucleus shapes in spindle cells: a) i) 3D isometric view of spindle cell stained for actin (red), paxillin

(green, shown with yellow arrows) and nucleus (blue) ii) Representative confocal side views (yz) showing stress-fiber

mediated caging of nucleus in spindle shaped cells, scale bars represent 5 um b) i.ii) Temporal evolution of cell spread area

and circularity for spindle cells, n=15 cells, fiber diameter: 350 nm, iii) Focal adhesion cluster (FAC) length evolution during

cell spreading, n=34.47,32,17 and 34 for 5, 10,20,40 and 60 min respectively, iv) Effect of cell contractility inhibition on

nucleus thickness and invagination size in spindle cells, (fiber diameter: 350 nm) c) i) Representative images showing

variation of cell/nucleus shape as the fiber diameter is varied from 150-6600 nm. Actin (magenta) and lamin A/C (green) are

overlaid with the brightfield channel to show underlying fibers, scale bars represent 10 pm ii) Cell aspect ratio as a function

of fiber diameter, n=14,10,10,11,10,6 and 6 for 150,200,350,800,2500,3500 and 6600 nm respectively iii) Localization of

lamin A/C at the basal (contact points with fiber) and apical surfaces for spindle (1-fiber) and multifiber configurations, Flat

2D is included for comparisons (n=5-10 cells).
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Figure S9. NLS localization in aligned fibers a) i,ii,iii) NLS intensity profiles, along cell length at different spreading

timepoints (~ 10,30,60 min) corresponding to fiber doublets with 200 nm , 350 nm and 800 nm respectively, Schematic

illustrates the direction of intensity scans b) i,11,iii, iv and v) Spatiotemporal NLS localization for spindle shaped cells

corresponding to fiber diameters: 200, 350,800, 150 and 6600 nm respectively c) Intensity analysis for multifiber (D: 350

nm) cells, n=10 cells for each timepoint and substrate category. Error bars represent standard deviation.
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Figure S10. Nucleus shape regulation mode is independent of cell line: a) Fiber diameter dependence of nucleus thickness
in HT1080 fibrosarcoma cells b) Enhanced nuclear translocation of YAP for HT1080 cells in 800 nm networks. ¢) Nuclear
invaginations are observed in spindle cells for all cell types tested (C2C12, HT1080 and HeLa), comparison of the

invagination depths in the different cell types for 350 nm diameter single fibers, scale bars represent 5 pm.
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Figure S11: Western blot showing partial knockdown of Lamin A/C in C2C12 cells. SC stands for scramble with null

expression.
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