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ABSTRACT

Mechanical interactions of cells with their immediately surrounding extcdaell
matrix (ECM) isnow known to be critical in pathophysiologlyor example, duringancer
progression, while uncontrollable cell division leads to tumor formation, the subsequent
metastatienigration of cells from the primary tumor site to distantgaftthe body causes
most cancerelated deaths. The metastatic jourmeguirescells to be able to adopt
different shapes and mewersistently through the highly fibrous native ECM, thereby
requiring significantspatiotemporalreorganization of the celtytoskeleton. While
numerous studies performed on fladitnensional culture platformand physiological 3D
gelshave elucidated cytoskeletal reorganization, our understanding on how cells adapt to
natural fibrous microenvironments and regulate theiabieh in response to specific ECM
biophysical cuescludingfiber size, spacing, alignment and stiffness remaumsfancy.

Here, we utilizehe non-electrospinning Spinneret tunable engineered parameters (STEP)
technique to manufacturBCM mimicking suspended fibrous matrices with precisely
controlled fiber diameters, network architecture, Hiileer spacing and structural stiffness

to advance our fundamental understanding of how external cues affect cytoskeleton
cellular forces in glistinct mophological processes of the cell cycle starting from division
to spreading and migration. Mechanobiologicakights from these studies are

implemented to deliver intracellular cargo inside cells using electrical fields.



Holistically, we conclude that ibrous environments elicit multiple new cell
behaviors never before reported. Specifically, our new findings include (i) design of fiber
networks regulates actin networks and cell forces to sculpt nuclei in varying shapes:
compressed ovals, tear drop, andaginations, and drive the nuclear translocation of
transcription factors like YAP/TAZ. In all these shapes, nuclei remain rupreethus
demonstrating the unique adaptability of cells to fibers, (ii) dense crosshatch networks are
fertile environmert for persistent 1D migration in 3D shapes of rounded nuclei and low
density of actin networks, while sparse fiber networks induce 2D random migration in
flattened shapes and weléfined actin stress fibers, (iii) actin retraction fibased
stability regulates mitotic errors. Cells undergoing mitosis on single fibers exhibit
significant 3D movement, and those attached to two fibers can have rotated mitotic
machinery, both conditions contributing to erroneous division, and (ivpadsic force
responsdo electroporation that coincides with actin cytoskeleton remodeling. Cells on
suspended fibersanwithstand higher electric field abuse, which opens opportunities to
deliver cargo of varying sizes inside the cell.

Taken altogether, our findings providew mechanobiologicalinderstanding of
cell-fiber interactions at high spatiotemporal resolution impaataigmigration, division

and nuclear mechanié®y behaviors in the study of pathophysiology
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GENERAL ABSTRACT

Cancer, one of the major pathophysiological conditions, progresses within the living body
through spreading of malignant cells from the primary tumor to distant secondary sites,
ultimately leading toife-ending outcomes. Such spreading of cancer also known as cancer
metastasis requires mechanical interactions of cells with their immediately surrounding
microenvironment or the extracellular matrix (ECM). Cells utilize their cytoskeleton, a
dynamic intenal network of filamentous proteins, to adopt various morphologies, exert
mechanical forces and physically remodel their local environment as they navigate through
the highly fibrous native ECM. While previous research has elucidated how biochemical
factors and bulk matrix properties regulate such cytoskeletal organization and single cell
behavior, our understanding of how cells adapt to fibrous environments and respond to
local biophysical cues like fiber diameter, spacing, alignment and stiffness remains
infancy. Here we use the neelectrospinning Spinneret tunable engineered parameters
(STEP) to generate suspended nanofiber networks of tunable geometric and mechanical
properties to mimic the native cellular environment. We discover that cells tddnga
within these ECMmimicking environments utilize a unique cytoskeletal caging structure
to regulate the shape and response of their nuclei in a-fiteaneter and organizatien
dependent manner. Additionally, we demonstrate that these elongated g#iblogies

often observed during metastatic cancer cell movements, is achievable not only in aligned



fibers but can also be induced by dense networks of fibers in a crossing organization.
Specifically, such dense crosshatch networks allow cells to migeasésiently at high
speeds while cells on sparsely spaced networks demonstrate slower and random
movements. As cells elongated during interphase rounded up to undergo division, we find
that the underlying fibegeometry modulates mitotic dynamics througfedential levels

of actin retraction fibemediated stability, leading to significant alterations in orientation

of mitotic machinery and mitotic spindle defects. Finally, we utilize these
mechanobiological insights on cytoskeletal organization andltaie control to optimize
intracellular delivery of cargausing highvoltage electric fields.We demonstrate
suspended cells are capable of withstanding higher electric fielddemdy multistage

cell contractility recovery dynamics, which correlatethwcytoskeletal disruption and
reassembly. Taken altogether, our findings provide a comprehensive understanding of the
fiborous ECMmediated regulation of the cytoskeletal organization and its impact in cell
migration, division and nuclear mechanics. Knalge obtained from this study will
improve our understanding of cancer metastasis and provide predictive datavifoy

cellular response, essential for cytoskelemgeting cancer therapies.
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Supplementary Hgure 3.S5: Nucleus geometry during cell spreading,b) Evolution of
nucleus projected area (xy) and eccentricity as function of spreading time and shown for
the different diameter fiber doublets, respectively, n34 per timepint for each diameter
(0221 (=] )] YU PPPTRPIN 29

Supplementary Figure 3.56: Effect of cytoskeletal inhibition on cell spreading
Representative images showing control (reatment), cytochalasin D, nocodazole and
Y27632 treated cells, fiber diameter: 350 nm, scale bars represent 20 um. Comparison of
the cell spread area under different drug conditions, n=17,15,6 and.1Q.............. 59

Supplementary Figure3.S7: Morphological alterations in Lamin A/C KD cells a) 3D
isometric views showing wrinkled morphologies of Lamin A/C KD cells, white arrows

Supplementary Figure 3.S8 : Asymmetric organization of actin stress fibers leading
to teardrop shaped nuclear crosssections.Specifically higher density of stress fibers
towards the 800 nm fiber side leads to greater reduction in nucleus thickness....60

Supplementary Figure3.S9. Cell and nucleus shapes in spindle cellg) 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) shosinegsfiber 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 etioh 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 showanigtion of cell/nucleus shape as

the fiber diameter is varied from 1800 nm. Actin (magenta) and lamin A/C (green) are
overlaid with the brightfield channel to show underlying fibers, scale bars represent 10 um
i) Cell aspect ratio as a function diber 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 spindiibd€d) and multifiber
configurations, Flat 2D is ingted for comparisons (n=B) cellS).............cceevrvrvieenn 61

Supplementary Figure3.S10. NLS localization in aligned fibersa) 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,iiiii, iv and v) Spatiotemporal NLS localization for spindle
shaped cells corresponding to fiber diameters: 200, 350,800, 156G0hdré respectively

) Intensity analysis for multifiber (D: 350 nm) cells, n=10 cells for each timepoint and
substrate category. Error bars represent standard deviation...............ccvvveeieeennn. 62

Supplementary Figure 3.S11. Nucleusshape 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
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invaginations are observed in spiadiells for all cell types tested (C2C12, HT1080 and
HelLa), comparison of the invagination depths in the different cell types for 350 nm
diameter single fibers, scale bars represent 5. um...........cccccvicciiiiiieeeeeeeeeeeeeeeiinnnn 4 63

Supplementary Figure 3.512 Western blot showing partial knockdown of Lamin A/C
in C2C12 cells SC stands for scramble with null expression............ccccvveeeveeeeeeenn. 64

Figure 4.1. Nanofiber networks and the corresponding cell morphologiesa) SEM
images of 500 nm diameter fiber networks with bottom panel showing high magnification
images. Also shown is a cartoon of the flat control substrabyirRepresentative phase
contrast images of cell morphologies obtained on the different subsirétssembly of

focal adhesions visualized by staining for the focal adhesion protein, paxillin (shown in
green), factin stress fibers in red and nucleus in blue. White arrows denote cell migration
direction. In the case of the §4n fiber networks, cellexhibit no bias in direction of
migration. Characteristically similar fiber categories are groupddease(3 and 6 um),
andIntermediatg18 and 36 pm), while 54 um network is designatetVade d) Cells of
different migratory lineages behave similaoly fiber networks (example shown fibense
network). All scale bars SHOWN iN JM........oooiiiiiii e 76.

Figure 4.2. Inter-fiber spacing regulates cell/nucleus morphologies and focal adhesion
cluster lengths: a) Cell width versus cell length profiles (tofiew of cell, shown only half

due to symmetry) for each category along with the measured slopes of the profiles at the
leading edges (n=13, 7, 8, 10, 9 and 9 for 3, 6, 18, 36, 54 um and Flaspectively).

Cells on dense networks have lower slopes indicating elongated cell i)dedl. spread

areas on networks of increasing intier spacing (n=107,101,84 and 50 fdense
intermediate, widenetworks and flat 2D, respectively)) Aspect atios of the cells on
varying fiber networks show cells to be highly elongated on dense networks (n=107,101,84
and 50 fordenseintermediate, wid@etworks and flat 2D respectively). Inset in grey box
shows schematic of geometry change (square to elahgatéangle) with increase in
aspect ratiod) Paxillin focal adhesion cluster lengths (FACSs) increase with fiber network
porosity leading to a fphasic migratory response (n=11,17,20,10,13 and 12, {6y 18,

36, 54 um and Flat 2D, respectivelinsetshows FAC data for different cateogries and a
representative image with yellow arrows depicting FAC mesasurement (Scale bar 10 um).
Nucleus arede) and nucleus eccentricitff) are regulated by the underlying network
porosity with smallest size and highes eccentri city found in den:
category). Inset in grey box shows schematic of geometry change (circle to elongated oval)
with increase in eccentricitg) Cell and nucleus areas are positively correlated. Linear fit

to data correspondinty fiber networks with flat 2D data shown as reference. Error bars
represent standard error of measurement. Statistical differences between individual inter
fiber spacing categories are superimposed on tiaefaletheir respective groups........ 78

Figure 4.3. Inter-fiber spacing regulates cell migration: a) (i) me an squared
di spl acement (MSD) vs. dteinme , ( i )yatnulr dited eamd rer, e s

net work categories and FIl at ZDU,WhEﬂissettmehows
scaling exponent t h migrationsratewksmgle cell®(n=69,40,44 he dat
and 29 fordense, intermediate, widmdflat 2D respectively), (iii) persistence of single
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cells (n=49, 40, 36 and 20 fdense, intermediat widenetworks andlat 2D respectively)

for the different substrates, and (iv) polar plots showing angular displacements for cells on
varying fiber network porosities and compared with flat{@240, 40, 20 and 2f@or dense,
intermediate, widenetworksandflat 2D respectively. Data demonstrates cells moving
fastest and with highest persistencelensecrosshatch pattern of fibeks). Representative
displacement profiles of the leading and trailing edge for the different fiber network
categories. Leadg and trailing edges are shown in red squares and blue circles
respectively in associated tiRegpse images (scale bars denote 20 um and time shown in
minutes).c) (i) Recoikto-recoil analysis method to calculategration cycletime, (ii)
migration cycétime over the different fiber network categories (n=29,50 and 2fefuse,
intermediate, and wideetworks respectively. Note for thedensegroup, data is only
shown for 6 um fiber spacing, as the redotrecoil migration cycle for the 3 um fiber
spacing was not discernable optically, and (iii) migration cycle and retraetion speeds
plotted as function of FAC length showing both metrics to linearly scale with FAC lengths.
Inset image shows a fluorescenrtiypeled cell attached to a 54 um infiber spacing
network and the magnified image of retracting edge showaatjh stress fiber distribution
(red: factin stress fiber, blueucleus and green: paxillin. Scale bar: 20 uS8tatistical
differences between individual intéber spacing c&gories are superimposed on the data
for their reSPECHIVE QrOUPS.....vvueiie ettt e e e e e e e e e e e e e e e e e eaarearaae 80.

Figure 4 4. Inter -fiber spacing regulates nucleus dynamics: &epresentative profile of
the deformation of nucleus during retraction of a trailing edge demonstrating rounded
nucleus is strained to elongated shape, and after recoil the nucleus relaxes to its original

shape. Axis strain is defined as ,where l.is the minor axis length of the nucleus

pre-recoil and L(t) represents the minor axis length of the nucleus at tipestrecoil
(Scale bars represent 20 um). At start of relaxation-eestil (t=0), minor axis L& Lo.

b) Normalized nucleus shape recovery data (definedwere- and- —_

is the initial nucleus axis strain immediately postoil with exponential fits showing that
cells on dense mworks recover their original shape faster after recoil. Inset shows
representative iages of the nucleus post recaild after relaxation (rounded is foide

and elongated falensenetworks).c) Relaxation time constants calculated on basis of an
exponatial decay of nucleus deformation showing stronger recoiténmediateandwide
networks. Percentage change in nucleus shape (eccentlijign@ size (projected area
(e)) during trailing edge recoilf) Nucleus height measured by confocal microscopy
guantitates cell nuclei to be thicker in dense regions. Inset shows representative images of
nucleus (projected side view from confocal microscopy, scale bar 5 g)nNucleus
thickness decreases with increase in cell spread l@r&epresentative tempalrplots of
nucleuscell body angular couplingricluded anglg for the different inteffiber spacing
with inset illustration showing thiacludedangleis defined by the coordination between
cell body vector (trailing edge to centroid shown by white stad) nucleus major axis.

Data shows the influence of cell shape (aspect ratio) on the extent of rcellelngdy
coordination. Ford) and () exponential fit to data corresponding to fiber networks with
flat 2D data shown as referen@ample size fob, ¢, d and e (n=11, 23 and X&nse,
intermediateand wide networks respectively) for f, g (25, 32, 14& 13: dense,
intermediate, widandflat 2D respectively and fori (n=13, 15, 9, 9dense, intermediate,
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wide andflat 2D respectively). Includedrale and aspect ratios are calculated every 10
minutes over the-fhour experimental time (25 measurements) and then averaged across
cells of similar aspect ratioStatistical differences between individual inféxer spacing
categories are superimposeatdtbe data for their respective groups...........cc..eeee... 82

Figure 4.5. Inter-fiber spacing regulates cell spreading and-&ctin stress fiber
organization: a) Phase contrast tirlapse images showiranisotropicandisotropiccell
spreadingon 6 and 18 pm representingense and intermediate fiber networks,
respectively.b) Transient profiles outlining cell spreading denseand intermediate
networks. Ordensenetworks, cells form multiple shelitzed protrusions in all directions
(inset ima@) before elongating in a primary direction, whereasmt@rmediatenetworks
cells protrude and extend isotropicaltyAnalysis of cell spread area and associated aspect
ratio (length/width) of cells spreading on fibers of varying network porositie8-(rt=per
category).d) Immunostained images ofalctin stress fibers (red), focal adhesion paxillin
(green) and nucleus (blue) on all fiber categories and the flat 2D substratum. Cells cultured
on the 3 pm porosity networks lack dominant stress fiberdlowWearrows indicate
clustering (meshwork) of stress fibers, witkermediatespacing matching the stress fiber
distribution found in cells on flat 2D.............oooeiiiiicmmi 85..

Figure 4.6. Inter -fiber spacing regulates gene expression: (&)ierarchical clustering

and GO enrichment analysis of gene families related to cellular phenotypes in cells cultured
on fiber networks of different intdiber spacing.(b) Hierarchical clustering and GO
enrichmet analysis of gene families primarily downregulated during growth on fiber
networks. Downregulated networks are primarily associated with transcription. Directional
enrichment scores are reported with respect to flat 2D control.............cccceeeooo 87

Figure 4.7. Fiber network based migration platform. a)Migration phase diagram based
upon intetfiber spacing and bending stiffness (N/m) regulates single cell migratory
phenotype in 1D, 2D and 3D cell shapes. Data is plotted for vantersfiber spacing
against parallel arrangement of fibers (shown on extreme right). On average, cells were
found to engage with three parallel fibers, resulting in estimation of equivalent stiffness by
summation of stiffness of individual fibers (sprirnggarallel). b) SEM image (left) of a

single scaffold with three fiber network categories. Middle and right fluorescence
microscopy images show images of the cells seeded on fibers of varying crosshatch
densities and the flat 2D control. Scale barqset images in SEM panel are 20 um and
stained images are 10 um). Custom suspended fiber networks to study cell shape and
migration changes as cells transition between aligned and crosshatch networks [pattern
adapted from Doyle et al. 2009]. Inset shovepresentative migration trajectories
demonstrating cells maintaining elongated shapes and persistent migration on both
networks along with cases in which cells can turn directions shown by purple.cit@@s

Suppl ement ar.yS1 Fi-fgiubtegcridsg a of i ndividual fib
Categdiisedgrams are basdd®asuremenitsetabkent |
net work category. DatMae ainm.Sia.r..e.n.t..h.e.s.b5s. .i.s. .s.h.o
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Suppl e mEigute &.62 Overal cell shape (broad leading edge with tapering
trailing edge) is consistent between flat glass and the 18 um spacing fiber networks.
Top panel: Fluorescently labelled (red: actin, green: Paxillin and blue: DAPI) fixed cells
on intermediate fiber networksd Flat glass respectively. Bottom panel: Phase images of
different cells attached to the fibers and on the flat 2D substratum....................... 95

Suppl e megure 433yCells sense both layerga, b) Cells form focal adhesions

onboth layers oflensenetworks, as shown by paxillin staining (gre€n) Representative
fixed-stained image of cells ordensdiber network showing cells in both noriouth and

eastwest orientations (red: actin, blue: nucleus and green: paxilim)lSe bar i s 50
(d) Migration trajectories of cells tracked atfinute intervals for at least 6 hoursaense

fiber networks. Cells move in both directions and can make right angle turns......96

Supp!l e migure 434yStress fiber orgnization in the different fiber network
categories All scale bars represent 10 JIM..........uuuuuiiiimceeeeeeeeeeeeeeeeeeeeeni s 96.

Suppl e mEgure 435 WMigration analysis using persistent random walk (PRW)
model. Diffusion coefficient (D) and persistence time calculated for all #iter spacing
and flat 2D using PRW model. Sample size is 29, 29, 17 and H&ifge, intermediate,
wide,andFlat 2D reSPEeCHIVENY.........ooo oo e 97

Supp!l e mé&igureadSy. Bending stiffness (N/m)measured by AFM of the
crosshatch networks (n=12, 14, and 1ldenseintermediate andwidenetworks)......97

Figure 5.1: Cell division in suspended fiber environmerg. (a) Timelapse images

showing representative cases of mitotic progression, corresponding to 5 distinct interphase

cell shapes: needle-fiber), 2Frectangular (2 fibers), MF e ct angul ar-kit¢ O3 fi be
(2 orthogonal fibers) and 2ibunded (glass cavslips). Cells are fluorescently stained

with actin (red), vinculin (green) and nucleus (blue), Scale bars represent 10 um and 20

Om respectively, (b,i) lllustration showing
(i) Analysis of individual tempral profiles of metaphase plate orientation using

orientation change per interval maximum range of metaphase plate oscillations (iii,iv)
Statistical comparison across all fiber configurations and 2D for metaphase plate dynamics,

(v) mitosis duration analysshowng 1Felongated to be slowest.................cceee. 104

Figure 5.2. Retraction fiber-based stability and positioning of mitotic rounded cell
bodies. (a,i) 3D schematic of rounded cell body held in place by retraction fibers in a
single-fiber category, (ii) Average hotspots of retraction fibers from confocal microscopy
of top view across various fiber configurations and 2D (n=10 per category), (iii)schematic
describing retraction fiber coverage metric, (iv) retraction fiber coveragessadiber
configurations and 2D in xy plane, (v) metaphase plate orientation and maximum range of
oscillations decrease with increasing retraction fiber coverage, (vi) mitosis duration
decreases with increasing fiber coverage. (b) Average hotspots atiogtribers from
confocal microscopy of side view across various fiber configurations and 2D (n=10 per
category). (c, i) Representative images showing front view of mitotic cells across various
fiber configurations and 2D, schematic shows the retraciir brganization from the
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front view of cells, (ii) cell body positioning (h/D ratio defined in c(i)) across all fiber
configurations and 2D, (1 i) net included
configurations and 2D, (iv) retraction fiber coage in xz plane across all fiber
configurations and 2D, (d, i) Representative image and schematic showing the mechanical
linking of the astral microtubules and the cell cortex at the sites of the retraction fibers,

(1S 0 1=Tod 1LY/ Y SO 106.

Figure 5.3. Division axis orientation and daughter cell positioning on suspende

fibers: (a) Polar histograms of cell division axis orientations (marked by red arrow) in for
different fiber geometries, absolute acute angle magnitudes of orientation are used, n=45,
41, 62,105 and 50 for 1€longated, 2felongated, MFelongated, 2Fkite and 2D rounded,
respectively. Percentage of cells ifl® sector for aligned geometries, and-&® for
crosshatch geometry, (b) Timelapse images showing the representative dynamics of cell
division axis (red dashed line) in single fibers versus melfiplers. (c) i) Representative
profiles showing the variations of division axis orientation and subsequent positioning of

Figure 5.4. Forces in cell division.(a) Isometric views of a representative cells positioned

on top of the fiber network (unconfined category) and confined betwébar2 (confined

category)Actin (red), fibers (green), chromosomes (cyan). During mitosis, the contractile

forces change direction from inward pointing to outward pointing as cell balls up and
pushes the fiber outwards (yellow arrows).
representative confined cell. Actin (red) and fibers (green) are indicated by green arrows.
lllustration showing the positioning of the cell with respect to the fiber plane, h: height of

rounded cell below the fiber plane, D: Net cell height, Scale bar & 1Q (c) Averag
rounding forces of confined and unconfined cells in-fiber category. Inset shows

analysis of approximating tension in each retraction fiber (n= 20 per category). Forces for

the retraction fiber analysis are taken from the unconfinea fprofiles and divided by

four to obtain force per focal adhesion cluster length. (d) Force profiles during cell

rounding and mitosis are normalized for time taken from NEBD to cytokinesis (n=23). (e,i)
Representative side views of unconfined and confoe#ld at metaphase, Scale bars arel0

em, (i, 11 ,iv,Vv) Comparison of met aphase ¢
metaphase plate (MP) oscillations and mitotic duration between the unconfined and
confined categories, respectively, (vi) Repredérdaimages showing mechanical

confinement reorients division axis, and vii) Comparison of cell division axis orientation

(with respect to undeflected fibers) between unconfined eadfined category

[2S] o LT 1)V Y TP P PP 114..

Figure 5.5. Mitotic spindle machinery in different fiber geometries (a) Cells are fixed

at metaphase and stained for the actin cortex (magenta), microtubules (cyan), kiestocho
(green) and chromosomes (red). Maximum intensity projected images are shown.
Brightfield images show the respective fiber networks. (b) Representative image showing
a pair of kinetochores attached to both ends of a single chromosome via microtabules. (
Comparison of the intétinetochore separation distance between the different cell shapes.
(d) Cumulative profiles showing the mitotic progression for the different categories. (e) 3
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major categories of mitotic spindles based on the number of obsepeddre (f) Relative
occurrence of monopolar, bipolar and multipolar spindles in the different cell shape
categories. (g,h) Comparison of monopolar and multipolar defects in the different substrate
(o= 1T [0 1= TR 116

Supplementary Figure 5.S1: Cell shapes during InterphaseRepresentative stained
images and cell aspect ratio quantification corresponding eldifgated, 2felongated,
MF-elongded, 2Fkite and 2Drounded.............cooviiiiiiiiiiiiiie e et a e

Supplementary Figure 5.52: Compilation of individual profiles showing temporal
dynamics of metaphase plate movements for the different fiber geometse........ 123

Supplementary Figure 5.S3: Regulation of mitotic cell shapes through retraction fiber
organization, a) Isotropic views showing retraction fiber organization of cells attached to
single fibers and multiple fibers, Cells are stained foinaghagenta) and histone H2B
(green), b) Representative YZ cres=ctional sidesiews corresponding to different
substrate categories, c,d) Quantification of metaphase cell heights and Aspect ratio(yz)
corresponding to different substrate categaries...............vciiiiiiiiiii e 124

Supplementary Figure 5.S4: Probability distributions of the metaphase plate angular
velocity for the different substrate categories...........ooovviiiiiiiiiiiiiiiiieeeee e 125

Supplementary Figure 5.S5: Effect of mechanical confinement on 3D orientation of
metaphase platen) Representative XZ cresgctional images for unconfined and confined
cells b,c) Statistical comparison of MP tilt angle and Hkieetochore distanceof
unconfined and confined category CEIIS........cooiiiiiiiiiii e 125

Figure 6.1. Nanofiber force sensinga) A microfluidic PDMS device encloses a nanofiber
network spun on a hollow substrate. The catbs electroporated via a higoltage pulse
generator connected to two needle electrodes. Precisetyolled nanofiber networks are
fabricated using the STEP techniqu&50 nm fibers (15 pum spacing) are deposited
orthogonal to 2 um fibers (275 um spauwg) and fused at their intersections. Scale bar 20
pm (lower), and 1 um (upper). Warallel orientation cell longaxis aligned with the
electric field;Perpendicular orientationcell longaxis perpendicular to the electric field.
c) Singlecells attachto parallel nanofibers, causing visible fiber deflectiSnale bar 25

pum. The deflecting fiber is modeled as a fixixded beam with two pointbads,®) located

at the attachment points of the cells and at an angle . d) A finite element model
indicates that the electric field is approximately uniform within the region of interest at the
center of the scaffolde) An elongated cell showsactin stress fibers (red) and focal
adhesions (green) along the fibers. Contractile force is applied alongdhe $tress fibers

(e, bottom left), retraction fibers (e, bottom center at the bisection of the membrane
angle (e, bottom right). Thalashed lines indicate fiber location. Scale bars 10 um (top) and
5 um (bottom). f) The angle is well approximated by a tweegment line when
plotted against cell length. For cells longer than 63.4|um, is constant at 12.4°. For
cells shorter than 634m, | is approximated as a linear function of cefigén. Inset
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images show a round and elongated cell with corresponding data points. Scale bars 5 pum.
EP, €leCtropOration..........coueiiiiiiiiiiiiie e er e e e e e aaeas 141

Figure 6.2. Cell shape andcontractile force response to electroporationab) Cell
responses to electroporation at 500 V, 1000 V, 1500 V in the (a) parallel orientation (441
V cm?, 882 V cmt, and 1323 V cm respectively) and (b) perpendicular orientation (455

V cm?, 911 V cmt, and 1366 V cm respectively). The onset of membrane disruption by
electroporation is visualized for 1000 N by the inclusion of YGPRO1 (green,
background subtraction and thresholding used to remove background signal, see Methods).
Cells show roundig, membrane blebbing, and an eventual return to a characteristic
elongated state in a voltagend orientatiordependent manner. Scale bars are 25 pd). ¢
Average fiber deflection, cell length, and contractile force-g#stor cells in the parallel

(c) and perpendicular orientation (d). Cells in the parallel orientation show rapidly
decreased length and contractility, and recovery withiihhburs. For the perpendicular
orientation, no response occurs at 500 V, a moderate response occurs at 1000 V, and an
extreme response is seen at 1500 V. Unexpectedly, fiber deflection and force plots show a
transitory increase shortly after electroporation (see arrows on plots) indicating multiple
stages in the recovery process. Error bands show standard djriae@mum percent
decrease in force and cell length is greatest at high voltages. g) Electroporation at high
electric fields causes significant cell death, particularly in the perpendicular orieriiédion.

Figure 6.3. Electroporated cells show a biphasic forceecovery. a) A sample contractile

force profile for a cell treated at 500V ||. The ¢elinding stage (Stage 1) begins after
electroporation and ends at the first force minimum. Contractile forces increase during
phase | of the biphasic stage (Stage dpigedecreasing again in phase Il. The -cell
spreading stage (Stage 3) begins after the second force minimum during which the cell
recovers its prelectroporation contractility. b) Images of a cell showing a Rstétye
response (1000 V |[). Correspondiiogce values are presented for each image and the
stages of recovery are schematically represented above. Scale bar 25 um. c) Contractile
force and deflection for a representative cell from each treatment demonstrating-a multi
stage response. Note a minintasponse for 500 \WJ. d) Cells in the perpendicular
orientation have significantly less change in force and length in the first two minutes after
electroporation, except at very high voltages (1500 V). e) The biphasic stage {86ts 20
minutes (longer fo1500 VU) with higher voltages causing slightly longer durations. The
duration of phase | is nearly equivalent to phase Il. f) Force significantly increases during
the biphasic response. The first and second minimum values are not significantly different
During the biphasic stage, cell length does not change significaptiyage sequence of

a representative cel |l e-freemddin&Gqalelban2s5pndCell1 000 V
force and length remain unaffected in calcitree DMEM during the fist two minutes
after electroporation (1000 V.|])....cooeeiiiiiiiiie e .146

Figure 6.4. Electroporation disrupts the cytoskeleton a) Maximum intensity projections

of cells stained for actindfore electroporation and during various stages of recovery post
electroporation (1000 V ||b) A single confocal &lice taken in the nanofiber plane. Pre

EP, actin cytoskeleton consists primarily of wadifined stress fibers (yellow markers).
During the celtrounding stage (2,8 min), both stress fibers and blebs (blue markers) are
present. During the biphasic stage (8,16 min), cells are rounded with cortical actin and no
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stress fibers. Eventually, stress fibers begin to reform (32 min) and blebbauyced as

the cell enters the cetipreading stage and regains its characteristic cytoskeletal structure.
c,d) Bleb size analysis. Large blebs form immediately after electroporation (maximum at
2 min), but are reduced to baseline values within 32 minefgdMlembrane roughness is
guantified by the ratio of the contour length of the membrane along the nanofiber by the
cell length endo-end distance. Membrane roughness is at its maximum at 2 minutes after
electroporation and returns to ge® values afteB2 minutes. All scale bars 10 um. EP,
ElECITOPOTALION. ...ttt e e e e e e e e e e s 149

Figure 6.5. Cell orientation affects membrane permeability after electroporation a)

Cells show uptake of propidium iodide (PI) during and after the application of ten, 1000 V
pul ses ( &y 9818/2Zm'\Welicened at 1 Hz. Timé mindicates the end of

the first pulse. Pl uptake reveals distinct spatial distributions of mempeameability for

the parallel and perpendicular orientations. In the parallel orientation (a, left column), Pl
uptake is located near the cell attachment points. However, in the perpendicular orientation
(a, right column), uptake is near the central salsyv White dashed lines show cell
boundary preelectroporation. The time series indicates that membrane permeability and
the influx of PI precedes cell rounding. Scale bars 20 um b) Representative intensity plots
taken along the cell length (large whitastied lines) demonstrate the distinct spatial
distributions of membrane permeability in the parallel and perpendicular orientations. c)
Pl uptake is biased toward the cathodic (depolarized) side of the cell. Error bands show
standard error. (FIQUIBS C)......uuuerriiiiiiiiieieeeeee et 151

Figure 6.6: Electroporation experiments on five additional cells lines conducted at

1500 V or 2000 V in the parallel orientation a) Brightfield images of cellesponses to
electroporation. Scale bar is 25 pm. b) Cell length and contractile force responses for five
cell types after electroporation. Note that the cell contractile force is more dynamic than
the cell shape. All cell types demonstrate a robust lodsrecovery of forces post
electroporation, but do not necessarily show any significant changes in the cell shape. c)
An example of a mulistage respomrsfor each additional cell type...........................153

Supplementary Figure6.S1.Electroporation waveforms and the electric field within

the device a) Cells were treated with ten, 100 ps square wave pulses at 1 Hz. b) Actual
voltage and current waveforms measured during the first pulse. Pulses approximate
idealized square waves. c) A finidement model shows the electric field distribution
along the walls of the fluidic channel (c,e) and in the plane of the nanofiber scaffold (d,f).
In ¢) and d) the scaffold is modelled in the parallel orientation while e) and f) are modelled
with the scafbld in the perpendicular orientation. The nanofiber region within the scaffold
has an approximately uniform electric across the center of the scaffold. g) Along the
cutlines BB and EE the electric field magnitude is mostly constant, with asymptotic
regions near the edges. h) Along cutline€£@nd FF, electric field is quite uniform. i)

The voltage drop is nearly linear along cutlineBBnd EE. The generated electric fields
over the region of interest were approximately 441 VAc&82 V cmt, and 123 V cmit
respectively across the scaffold region in the parallel orientation and 455'\9drh V

cm?, and 1366 V cm respectively across the scaffold region in the perpendicular
(0T 1= ] ¢= 11 0] o S 159



Supplementary Figure6.S2.Force and length changes after electroporatiare-b) Data

from Figure 6.2ef, re-ordered to show significant differences due to electric field
orientation. ed) Cells postelectroporation do not show significant differences in
contractile force or length compared to -ptectroporation values. Peskectroporation

data collected at 180 min for 500 V and 240 min for 1000 V and 1500 V. e) For a given
voltage and field eentation, high and low contractile cells show a similar force response
in the first two minutes after EP. In the parallel orientation, the high contractile cells show
a larger decrease in cell length immediately after electroporation when comparemiwvith |
contractile cells, suggesting that contractility might increase the rate of rounding. However,
high contractile cells also tend to also have longer initial lengths, so the rate of rounding
may be dependent on both cell contractility and cell lengtlts Std available for 1500 V
U(n=1 for both bars). f) Response of contro
culture conditions as electroporation experiments. Over the course of 2 hours cells,
demonstrated steagbate levels of contractility and maintained consistent ceflesh&EP,
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Supplementary Figure 6.S3. Additional analysis of cell death, cell volume, and Joule
heating. a) Comparison of prelectroporation forces for cells treated at 1500 V in the
perpendicular orientation. The few cells that survived electroporation at 1500 V in the
perpendicular orientation showed higher-plectroporation forces than cells that did not
survive electroprtion b) This image panel shows an example of cell death by accidental
cell death. Very soon after electroporation, the cell takes on visual signs of cell death such
as a loss of contrast and large membrane blebs. Additionally, the cell rapidly losses
cortractility as shown by the lack of fiber deflection after electroporation. Scale bar 25 pm.
c-d) Cell volume change during cell recovery. Volume was calculated in MATLAB using
z-stacksof fluorescent images (stained for actin, microtubules, and the nuokfised
cells.The 2D area of the cell in each slice was used to estimate cell volume. d) Cell volume
seems to decrease after electroporation (10
and 32 minutes after electroporation. However, cell volunmei statistically significant
between timepoints (ANOVA,=0.05). (n =6, 10, 8, 13, 7, 9 and 5 corresponding to pre
pulse, 0.5, 2, 8, 16, and -3&inute timepoints respectively}fe Joule heating due to the
electric pulses results in a rapid increasetemperature that returns to near -pre
electroporation levels within minutes. The maximum temperature increase within the
device due to Joule heating was experimentally and analytically verified to be under 8 °C
for all conditions. Experimental measuremeotsJoule heating within the device was
measuredia a fiber optic temperature probe placed through the PDMS sidewall into the
center of the electrode regions. f) The maximum temperature occurs immediately after
pulsing and then returns to near jgtectrgoration levels within 5 minutes. Fiber optic
data collected at room tEMPEratULE. .........uuuiieeieiiie e e e 162

Supplementary Figure 6.S4. Microtubule dynamics after electroporation. a)
Maximum intengy projections of cells stained for microtubules beforetetgporation and
during various stages of recovery pettctroporation (1000 V Electroporated cells (1000

V ¢) show a | oss of microtubule alignment a
membrane blebs, and an eventual recovery of structure vidthiours. Scales bars 10
T 0, e———— e n et e e e e e e nnn s 163



Figure 7.1: Gradient based scaffolds for investigating durotactic behavior of cells
migrating on suspended fIDErS....... oo — 167

Figure 7.2 Electrofusion and intracellular cargo delivery on cells attached to
suspended fibers a) Aligned fibers to drive electric fielshediated fusion of stem cells

and cancer cells to generate cancer stem cells, b) Electrofusion between mesenchymal
stems and cancer cells (HeLa) leading to hybrid cell formation c,d) Intracellular delivery
of FITC dextran (10 kDa) and pEF GFP plasmids.............ccuvvviiiiiiiiiiieeeee e 171
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Chapter 1: Overview

1.1 Examining celifiber interactions to understand biological behaviorin vivo

Cells continuously interact with their surrounding microenvironment, the extracellular
matrix (ECM)to gather a diverse range of biochemical and biophysical cues, which are
key in their decisiormaking and ultimate fate during various physiologipedcesses
including e&ll migration, proliferationdifferentiationand tissue morphogenesistdgrin
mediated multiprotein complexes known as focal adhesions, physically connect the ECM
to the cell cytoskeleton, allowing cells to exert traction forces and transmit mechanical
signals to the nucleus to activate biochemical signaling cascades, th@opgocess
commonly referred to as mechanotransduction. While extensive research over the past few
decades have demonstrated that mechanical cues are crucial for cell fate determination, our
knowledge of such regulation stems from studies performed disQi2 culture platforms,
which does not adequately recapitulateithavosetting, where cells are suspended within

a threedimensional matrix. The natural ECM is highly fibrous in nature, comprised
primarily of collagen fibrils and bundled fibers ofryag diameters, stiffnesses and
organized in diverse architecturesh vivo cells can utilize various geometric and
mechanical cues like fiber diameter, infdrer spacing, fiber alignment, network pore
sizes and stiffness to regulate their shape andtiim accordingly. Thus, a detailed
investigation of celfiber interactions is key toa more holistic understanding
pathghysiological phenomenon like cancer metastasis, @ potentiallylead to
development of noveherapeutic strategies. Our currémbwledge of such interactions

and the mechanistic effects of individual ECM factors remains highly limited due to



inherent challenges in repeatable manufacturing of fibrous scaiffoldso with consistent
physical properties.

1.2 Research objectives

In this study, we have regularly ugee previously reported neglectrospinning Spinneret

based Tunable Engineered Parameters (STEP) technique to manufacture suspended
networks of nanofibers with a wide range of fiber diameters,-fitier spacing, netwi
architecture and structural stiffne$s mimic essential aspects of the native fibrous ECM.
Compared to traditional fiber manufacturing techniques like electrospinning, the STEP
technique allows precise control on the fiber geometry and mechanicariespand
enables systematic investigation of the role of individual fiber parameters in regulating

singlecell behavior.

The overarching goal of this thesis is to understand the effecthef cellular
microenvironmentowards the regulation of cytosk&eorganizabn and response during
distinct morphologicastages of the cell cycldivision, spreading and migratiadere, we
report for the first time that during interphase, cspiseading on aligned arsdispended
fibrous microenvironmentegulatetheir nuclear morphologies and response via a unique
cytoskeletal caging structure, in a fiber diameter, number density and stifieyessdent
manner. Next, we show how dense networks of crossing fibers can induce 3D elongated
cellular morphologies withhicker nuclei and a high desg of persistent cell movements
while sparse crosshatatetworks caused spread cell shapes with-delleloped actin
stress fibers and 2D diffusive randamalk based migration. Fib@&reometry mediated
control overcel-ECM adlesions during interphase enable for generation of different

spatial organization and density of retraction fibers during the rounded mitotic phase and



demonstrate alterations in division dynamics in response to ECM biophysical cues like
fiber density and mchanical confinement. Finally, we explored how elongatedsaiésad

on suspended fibergsponded to highkioltage external electric fields (relevant in cancer
therapeutics), and reported for the first time, multistage mechanical force recovery
dynamics, correlating with cytoskeletal disruption and reassembly and geometric

orientationdependent cell viability.

1.3 Organization of the document

This document provides a comprehensive outlitb@single cell mechanobiology studies
performed using STEP f#s networks. Chapter 2 present a detailed backgrourttieon
central roles of the cell cytoskeleton and the extracellular matrix (ECM) in driving
fundamental cellular processes including cell division, migration, force generation, nuclear
shape control anithereby presents the case for a crucial need for investigation-&fCkll
interactions in physiologically relevant fibrous microenvironme@isapter 3describes
thetemporal dynamics of cells spreading in anisotropic shapes within these aligned fiber
matices and reports how theytoskeletal organizatiomnique to suspended fibrous
microenvironments, regulate nuclear shape and respondéar aurvature density and
stiffnessdependent manner. Chaptamdends these findings elongatedell and nuatar
shapes, by describing a previously unreported phenomenon where cells can adopt
anisotropic 3D shapes and migrate persistently at high speeds in very dense bidirectional
netwoks of crossing fibers. Chapteruiilizes such diverse cell shapes achieveding
interphase and describes how cell division dynamics are modulated by the underlying fiber
geometry through altered organizatmfiretraction fibermediated celECM connections

Chapter @&xplores thereviously unreported effect of external eleszticues (specifically
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high-voltage, short duration pulsed electric fields used for electroposasised
applications) towards the cytoskeletal and mechanical force response of single cells
elongated along suspended fieChapter 7summarizes the poteat impact of our

findings and introduces several future research directions.



Chapter 2: Introduction

2.1 Cell-Extracellular matrix interactions in health and disease progression

Cells continually interact with their immediately sawnding microenvironment, the
extracellular matrix (ECM) to sense and integrate various biophysical and biochemical
cues which are crucial for regulation of fundamental physiological processes like tissue
development, homeostasis, wound healing and pagiwalo conditions like canc&f.
Particularly during cancer progression, ma#igt epithelial cells lose their normal eedl|
junctions and undergo the epithellmksenchymal transition (EMT) to achieve
mesenchymal phenotypes, featuring anisotropic cell shapes and a high propensity for
directed locomotiofi®. Cells use their cytoskeletal machinery to dissociate from the site of
the primary tumor and migrate through the thde@aensional extracellular matrix, to
distant parts of the body leading to tumor cell invasion. In fact tumor metastasis is
responsible for 90% of the canaetated deatt{several hundred thousandisthe US."8
Extensive research over the past few deséhave described the biophysical nature of the
cancer metastatic process, and have demonstrated how mechanobiological principles can
be employed in modéth vitro systems to elucidate impact of the native extracellular matrix
towards cancer progressfonThus, detailed characterization of thele of various
microenvironmental factors in regulation of mechanical cell behaviors like cytoskeletal
dynamics, cell adhesion, force generation, migration and division, is key to advancing
clinical knowledge on cancer progression.

2.2 CellECM adhesionsand the cytoskeleton

Mechanical interactions of cells with their local microenvironment occur primarily through

integrinrmediated adhesions which act as bidirectional links between the cell cytoskeleton



and the extracellular matrix and thereby enablddtee transmission between th€nThe
cytoskeleton is a complex inteonnected network of filamentous proteins, which provides
essential structure and geometric shape to cells and a key deterofiqduysical cell
function. It consists of 3 major filamentous elements, actin microfilaments, microtubules
and intermediate filaments. While the different cytoskeletal elements are structurally and
functionally different, they are all generated from repdaubunits and can dynamically
change in size by active assembly/disassembly of their subunits. Cell contractility arises
primarily from the action of the motor protein myosin Il which forms oligomeric
complexes along overlapping actin filaments leadingheir antiparallel motion and
subsequently generates cytoskeletal teri$ith Extracellular transmission of such
cytoskeletal contraction through ceflatrix adhesions leads to generation of cellular
traction forces. Such contractile force exertion leads to extensive defommetid
remodeling of the surrounding ECM and facilitates rapid movement of the cell body during
cancer metastasis.

While the actin cytoskeleton is directly connected to the cell membrane and the external
environment through various adhesion complexas,atso linked to the cell nucleus via

the linker of nucleoskeleton and cytoskeleton (LINC) complex, composed of the SUN
(Sadlp, UNGB4) domain and the KASH (Klarsicht/ANO/Syne Homolog) domain
proteing*1® Such nucleacytoskeletaconnections allows for proper spatial positioning of
the nucleus within the cell during directed migration andbledransfer of mechanical
forces and extracellular signals into the nucleus, leading to activation of molecular
signaling pathwaysand alerations in cellular responsthrough a process commonly

referred to as mechanotransductibf¥. Suchability of cells to sense and respotal



mechaircal cues is highly important in cancer metastasis and is also a key determinant of
cell fate and function during other physiological processes like cell differentiation,
proliferation and deatiMechanotransduction is primarily driven by a complex insgrpl
between the celECM adhesions, cell cytoskeleton and mechanical forces within the local
microenvironment.Thus, proper understanding of these different factors is key to
understanding biochemical alterations within cells in response to mechanict diginag
cancer progression.

2.3 Cytoskeletal reorganization during key morphological stages of the cell cycle

The cytoskeletal architecture and the €80M adhesions are highly dynamic and
constantly remodeled during the cell cycle, a complex and fuext@hprocess, through
which all cells grow and proliferat&hile biochemical regulation of the cell cycle is well
understood, it is increasingly becoming clear that mechanical cues for the local
microenvironment plays a crucial role as Wif. Morphologically, the cell cycle cane
subdivided intanterphase and various stages of the M (mitotic) phase. Particularly, during
interphase, cells can undergo spreading to transform from a rounded state &nadiatt
contractile morphology and start migrating in polarized shapes. Dynamic remodeling of
the cytoskeletomt the onset of mitosis leads to loss of such cell shapes and return of the
rounded morphologies. In each of these morphologies, cells remain tahaec can
interact with their ECM through various cytoskeletardiated connections.

2.3.1 Cell spreadindeads to contractility generation during interphase

Adherent cells establish their cytoskeletal contractility by transfornarg wellspread
stateupon contact with an adhesive microenvironméhtpugha process commonly

referred to as cell spreading. The process of cell sprédéimcpmpasseseveral important



events, which are instrumental for force generation, cell migration, and
mechanotransduction. At very early stages of the spreading process, cells interact with the
local ECM, via the integrin family of transmembrane receptors, whiclicandirectly to

the ECM ligands like fibronectin. Shortly afterwards, integrins bind with the actin
cytoskeleton via the adhesion protein t&lil\s the cells spread further utilizing actioh
protrusians, an inward movement of the actin cytoskeleton occurs from the leading edge
of the cell towards the cell center. This generates tugging forces on the nascent integrin
matrix adhesions, which based on the ECM stiffness, can either lead to integrinnmbindi
from the matrix, or lead to recruitment of various adhesion prdtéike paxillin, vinculin,
FAK,tothena cent adhesion sites |l eading to their
polarized adhesions, also referred to as focal adhéSigfss). As the focal adhesions
mature, concomitantly actin poherization leads to the generation of actin filaments.
Bundles of such f i | ame-actinih leadrtmfsrmdtionofkaetid pr i ma
stress fiberd (SFs). These stress fibers act imjomction with the myosin Il motors to

exert significant traction forc&son the matrix and thus constitute the contractile
machinery of cells.

2.3.2Actin stressfiber mediated cell contractility guides @Il migration

Cell migration is a fundamental cellular function which is crucial for various physiological
processes including tissue morphogenesis, wound healing and in pathological conditions
such as cancer metastasis. During metastatic invasion epithelial cells undergo EMT
(epitheliatmesenchymal transition) to escape from the site of the primary tumor aed mov

to distant parts of the body.



While the nature of cell migration vary significantly depending on the cell type and ECM
dimensionality, one of the most widely studied is tmesenchymalcell migration
particularly on 2D substratedlesenchymal migrationis a multistep process which
involves extensive mechanical interactions with the underlying extracellular matrix
(ECM). To achieve migration, wedipread cells first need to establish a fnaar polarity

axis, which will subsequently determine the diren and persistence of cell movements.
Such polarized cell shapes typically feature a broad leading edge and a narrow trailing
edge. Next, cells advance their leading edge by putting out thiri Raimembrane
protrusions of lamellopodial or filopodiarigins, stimulated primarily by the Rhtamily
GTPases, particularly RAC1 and CDC42. Leading edge protrusions ioegrinbased
nascent adhesionwhich mature into larger focal adhesions in response to local
transmission of mechanical forces betwéw®sn cytoskeleton and the extracellular matrix.
Formation of such new adhesions increases contractilitynfib actin stress fibers, while
concomitantlya rapidturnover of focal adhesions happens at the rear end through protease
activity. Increased actoyosin contractility mediated by RhoA, combined with such FA
breakdown ultimately leads to an active retraction of the trailing end of the cell, causing a
net cell movement. This cycle of protrusiadhesion and contraction keeps repeating over
time, therby enabling cells to migrate.

2.3.3.Cell-ECM connections through retraction fibers during cell division

Cell division constitutes a fundamental cellular function, which allows cells to replicate
their DNA content and divide into daughter cells. Thud,dieision is key to development

of all living tissues and orgarad is essential to propagation of lif&ddditionally, it is

also crucial in the context of pathophysiological conditions like cancer, since tumor



formation and development can be largelgriltuted to uncontrolled division of
malignantly transformed cells.

Cell division occurs during the {hase (mitosis) of the cell cycle and is a highly regulated
process which requires precise reorganization andrdaioation of the actin and
microtubulecytoskeletonsEntry of mitosis is characterized by drastic changes in cell
shape. Patrticularly, cells lose their spread shapes (during interphase) and round up through
an almost complete loss of the classical-E€}IM adhesions and an extensive remodglin

of their actomyosin cytoskeleton fromprimarily stresdiber based organization to a
cortical localizatio”® 28, Internally, within the cellthe mitotic process starts with the
directed movement of duplicated centrosomes on either side of the nuclear envelope during
prophase. This is followed by the dissolution of the nuclear envelope, also known as the
nuclear envelope breakdown (NEBD) during the onset of prometaphase. NEBBsenabl
spindle microtubules to connect to the newly released chromosomes through kinetochore
mediated attachments, and shift them to an equatorial region within the cell to form a
condensed platike structure. During metaphase, formation of this integrated
microtubulechromosome structure also known as the mitotic spindle is complete, with
pairs of sister chromatids situated on the spindle equator directed towards opposite spindle
poles. The geometric positioning of the mitotic spindle determines the diwasien
orientation and subsequent daugitelt positioning and fate, and thus is of central
importance in tissue development and in tumor growth. The next stage or anaphase initiates
the segregation of sister chromatids, leading to an increase in sepdmetieeen the
spindle poles. During the latter part of anaphase, an actordyased contractile ring

causes a cleavage furrow within the actin cortex. Progressive contraction of this contractile
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ring during telophase and cytokinesis, ultimately leadsedf@armation of daughter cells

with segregated DNA.

While environmental cues like soluble factors are known to regulate the mitotic
progression, the impact of mechanical cues in determining cell division dynamics remains

poorly understood. It is now welinown that rounded mitotic cells remain connected to

their underlying ECM through thin actiich membrane extensions, also known as

retraction fibers (RFs). These aebased RFs emerge from the sites of interphase
adhesions and thereby provide essergiatlance cues during daughter cell spreading.

Recent studies indicate that retraction fibers are mechanically linked to the astral

mi crotubules of the mitotic spindle through
comprises of several key players irdihg active integrins, MISP (Mitotic interactor and

substrate of PLK1), caveolin, and few other adhesion complex prdtéins

While a huge body of previously reported studies have eludtaaifferent mechanisms

of spreading, migration and division, it is be noted that they are mostly based on flat 2D
cultures or2D adhesive micropatterns which do not recapitulate the fibrous nature of the
native extracellular matrix.

2.4 Biophysical cus within the native extracellular matrix

Thenativeextracellular matri¥?3 (ECM) is a complex @limensional fibrous biopolymer
network, ewlosed in a viscous macromolecular gel, and forms the immediate
microenvironment of living cells. Apart from providing an essential physical substrate for
anchorage the embedded cells, the native ECM provides a range of biophysical cues which
guides cell dhesions, spreading, mechanical force generation, migration and division.
Although the composition of the ECM varies in different regions of the living body, it is
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composed primarily of fibrous proteitidike collagens, elastin, laminins, fibronectin and
hydrophilic and acidic components like proteoglycans (PGs) and glycosdyaiaiog
(GAGSs), which are capable of sequestering water and forming a viscous gel around the
fibrous network. Furthermore, based on the network structure and specific composition,
natural ECMs are broadly classified into 2 categories: the fibrous connatdgvstitial
matrices® and the densely packed pericellular matrices, chief among which being the
basement membrane. In the context of fiborous ECM, the major contributing proteins are
the fibrillary collagens and elastin. The major varieties of the fibrillar collagens include
collagen types I, 11, 111, V, X, XXIV, and XXVII. Among them collagen typand Il are
expressed most abundantly in various living tissues. Within the ECM, both collagen and
elastin exist either as fibrils or fibers, composed of multiple repeats of their structural units
stropocollageff and tropoelastin, respectivelin vivo imaging of native fibrous ECM
using second harmonic generafion(SHG), third harmonic generati&h (THG),
multiphoton microscopy, and electron microscopy has revealed a complex hiécalch
network of fibers ,which is comprised of individual fibersi(30 nm diameter) that can

form bundles (100 nefew microns in diametet) 3740

ECM fiber type Diameter Elastic Modulus
1.2 GPa for mammalian
Collagen fibers 30-100 nm for fibrils ,1-20 pum for tendon collagen, 100-360
fibers/fiber bundles MPa for rat tail collagen type |
fibers
Elastin fibers 100-200 nm for fibrils ,0.3-2 um for ~0.2-1 MPa*! , depending on
fibers/fiber bundles ECM type
Reticular fibers 20-40 nm fibrils made of collagen mostly N/A
Fibronectin 10-1000 nm ~1 MPa
fibers
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Table 2.1: Physical dimensions and mechanical properties of commonly obsé&ied E

fibers, Adapted from Mukherjegana et aft? 2017

While the fibrous nature of the native ECM guides various physiological processes like
wound healing and tissue \adopment, it is of central importance in driving cancer
progression. The cancassociated extracellular matrix commonly referred to as the tumor
stroma is a highly dynamic microenvironment, which can consist of both dense and loose
packing of collagen liers, featuring differential levels of fibrillar alignment and stiffness.
Formation of a dense fibrocollagenous stroma surrounding the tumor, also known as
desmoplasi&, constitutes one of the major features of several invasive carcinomas
including breast cancer and is implicated in the initiation and guiding of tumor cell
invasion. Recent advancements in second harmamergtion (SHG) and multiphoton
microscopy have revealed how constant remodeling of the tumor ECM through
actomyosinmediated cell contractility leads to increased linearization and a radial
alignment of the collagen fibers perpendicular to the tumor ynthereby enabling the
preferential migration of cancer cells along the aligned ECM regions. Such extensive
reorganization of collagen fibers is best characterized in the case of breast carcinoma, and
is widely referred to as the tumor associated celtagignatures (TAC$Y*. Detailed
characterization through SHG microscopy has revealed that TACS progresses through 3
major stages. First there is a significarf@R®l) enhancement in collagen content in the
regions surrounding the tumor, leading to a highdyse network of randomly oriented
collagen fibers, which constitutes TACS1. During the next stage i.e. TACS2, collagen
fibers get significantly taut in nature and organize along the tumor boundary. The final

stage or TACS3 involves the radial alignmehthese taut collagen fibers orthogonal to
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the tumor boundary, enabling local invasion of the tumor cells. It is now well appreciated
that collagen fiber alignment constitutes one of major markers of invasive tumor cell
phenotypes and correlates with psarvival rates in cancer patients.

Intravital (SHG/THG) imaging of the native ECM within various tissues have revealed
various details on the organization of collagen fibers. For example, pore sizes within the
ECM fiber networkare> 1 0 ®for thenloog connective tissues, it is ~-300 2dom
loosemedi um density ECMindghe dpacestbetweamdengely packed & m
collagen bundl€. Such highly dense fibrous environments can be often observed within
the collagerrich stroma and the packed basement membrane. Intravital chardicteida

the native collagen rich interstitial EChy the Friedl group has revealed aligned spaces of
the collagen fiber networks with average widths of ~118 “4& @ells adhering and
moving along such networks can interact with single fibers, representing 1D migration or

can interact with multiple fibers leading 3D cell migration.

In summary, the native extracellular matrix, particularly in the context of cancer, is a highly
fibrous matrix consisting of fibers with diverse geometric dimensions, mechanical
properties and network organization (aligned and angysall of which can affect the
behavior of interacting cellsTherefore,in vitro models mimickingthe ECM need to
account for both the elastic modulus (Nynof the whole network and thstructural
stiffness (N/m) of individual ECM fibrils of varyingameters.

2.5Platforms to study cellular interactions with their microenvironment

Over the years, the most widely substrate for understandinmagiix interactions are the

flat 2D coverslips made out of glass or plastic. Although these substratgstareasy to
implement in cell culture studies, their lack of any distinct features combined with their
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bulk stiffness being several times higher than any normal tissue stiffness, make them quite
irrelevant as ECMmimicking substrates. In their seminaapger, Pelham and Walig
demonstrated how stiffness of 2D polyacrylamide gels, can significantly modulate extent
of cell spreading and nature of cell migration. Since then, various studies have
demonstrated the role of substrate stiffness in regulating cell spreading, cytoskeletal and
focal adhesion organization and cell migration. It is to be noted that while these substrates
can be used to understand the role of stiffness, they are still 2ADelleas in nature. To
incorporate aligned features, studies have been performed on micropatterned lines,
microgrooves and microchannels, which mechanically confine the cells in 1D
morphologies. Although such substrates demonstrate the importance of aliginme
guiding cell behavior, they are still unable to recapitulate essential features of the mostly
fibrous native ECM. In order to generate nanofibrous environniemnisro, a number of

fiber manufacturing techniqgues has been put forward. Out of thesmuvaeported
techniqueselectrospinning® is arguély the most widely used method, which allows for

the continuous production of fibers, ranging from tens of nanometer to a few microns in
diameter. In this process, polymer solution is pumped through a syringe to a needle, where
a high electrical voltagddw kV) extrudes polymeric fibers onto a collecting target to form
nonwoven fiber mats. Such electrospun fiber networks have been widely used to study cell
fiber interactions in the context of developmental biology, specifically investigating the
morpholog, proliferation, and differentiation of a variety of cell types and, in more recent
years, as noveh vitro substrates to mimic tha vivo migratory behavior of tumor cells.

In 2014, Nelson et & demonstrated, using aligned and random electrospun fiber

architectureshow fiber alignment can have a significant impact on the motility of the
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human breast cancer cells (MCF MCF10A, and MDAMB-231). Compared to the
conventional featureless flat 2D substrates and even randomly oriented fiber networks,
cells on aligned ber architectures demonstrated a significantly higher degree of cell
alignment, elongation, and a multifold increaseb(mes) in the migration rate. Using
aligned electrospun nanofibers, Rao ef'aflemonstrated that OSP (glioblastoma
multiforme) cells adopted elongated morphologies on these aligned nanofibers and
furthermore the stiffness of the nanofibers induced alterations in the migration rate and
focal adhesion dynamics of the cells. In another similar study by Beliveatf,ghajration

of US7MG (glioblastoma multiforme) tumor cells was investigated on aligned and random
fiber networks, and it was observed that aligned toggraf the electrospun fibers leads

to elongated spindishaped cells, featuring waldirected and elongated focal adhesions.

2.6 The STEP technique for ECMmimicking fibrous environments

Although the electrospun fiber networks have been extensivelytasewestigate the
influence of fibrous topographies on cell morphology, proliferation, growth, differentiation
and cell migration, studying cdiber interactions at single and collective cell lewdth

high spatiotemporalresolution,in a repeatable nmmer is quite challenging due to
manufacturing challenges associated with controlling fiber diameter, spacing and degree
of alignment. In this regard, Spinneret based Tunable Engineered Parameters (STEP)
technique pioneered by Nain et®3bffers an alternative method for developing highly
aligned, tunable, repeatable nanofiber networks for studyingfiloell interactions. A

major factor behind such geise control is due to the fact, that the STEP technique does
not require the use of an electric source in fiber fabrication process; rather it relies on a

physical pull of a single fiber filament from the extruded droplet from a spinneret.
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Fibers

Figure 2.1: The STEP technique for fiber manufacturing a) Schematic showin
fibers pulled from polymer solution droplets, adapted from Mukherjee,Jana et al
b) FESEM images of highly Parallairay of ~ 500 nm diameter PS fibej<rosshatch
net work with 18Uamtunietl|l cel kestcakl e
of regularitye)350 nm di amet er f-iibbrepasng deposited @a
3 em fiber

Typically, polymer solution is pumped through a spinneret (probe) and forms a solution
droplet at the probe tip. A rotating substrate contacts the droplet and pulls out solution
filaments, which after solvent evaporation and solidification are collected on the substrate
in parallel configurations at a desired intirer spacing. By depositing fibers on top of
each other in multiple layers, hierarchical assemblies of fiber networks with tunable unit
cell dimensions can be generated. Another distinctive feature of the &EtEnique, is

that the fabricated nanofiber networks can be deposited on hollow substrates, thus making
them suspended and more in line with the native ECM. Due to the suspended nature of
these nanofibers cells can react to structural features like tategydopography and
structural stiffness (N/m) and changes in these individual fiber properties have the potential
to induce significant changes in individual cell response, as quantified by various metrics
like cytoskeletal organization, focal adhesitistributior?, migration raté® and nuclear

shape inde¥X.
17



2.7 Summary and objectives

The native fibrous extracellular mnx provides diverse geometric and mechanical cues
which are sensed and transduced by cells to regulate their behavior during various
physiological processes like tissue development, wound healing and pathological
conditions like cancer metastasis. Duritancer metastasis, the ECM gets significantly
reorganized near the tumor interface to become highly aligned collagen fiber tracts, which
enable directed cell migration in anisotropic shapes. Along their metastatic journey, cells
can encounter a diversenge of ECM fiber architectures (including both aligned and
crossing fiber arrangements), fiber density, individual fiber sizes and stiffness. While
previous studies performed on extracellular regulation of single cell behavior have mostly
focused on the te of bulk ECM properties like substrate stiffness, our current
understanding of cellular adaptability to such fibrous microenvironments still remains
unclear. The STEP technique allows for manufacturing of EfiMicking fibrous
matrices with tunable geortnie (fiber curvature, intefiber spacing, network architecture)

and mechanical properties (stiffness) and thereby can enable a systemic investigation of
the role of such biophysical cues towards regulation of single cell behaviors like

cytoskeletal dynaius, force generation, migration, division and nuclear mechanics.

In order to study such regulation, the proposed work in this thesis has been divided into 4
major components. Firstlyve manufacture suspended matrices of aligned fibers with a
wide rangeof diameters (~ 150 nir6.6 um) to mimic the sizes of collagen fibrils and
bundled fibersin vivo to investigate cytoskeletal and nuclear mechanics during cell
spreading in elongated shapes. Here, we report for the first time that cells in suspended

environments demonstrate a unique cytoskeletal caging structure surrounding the nucleus,
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devoid of apicabasal polarity commonly reported in 2D planar substrates. Fiber diameter
and densitydependent mechanical tension within the cytoskeletal cage of elorugdited
drives nuclear compression, translocation of the YAP/TAZ transcription factor and induces
well-defined deformation or invaginations within the nuclear envelope. To extend our
findings and investigate if aligned fiber configuration was a prerequaitachieving
elongated cell and nuclear shapes frequently observed during directed migration of cancer
cells, we developed bidirectional crossing fiber matrices with tunable fiber density to
mimic the crossing fiber arrangements within the native intiatsnatrix. Unexpectedly

we observed, cells adhering to dense crosshatch networks developed highly elongated 3D
morphologies with thicker nuclei and migrated persistently at high speeds, a previously
unknown mechanobiological response of cancer ceECigl geometry. Interestingly, as

cells elongated during interphase rounded up to divide, -fibemetry dependent
organization of retraction fibers led to differential levels of mitotic cell body movements
leading to alterations in metaphase plate os@lati division times and mitotic spindle
defects. Finally, we interrogated how elongated cells on suspended fibers respond and
adapt to external higholtage electric fields, commonly used in cancer therapeutics. Using
single cell force measurements, wentlfy for the first time multistage cell contractility
recovery dynamics, correlating with cytoskeletal disruption and reassembly, and report
geometric orientatiolependent ceNiability. Comprehensive investigation of such
ECM-fiber mediated mechanistregulation of single cell behavior will advance our
understanding of the cancer metastatic process and can potentially lead to development and

optimization of cancer therapies targeting the cytoskeleton.
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Chapter 3:
Sculpting rupture-free nuclear shaes in fibrous environments
3.1 Introduction

The nucleus, as the stiffest cellular organ@llelays a central role in mechanotransduction

57 Poper control of nuclear shapes is one of the primary cellular functions controlling cell
migration, differentiation and tissue morphogené&ighus, not surprisingly, defects in
nuclear shapes are often implicated in various disease states, including progeria, muscular
dystrophy, and cancer metasta8idNuclear shapes are régied by mechanical forcé$®®
originating from cells' dynamic interactions with their surrounding microenvironment, i.e.,
the extraellular matrix (ECM), and transmitted to the nucleus by the cell cytoskeleton.
The nuclear envelope composed of the lamin intermediate filament networks is critical in
sustaining external forces exerted on the nucleus. Lamin network mutations and
deficiercies cause significant reduction of the nuclear stifffféss$eading to nuclear

blebbing®?, and mislocalization of DNA repair factors and DNA dam&ge

Mechanical forces primarily act through the actomyosin contractions in the stress fibers to
control nucleis shape to induce nuctegtoplasmic shuttling of transcription factors like
YAP/TAZ, MKL1, and chromatin remodeling proteins such as HD®€®. The force
mediated nuclear shape changes also induce reorganization and stretching of thle intern
chromatin domains®®, resulting in altered transcriptional activity and mechanical
properties of the nucle$& 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
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controls the nucleus shape; high aspect ratio nuclei induce high curvature at the poles,

making them susceptible to ruptfe

In vivo3D aligned matrices, observed frequently in both healthy and diseasedwtath
include tendon$®"® muscle tissué’2and extracellular regions surrounding metastatic
tumors 447374 provide tgographic cues for cells to spread uniaxially and migrate
persistently by exerting forcés:’® . Fibrillar matrices composed aidividual collagen

fibrils range in size from 70 to 300 nffi® thatcan bundle to largeilfers varying from 1

to 20 pm in diametef®® Mimicking the native ECM architecture within an in vitro
setting, is often highly challenging and flat 2D suhtes with and without anisotropic
features and 3D gels have been used extensively to study cell b&hadmystems have
limited physiological relevance, and whil@D collagen gels capture the fibrillar
architecture, the inherent heterogeneity in these matrices renders it difficult to understand
the role of fiber dimensions and orgartiaa in regulation of cytoskeletal and nuclear
response&?®3 Studies by the Yamada group have demonstrated how single cell behavior
in 3D microenvironments can be recapitulated through use of narrow 1D microprinted lines
of varying widths (340 um)&+. Microprinted lines are essentially 2D surfaces, and in our
study, we inquired if suspended 1D fibrillar architecture of precisely controlled fiber
diameters (15000 nm) and interfiber spacing regulated nuclear responses of uniaxial
spread cd$, as we have previously shown protrusive, contractile, and migratory behavior
of uniaxial cells to be sensitive to fiber curvature and sp&€ifig In this study, we chose
nucleus rupture and the spatial localization of YAP/TAZ as two markersudéar
response to changes in fiber curvatures. We discovered that cytoskeletal and lamin

networks in suspended cells are localized in an almost uniform caging structure
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surrounding the nucleus, contrary to the preferential apical localization in flatuwauns
surfaces. Fibecurvature 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 nucleus. We found that all nucleussshagluding

the sharpest invaginations formed on nanofibers did not undergo rupture events, indicating
a remarkable adaptability of nuclei to fibrillar environments. Nuclear translocation of YAP
increased with the diameter or fiber density. Overall, wescribe cellular

mechanosensitivity unique to fiber matrices with implications in pathophysiology.
3.2 Materials and Methods
Fabrication of nanofiber networks

Using the previously reported STEP technid suspended fiber nanonets (horizontal
arrays of densely spaced (~12 ¢&em) nanofi ber
800nm) deposited on widely spaced (e, 250 &m)
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&(R5

Thermo Fisher Scientific, Waltham, MA, USA) inRl73 wt % sol uti o@2s. Mi cr
pum) fibers were manufactured fromB2wt% 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; Jensel Globa

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 um, 3.5 um and 6.6 um diameter categories are 153 = 1.2 nm2 206,

361 £ 4.5nm, 808 £ 7.6 nm, 2.50 £ 0.02 um, 3.48 £ 0.09 um and 6.62 + 0.17 pum (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 spacin@d8 e m wer e used. Al
networks were crosslinked at intersection points using a custom fusing chamber, to create

fixed-fixed boundary conditions.

Cell culturing and experimental procedure

C2C12 mouse myoblasts (ATCC), HT1080 human fibrosarcoma and étdlsawere
cultured in Dul beccods modi fied Eagl eds me
supplemented with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific) in T25 flasks
(Corning, Corning, NY, USA) kept at 37°C and 5% 00 a humidified incubato For

imaging cell spreading dynamics scaffolds containing fiber nanonets were mounted in
glassbottom single well plate. For immunofluorescent staining experiments, cell seeding

was performed on fiber scaffolds mounted on glastsom sixwell plates (Chvis,

Mountain View, CA, USA). Prior to experimentation, fibers were sterilized in 70% ethanol

for 10 minutes and functionalized for 1 hou
fibronectin in PBS (Invitrogen, Carlsbad, CA, USA). For fluorescent lalgetinfibers,

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 Gf&8¥ 5% CQ

(Zeiss, Oberkochen, Germany). Without disturbing the closed environment, a droplet

(~100 pL) of cell suspension was deposited on the fiber nanonets to begin the experiment.

Live imaging
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Time-lapse optical imaging was started immediately keefiotroducing the cell suspension

to the fibers. Imaging was performed at 20x 0.8 NA objective in a Zeiss AxioObxerver Z1
microscope with an interval of3 minutes for 1 hour. C2C12 or HT1080 cells expressing
NLS (nuclear localization signal) mCherry weneaged every 3 min with a TRITC filter

set.

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 peilizedb

with a 0.1% Triton X100 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 T+Kat0O0, were
added to the fixed cells and kept either i) overnighf& 4ii) at room temperature for 3
hours / iii) at 37C for 2 hours. Diluted secondary antibodies, along with the conjugated
Phalloidin TRITC (Santa Cruz Biotechnology, Dallas, TX, USé&r Alexa Fluor 647
Phalloidin (Invitrogen) diluted in 1:80 ratio, were subsequently added and stored in a dark
pl ace for 45 mi nut es . Fol |l owi-dignidime2-3 t i mes
phenylindole) or Hoechst 33342 (Thermo Fisher Scientific) was afduesl minutes to

stain the cell nuclei. Primary antibodies include Aritnentin antibody (1:250, rabbit
monoclonal, EPR3776, Abcam), AqthosphePaxillin (1:100, rabbit polyclonal, pTyr31,
Invitrogen), Anttbeta tubulin (1:500, mouse monoclonal, 2 28I8&trogen), AntiLamin

A/C (1:1000, mouse monoclonal,-826248, Santa Cruz Biotechnology), Abhimin B1
(2:500, mouse monoclonal,-874015, Santa Cruz Biotechnology) and AM&P (1:100,

mouse monoclonal, sb01199, Santa Cruz Biotechnology). Secogdartibodies include
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Goat antiRabbit IgG Alexa Fluor 488 (1:200, Invitrogen), Goat antiuse IgG Alexa
Fluor 488 (1:20€1:1000, Invitrogen) and Goat amtiouse IgG Alexa Fluor 647 secondary

antibody (1:500, Invitrogen).

Images were taken using an inverieiss 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.-&tacks wee taken with slice thicknesses ranging between

0.30 . 5 sstack images were processed in the Zen Blue software (Carl Zeiss Inc).
Generation of knockdown cell lines

LmnaKD were created using ShRNA encoded on pLKO.1 puro plasmid (Addgene #8453)

and intoduced 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 phg phat e transfection wusing 4.8 ¢g,
(Addgene #14888), psPAX2 (Addgene #12260) and pLKO.1 puro {ghR&A plasmids
respectively. After 48 hrs, supernatant containing viral particles were concentrated 100x
following 2-hr ultracentrifigation 50,000 g and°@. Cells were transduced in full growth

media (DMEM supplemented with 10% FBS) containing viral particles for 48 hrs and
verified (Supplementary Fig. 3.512) via Western blot using antimna/c mouse mAb

(Cell Signaling Technology #47Y.7

Pharmacological inhibition

25



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 1620 uM Y27632 (ROCK inhibitionfHellobio, Princeton, NJ, USA) for 30
minutes-1 h. For chromatin compaction /decompaction cells werérpaged with histone
demethylase inhibitor (Methylstat, 5 uM, 48 h incubation) (Sigma Aldrich, St. Louis, MO,
USA) and histone deacetylase inhibitalproic acid (VPA, 2 mM, 24 h incubation)
(Sigma Aldrich) respectively. At least N=2 replicates were performed for each drug

condition.
Analysis of shape metrics

Cells in suspension demonstrate a rounded morphology which evolves as they attach and

spread o a substrate. Cell circularity is defined by the relation:
Circular’ity=4"A/P

where A is 9pramadPaiesapesmmeter (em). A perf

value of 1.0. As the shape elongates, this value approaches 0.

Polarized cells we manually outlined in ImageJ and the aspect ratio was quantified using

the Bounding Rectangle Function.
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 théilwailcontact

region. For averaging purposes, profiles were normalized in 2 stepgenkity (plotted
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along yaxis) was normalized with respect to peak intensity of the corresponding profile,
i) Cell length (plotted along -&xis) was normalized with respect to the net length
(measured from entb-end) of the particular cell. Intensity giles 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 andoeritheclear
region. Orientation of the actin stress fibers were measured with respect to the undeflected

nanofiber orientation.

For average actin localization kig. 3.4b, images of perinuclear regions (17 cells) were
averaged using a custom MATLAB roogi, and the average image is represented as an

intensity heatmap.
Analysis of nucleus shapes and deformations

Confocal zstacks of DAPI/Hoechst/Lamin stained nuclei were processed in either ImageJ
(NIH; https:// imagej.nih.gov/ij/) or Zen Blue (Carl Zeisx). 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= (1b%/a?)°>

Where 2and 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.
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Nucleus aspect ratio was measlrey 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 maximumdmmension was considered as the

thicknessof the nucleus.

To quantify nuclear shapes i n -secional sidget c h 6
views (yz) were generated usi@gtho function in Zen Blue. A line is then drawn through

the nucleus migvidth as shown inKig. 3.4b (iii)) and the ara of the half crossections

were measured and designated asxAand Anin based on larger and smaller area
respectively. Nucleus asymmetry index (NAI) is defined bynw/Amax. Thus symmetric

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

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

deformed region of the nuclear envelope (yz cgegional view) was manually outlined

in ImageJ and a bell curvey "YQ , Fig. 3.5¢) was fitted to the manual trace using

a custom MATLAB (https://www.mathworks.com/) code to evaluate the individual

o

parameters i nvagi nation depth) and u (invaginat:i

To quantify the level of curvata of the nuclear surface, a béstircle was placed at the
apical and basal surface of the crgsstional view (yz) of the nucleus, in the Zen Blue

software. The curvature was defined as the inverse of the radius of this biesie.

Fluorescent Intensity analysis
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To compare the basal and apical localization of cytoskeletal and nuclear envelope
components, the orthogonal side views of the respective channels were first generated in
Zen Blue. Rectangular intensity profiles with a 5 um width werewmuted at the
cell/nucleus midwidth (Fig. 3.1€). The peak intensities at the apical and basal side were

subsequently extracted to compute the intensity batieveen basal and apical side.

To quantify the YAP/NLS localization within cells, cells and nugkere first manually
outlined in Zen Blue to get the mean YAP/NLS intensity within the whole gl énd

inside the nucleusdlc) and the corresponding projected areasi@nd Awc). The average
intensity within the cytoplasm (projected area;)Ais indirectly quantified from the

following relations:
lce™A cel = Inud*Anuc + leyt*Acyt ,
Acel = Anuc +Acyt

The intensity rationlcreyt is quantified by the ratio of the average intensities within the

nucleus ({lug and the cytoplasmd#).

For NLS intensity analysisSupplementary Fig. 3.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 respeet to th

nucleus midpoint.
Calculation of cell adhesion forces

Using our previously reported Nanonet Force Microscép3? technique, celfiber

adhesion forces were quantified using a custoATMAB code. Briefly, taut nanofibers
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were approximated as loaded Euler Bernoulli beams with-fixed boundary conditions

and with forces exerted at either cell pole (localization of the focal adhesion clusters) at an
angle. This direction of force exem was taken along the average orientation (with respect
to the undeflected fibers) of theattin 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 ell force exerted is approximated as twice the magnitude of thadis#ision

force with each fiber.

Statistical analysis and data fitting

Statistical analysis was performed in GraphPad Prism (GraphPad Software, La Jolla, CA,

USA) software. For statisticabmparison between multiple groups, ANOVA (along with
Tukeyds honestly significant difference test
a control g r-tesuvpas usedlt lm al escatted data tolumn plots, error bars

represent standard dation. 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 Micosoft Excel (linear fits).

3.3 Results

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 mang diameters. We utilized forameasuring nanonets composed
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of | arge di ameter (~2000 nm) Ostrutdé fibers

fibers (Nanonet force Microscopy, NFNMP®4%6, To investigate the role of fiber diameter,

we selected 3 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?-thus for constant beam length allows us to directly
compare the effects of fiber diameter contributing to increase in stiffiid3%& we
investigated the dynamics of cell spreading and organizatioytagkeletal networks using

a custom setup to add cell suspension droplets on the fibrogeetied fiber networks

(Fig. 3.1a, b). The inteffiber spacing (142 um) was chosen to ensure that cells spread
along two fibers to form symmetric parali@boidcal shapesKig. 3.1b (iii)). For cells
attached approximately midway across the fiber span length, we monitored cell spreading
using optical microscopyr(g. 3.1¢). For all fiber diameter categories, cells after making
initial contact with the fiber netwks, began to protrude along the nfiners. Consistent

with our previous finding$, we observed that protrusions formed during spreading were
primarily actinbased, while microtubules and vimentin intermediate filaments localized
later during the spreading cycl8ypplementary Fig. 3.S1b). To characterize cell size

and shape during spreading, we tracked the cell projected area and the circularigy for on
hour for the three diameter3he cell area growth curves for all the fiber diameter
categories showed a faster initial incremental phalewied by gradual maturation at
longer times Fig. 3.1d (i,ii)), matching growth rate kinetics on 2D substr¥tes
Interestingly, we found that cells achievedaskgstate area and circularity faster (~ 40
min) on 200 nm diameter fibers, while cells on larger diameter fibers demonstrated higher

spread areas and circularifyig. 3.1d).
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Next, we inquired if classic apical localization of cytoskeletal elementsyiledcin
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 which involve both
the contractility of the actomyosin cytoskeleton and the mechatgiosion of the cell
membran€®®. Khatau et al. have furthermore identified the apical perinuclear actin cap
as a primary regulator of the nuclear shaffe while more recently, lhalainen et al.
demonstrated a differential localizatihof the nuclear lamins (particularly Lamin A/C)
towards the apical nuclear envelope. Informed by these studies, we examined the
localization of the major cytoskeletal elementsadfin stress fibers, microtubules and
vimentin intermediate filaments) and nucleamins (A/C and B1) in cells attached to flat
glass surfaces and on our suspended nanonets. We observed ttattithenfiicrotubule

and intermediate filament cytoskeleton was highly aligned along the fiber axis in elongated
cells as compared to their cdarparts on flat glas$-{g. 3.S1 a,3. Confocal microscopy
sideviews (xz and yz) at various stages during cell spreading revealed major differences
in the localization of the nuclear lamins and the overall organization of the cytoskeletal
elements arounthe nucleusKig. 3.1e (i), Fig.3.S2). On flat 2D, our findings on apical

basal localization of Lamin A/C were in agreement with previously reported literature
(Intensity rati®asarapical = 0.35+0.04, but contrasted on suspended nanonket®r(sity
ratiopasarapicas= 1.05+£0.05. In a similar manner, cells on flat glass displayed preferential
enrichment of different cytoskeletal el ement
(Fig. 3.529, with the strongest apical preference observed in casheofvimentin
intermediate filamentdrftensity rati®asarapicai= 0.09+£0.03. Contrarily, the cytoskeletal

network was nearly
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Figure 3.1: Cell spreading on suspended fiber networksa) Schematic of assay used f
studying cell spreading. Cell suspension is dropped on top of suspended nanonets cog
fibronectin and imaged in reéime. b) i) SEM image of suspended nanonet (scale bar, 50
i) SEM images of 3 different fiber diaeters 200, 350 and 800 nm used for the study, (g
bar, 1 um) and iii) Representative cell (stained for Agtieen, DAPI blue, and fiberred) on
a 2fiber (diameter: 350 nm) doublet (scale bar, 20 um). c) Images from time lapse micrd
showing diferent phases of cell spreading on-&b2r doublet. (scale bar, 50 pnd) i,iii)

Temporal evolution of cell spreading area and circularity respectively {8&1¢ells per
category). d, ii, iv) Statistical comparison of cell spread area and circulamitgatdvely after
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1 hour of spreading e) i) Representative immunofluorescence images showing differe
localization of cytoskeletal elements and nuclear envelope proteins between Flat 3
suspended nanonets. Cyt o strikctutesurahdingtheennckey
while on 2D they 6écap6 the nucleus fro

confocal side views (xz) along with intensity profiles along ttBrection, first and secon
intensity peaks correspond to Bhsand apical surfaces respectively, (scale bar, 5 um)
Comparison of the basal and apical intensity for the different cytoskeletal and nuclear er
proteins (n=1@L1 per category) demonstrating intensity ratio values close to 1 for susp
nanaets (diameter: 200 nm) due to caging of nucleus, absent in cells on 2D.

uni formly distributed around the nucl eus
(intensity ratios ~1Fig. 3.1e (iii)). Overall, we conclude that cytoskeletal caging of the
nucleus in suspended nanonets causes uniform distribution of nuclear lamins, which is

distinctly different than observations from 2D substrates.
Increase in cytoskeletal tension during cell spreading istfer-diameter dependent

Since cells were achieving steashate spreading fastest on the smallest diameters and
suspended networks were causing cytoskeletal elements to cage the nucleus, we inquired
the role of focal adhesions and actin network in establiscontractile forces. Visualizing
cell-fiber adhesions through paxillin immunostaining at various timepoints (5, 10, 20, 40
and 60 min) during cell spreading revealed that focal adhesion (FA) clusters were formed
along the entire cell length at earlages (t~10 min), while a preferential localization of

the FA clusters occurred to the cell poles with increased spre&ding.Qa (i), Fig.3.S3).
Normalized paxillin intensity taken along the cell length, revealed two distinct pgeigks (
3.2a (ii)) caresponding to the major FA clusters at either cell pole, consistent with our
previous finding®**°! The transition of adhesion sites from being punctate along the
entire cell bodyto localizing in major clusters at cell poles occurred by theniz0

timepoint Fig. 3.2a (ii)). A closer inspection of the adhesion distribution along the cell
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Figure 3.2: Cell contractility during spreading: a) Focal adhesion (FA) organization:
Representative images showing cells stained for actin (red), paxillin (green) andi4e}|
at different timepoints during spreading (fiber diameter: 350 nm), (scale bars, 20 p
Normalized paxillin intensity (average of-12 profiles for each timepoint) showin
spatiotemporal reorganization of focal adhesions as cells spread, ii€rddides in FA
organization in clusters (yellow arrow) at the poles and along cell-tiogly length (red
arrowheads) for different fiber diameters, (scale bars, 20 um) , iv) Temporal evolution
cluster lengths, and v) Comparison of FA cluster lengtlimal spread state, n=21, 14 and ]
b) Actin cytoskeleton organization: i) Maximum intensity projections of actin cytoskelet
spread state (60 min), (scale bars, 10 um), ii) Stress fiber angle formed at the focal a
cluster zones, n=68, &hd 80, (scale bars, 10 um), iii) Transient evolution of orientatio
the stress fibers during spreading, iv) number of major stress fibers originating from ea
clustering zone, n=33, 49 and 47 and v) number of major stress fibers caging the na@eu
14 and 20. Inset are representative images of FA clustering zone, (scale bars, 10 um) g
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nucleus caging with actin networks (scale bars, 5 um), c) Contractile forces: i) Schem
force measurement using Nanonet Force Microscopy (NFM) taashnig Transient cell
attachment force evolution during spreading, (nrZ2lcells each diameter category), i
Comparison of cell forces at spread state between the different fiber diameters, iv) Relat
between cell forces and cell spread areal Getes are computed from both fibers. Sam
sizes are given for 26800, 356350, and 804B00 nm diameter doublets respectively.

length at 66min (Fig. 3.2a (iii)) revealed smaller paxillin clusters distributed along th
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 diameter fibers resulting in the longest cluster lengtBsrah@imepoint

(Fig. 3.2a (iv, v)).

Our observations that FA clustering occurred in a fiber diameter dependent manner,
suggested that the associated cytoskeletal tension might be influenced by fiber diameter as
well. We immunostained for the contractilactin cytoskeletonKig. 3.2b (i) in cells at

various timepoints (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
observed the number of stress fibers originating at each FA cluster zone increased with
fiber diameter indicative of increased contractiligrg. 3.2b (iv)). We also investigated

the actin cyoskeletal 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 crgsstions (yzFig. 3.2b (v)), we found thathe

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
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clusters on either side, a behavior unique to anisotropically stretchedncslispended

nanonets{upplementary Fig. 3.54).

Using NFM, we estimated the forces in cell spreading by monitoring the contractile inward
deflection of fibersKig. 3.1c,3.2c (i)). Fiber deflections were subsequently converted into
attachment forces de 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 origiate from FA clustering zoneBig. 3.2a (iii)) and are directed along the
finding that the number of stress fibers increase with fiber diameter, the compueesl fo
(Feefiver = Fr1 + FRr2) also increase as cells spread and with increase in diarheted.2c

for the same area across different diameters, celtshatiao 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 that lead to increased number

of actin stress fibers resultimg higher cell contractility.
Nuclear translocation of YAP is regulated by nuclear compression

Given our observations on the arrangement-atfin networks caging the nucleus, we
sought to investigate, how the compression forces impacted the nuclenstiyeand
translocation of various transcription factors including YAP ¢#ssociated proteirif?,

known for its central role in mechanotransduction. To determine nucleus geometry, we
used confocal microscopy on DABtained cellsKig. 3.3a (i)) that were fixed at various

timeponts (5, 10, 20, 40 and 60 min). We employed 3 parameters: nucleus projected area
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(size in xy plane, top view), nucleus eccentricity (shape in xy plane) and the nucleus
thickness (compression in xz plane, side view). Nucleus projected area was found to
increase steadily and reach an equilibrium value for all the fiber diameters fagtei3a

(ii), Supplementary Fig. S59, with cells in 200 nm nanonets reaching stable areas the

fastest. As cells spread, we observed the nuclei to elongate (rise in edgentri
Supplementary Fig. 3.S5b). Not surprisingly, as the nuclei underwent compression from

the near spherical shape in rounded cell s t
views, Fig. 3.3a(i)), the nucleus thickness reduced significantly oveet{ig. 3.3a (ii)),

with the minimum thickness in cells attached to 800 nm nanofégs 8.3a (iii)),

suggesting that the nuclear compression was primarily driven by the cytoskeletal tension.

To test the relative contributions of the actin and microwiloytoskeletons 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 areaSupplementary Fig. 3.56) and disupted actin cytoskeleton as evidenced by
loss of stress fibers caging the nuclebiy(3.3b). Under these conditions, the nucleus
thickness was found to be significantly (~1.5x) higher than the control cells (no drugs). In
contrast, disruption of the mimtubule 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 Fig. 3.3b), further elucidating the role of the actin cytoskeleton caging network

in nucleus shape maintenance.

Informed by these findings, next, we investigated the role of nuclear lamina in sustaining

cytoskeletal forces. The nuclear lamina, composed afubkear lamins (A, C, B1 and
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Figure 3.3: Nuclear compression and YAP localization during spreading:a) i)
Representative images showing top view)(and side view (xz) of nuclei at differer
timepoints during cell spreading (fiber diameter: 350 nm), (scale bars, 5 um), ii) Incre
nucleus projected area (xy) and decrease in nucleus thickness (z), indicating nucleus fl
with cell spreadingp=13-32 per timepoint iii) Nucleus thickness comparison between rou
(5 min) and spread (60 min) state, n=14, 13, 12 and 9 (for round state) and n=32, 25, 36
(for spread state) for 200 nm, 350 nm, 800 nm and Flat 2D respectively, b) Repinese
crosssection (yz) images of cells under various drug conditions and lamin A/C knockg
n=25, 10, 11, 11, 9, 14 and 13 (scale bars, 5 um), Comparison of nucleus thickness with
(no treatment), fiber diameter: 350 nm, c) Nuclear entry of YARnducell spreadingi)
Representative images at various timepoints during spreading, (scale bars, 10 |
Comparison of nuclear/cytoplasmic YAP between rounded (5 min) and spread state (6
for different fiber diameters, n=116 cells per timepoirdnd diameter category iii) Increase
nuclear YAP correlates with cell forces (iv) Increase in nuclear YAP correlates with ny
thickness, and (v) Nuclear YAP localization decreases with loss of contractility thi
pharmacological inhibition, n=24nd 20 for control and Y27632 treatment. Fiber diameter:
nm.

B2), is a thin intermediate filament meshwork enveloping the nucleus, providing it with
essential mechanical support. We generated C2C12 lamin A/C KD cells that had wrinkled
nucleus morphologiesSupplementary Fig. 3.S7) corsistent with observations from

previous studie§®. Fully spread Lamin KD cells, had lower nucleus thickness compared
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to control likely due to decreased nuclear stifffésBext, we altered the chromatin
compaction levels by prigeating cells with the histone deacetylase inhibitor (HDACI)
valproic acid (VPA) used fochromatin decompaction and reducing nucleus stiffness or
the histone demethylase inhibitor, Methylstat used for chromatin compaction and
increasing nuclear stiffné8s% Cells treated with VPA or Methylstat, demonstrated
significantly decreased and increased nucleus thickreegsectively, as compared to

control cells Fig. 3.3b).

Recent studies have shown how cytoskeletatliated compressive forces acting on the
nucleus can lead to stretching of the nuclear membrane®pdonés wanted to inquire if

the nuclear entry of YAP correlated with the filmBameter driven nuclear compression.
Immunostaining for YAP Kig. 3.3c (i)) at various timepoints duringell spreading,
showed that YAP localization was primarily cytoplasmic (YAP intensity ratio between
nucleus and cytoplasmul/lcyt <1) during early stages of cell spreadingl(®min) but with
increase in cytoskeletal tension at later stages of celiding a significant increase in the
nuclear entry of YAP was observddd. 3.3c (ii)). Interestingly, we observed that nuclear
YAP translocation ratio was independent of cell shape, but dependent upon force and
nucleus thicknessF{g. 3.3c (iii, iv)). Thus, reducing nuclear compression through
contractility inhibition (Y27632 treatment) resulted in a significant decrease in the nuclear

translocation of YAP (Fig. 3.3c (V).

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
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Figure 3.4 Sculpting nucleus shapes using mismatch diameter networksi) Cells attached
to a small diameter (200 nm) fiber coupled on other side to a large diameter (800 nm
(scale bars, 20 um) ii) Mismatch fiber combination leads to enhanced focal adh
organization along smaller diameter fiber, n=¥per category, (iii) Increased cell spread 4
compared to 206@00 nm networks iv) Altered cell shape, n=1I2 per categgr, v) Force
exertion on 200 nm diameter fiber in 2800 nm mismatch configuration is higher than in-2
200 nm configuration, n=102 per category, b i) Mismatch-{iber , 206800 nm) networks
induce asymmetric (teardrop) nucleus shape, nuclear-segssns (yz) perpendicular to ce
length are used (scale bars, 5 um), (ii) Teardrop shapes are formed due to higher dg
actin stress fibers at the 800 nm diameter side of cell, n=17 cells, iii) Analysis of teardrop
using Nucleus Asymmetry Ingden=10,28 and 11 for 26200, 206800 and 806300
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combinations respectively, iv) nuclear/cytoplasmic YAP in mismatch diameter netw
n=19,13 and 16 for 26200, 206800 and 80600 combinations respectively c) i,iifiber
Mismatch (806200-800 nm an®2008002 00 nm) <can induce 0i-
cross sections, nuclear envelope stained for lamin A/C, green, fibers, red) ,
representative crossection for each category, is included to demonstrate cytoskeletal cg
actin (red), Larm A/C (green), fibers (white) and nucleus (blue), (scale bars, 10 um fg
views, 5 um for crossectional views) iii) Comparison of the nucleus thickness and the ¢
of the invaginations show that 200 nm diameter outer fibers iFBR0200 nm tripets exert
low force causing overall thicker nuclei with larger invaginations due to middle 80(
diameter fiber , n=16 for both categories.

mismatch diameter nanonets. To this end, we developed a strategy usingEdur ST
platform to deposit nanonets in two mismatthmeter combinations {fber 206800 nm
doublets, and-8ber triplets (200800-200 nm, and 80200-800 nm). We reasoned that

cell spreading on 20800 nm doublets would proceed as described in Fig. 1,cgith
spreading faster on 200 nm side leading to trapezoidal shaped cells with longer base on
200 nm diameter side. Unexpectedly, we found symmetric spreading on both diameters
(Fig. 3.4a), but enhanced focal adhesion clustering (with respect to the 83D nm
counterparts) along the cdiber interface on 200 nm fiber sidgig 3.4a (i, ii)) that was
similar to the focal adhesion clustering on 800 nm nanoR&js3.2a (iii)). Increased cell
adhesion sites on the 200 nm fiber side caused cells &adpnore, have higher
circularities, and exert larger forces on the 200 nm diameter fiber compared to their

counterparts on 20200 nm nanonets$-{g. 3.4a (iii-v)).

Intrigued by the altered force exertion by cells on mismatch nanonets, next, we inquired if
YAP localization inside the nucleus was affected as well. First, we investigated the
differences in nucleus cell shapes and unexpectedly discovered asymmetric nuclear shapes
(tear drop, confocal side view) with the tapered end towards the 800 nm diditvester

(Fig. 34b (i)). Analyzing the actin stress fiber distribution across the cells attached to
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mismatch diameter doublets revealed a higher density near the larger diameter fibers
potentially being the cause of increased nucleus compres$tan 8.4b (i),
Supplementary Fig. 3.S8). To quantify the teardrop shapes, we defined the nucleus
asymmetry index (NAIFig. 3.4b (iii), Materials and Methods) aswVAmax Where Anax

and Anin are the areas of the larger and smaller regions with respect to thasnonite

width line (Fig. 3.4b (iii)) respectively. Cells adhering to mismatch doublets demonstrated
significant asymmetry (NAI ~ 0.8ig. 3.4b (iii))), compared with symmetric nuclei on
200-200 and 80800 nm nanonets (NAI ~ 0.95). Furthermore, the nudtezlization of

YAP was found to be significantly enhanced in mismatch diameter fiber networks, as

compared to the 2600 nm, but less than 8@D0 nm nanonetd={g. 3.4b (iv)).

Next, we generatedfder nanonets (triplets) that provided symmetric saimmdter outer
fibers and a mismatch diameter inner fiber (300200 nm and 80@00-800 nm) that
resulted in symmetric cell shapdsd. 3.4c (i,ii)). However, we noted that the shape of
nucleus on outer fibers was flattened and at inner fiber had nudiststions
(invaginations). Visualizing confocal cresections (yz) of nuclei, immunostained for
Lamin A/C (nuclear envelope marker) revealed several interesting aspects of the overall
nuclear geometry. First, the nucleus thickness observed on thesetohis3fiber
nanonets, demonstrated a similar trend as compared to the same didiibeten@aonets.
Nuclei in cells on 20B00-200 nm nanonets were significantly thicker than those on 800
200-800 nm, just as the nucleus thickness in-200 nm nanonetwas higher than 800
800 nm nanonetd=(g. 3.4c (iii))). Second, in Jdiber triplets, we observed the extent of
invagination in 206800-200 nm combination was greater due to lower force exertion of

the outside 200 nm diameter fibeFsd. 3.4c (iii)). Ovemll, our data suggests that nucleus
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shape, YAP localization and nucleus invaginations are regulated by the diameter

combinations of fibers external to the cell.

Single fibers sculpt curvaturedependent nuclear invaginations

Our observation that singlebfrs induced nucleus invaginations running along the nuclei
length prompted us to investigate the role of curvature in physical indentation of the
nucleus. To interrogate this behavior, we utilized a simplified model system of single cell
spreading on airsgle fiber Fig. 3.5a). Immunostaining for the focal adhesions (paxillin)
revealed, that similar to the paral@iboidal shape cells spread ofit#er nanonets, major

focal adhesion clusters localized to the poles of the spindle shapeStgijgdmentary

Fig. 3.S9a (i)). We also observed that majority of the actin stress fibers caged the nucleus
(Supplementary Fig. 3.S9a (ii)), causing local invaginations in the nuclekgy( 5b (i)).

We confirmed that the dynamics of cell spreading and FA cluster fiormaas similar to

our prior observations onfiber nanonetsSupplementary Fig. 3.S9b (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 fibetuced local mvaginations Fig. 3.5b (i)) in

nuclei. We compared the radius of curvatureg BRy. 3.5b (ii)) of the nuclear membrane

at the invagination site with the radius of bsprojected circle on the apical side of the
nucleus (R). With increasing diametersie found the curvature ratia/Ro linearly scale

with the fiber diameterKig. 3.5b (ii)). We also found the nucleus aspect ratio reduced
significantly with increase in fiber diameter indicating a change in nucleus shape from
elongated on small diametiipers to flattened on larger diameter fibelFsg( 3.5b (iii)).

With increase in diameters, we observed a drop in the cell aspect &atmddmentary

Fig. 3.59c), with cells adhering to the 150 nm diameter fibers forming long protrusions and
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having thenighest aspect ratios. Fluorescent labelling ofitiex (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 vaiyieg)

and shapedHg. 3.5c (i)). We quantitated the effective shap8sdf nuclear invaginations

with a bell curve defined by “YQ , Where $denotes the invagination depth (z
direction) and 0 i s y-direction)tofahe intaginatiorn We fouad e r a |
that nuclear invaginations on lower diameter fibers of high curvatures were typically ~ 2
umdeep(® and narrow (8 ~ 0.4 Om), and with i
and lateral spread) of thesevaginations was found to increa$eg. 3.5c¢ (ii)). However,

the sharpness ratio (ratico of&8nd () was the highest for
decreased with increase in diameter, indicating smoother nuclear deformations. For all
tested diameters, odata showed a strong linear fit between nucleus invagination shapes

and fiber diameter.

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 agtog YAP
localization Fig. 3.5d (i)) with the nucleus/cytoplasmic intensity ratio less than ofFHdL (

3.5d (ii)). However, with increase in fiber diameters to miesoale, we observed
significantly enhanced YAP localization within the nuclekg(3.5d (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 NhSherry Fig. 3.5d (iii),

Supplementary Fig.3.S10). Quantification of NLS localization revealed an average
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Figure 3.5: Sculpting nucleus invaginations using curvature of single fibera) i) Timelapse
images showinglifferent phases of cell spreading on-fibkr system causing cells to spre
in elongated spindle shapes, (scale bars, 50 um), Confocal side views of representativg
various spreading time points demonstrate theifinediated nuclear deformati®(scale bars
5 pm) , cytoskeletal and focal adhesion arrangement in spshdjeed cells at variou
timepoints, actin (red), paxillin (green) and nucleus (blue), (scale bars, 20 pum)
Representative images showing effect of substrate curvature (ilaeneter) on the
invagination shape/size, (scale bars, 5 um) ii) representative images of the deformed
shape on two diameters (150 and 6000 nm, scale bars: 5 pm) and methodology for co
invagination shapes, Fiber diameter dependence of Cwevaatio: Radius of curvature at ti
invagination side (R divided by radius of curvature at the nucleus apical sidg,
n=12,10,17,10,10,9 and 9 respectively, (iii) Nucleus aspect ratio (top view, xy) as a fung
fiber diameter, n=14,10,10,11,80and 6 respectively c) i) Nucleus in spindle cells exh
invaginations near sites of external fibers (red circle), Representative image sk
cytoskeletal caging of nucleus in spindle cell, actin (red) and Lamin A/C (green), (scale
um), Invagination shape (shown in white circle) can be approximated with a bell curve, i
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invagination depth and spread increase with fiber diameter, while invagination sha
decreases with increase in fiber diameter, -h89cells per diameter category d)

Representative stained images showing YAP localization in cells on nanofibers, micr(
and Flat 2D, (scale bars, 20 um) ii) Comparison of YAP localizatiegd|{:) in cells on
different fiber diameters and Flat 2D, n=11,11,12,19,10,12,8 andl&2esgectively, iii) YAP
localization as a function of nuclear contour length (r£3@ells for each substrate catego
, Circles represent nanofibers, squares represent microfibers, Flat 2D is marked with tria
Representative cells expressing®SmCherry, showing primary nuclear localization of N
on both nanofibers and microfibers , (scale bars, 20 um) , NLS localization is predoming
the nucleus in cells attached to fibers of all diameters;14=gells for each diameter catego
e) influence of fiber stiffness in regulation of invagination size, n=19,12 for PS an
respectively, (scale bars, 5 um) and f) influence of impaired nuclear lamina on invagi
size in cells attached to 350 nm diameter fibers, n=19,11 for control, LaminKB/Q
respectively (scale bars, 5 um). Al falues shown are calculated for linear fits. Sample s
(4b (i), 4c (ii), 4d (iv)) are given for 150 nm, 200 nm, 350 nm, 800 nm, 2500 nm, 3500 n
6600 nm respectively.

nuclear/cytoplasmic intensity ratio > 6 for all fiber diameters, demonstrating NLS to be

primarily localized to the nucleus.

Next to investigag the effect of material stiffness, independent of fiber curvature, we used
polyurethane (E: 000 MPa) and polystyrene (E:3LGPa) fibers of ~350 nm diameters,
and observed a significant decreaSig(3.5€) in the size of the nuclear invaginations in
softer polyurethane fibers. We also inquired the role of lamin A/C in nucleus invaginations,
and found that impairing the nuclear envelope caused by knockdown of lamin A/C resulted
in significantly larger nuclear deformationgig. 3.5f). Inhibiting f-actin based
contractility through Y27632 treatment resulted in thicker nuclei with significantly smaller

nuclear invaginationsSupplementary Fig. 3.S9b (iv)).
Multiple fibers of same diameter sculpt nucleus shapes
Since single fibers were causing significaméaginations in the nuclei, we inquired if

multi-f i ber net works (03) of same diameter <caus
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We deposited 350 nm diameter fibers at low (~3 um)-fiber spacingffig. 3.6 (i) images

shown for single cell attached 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
(Fig. 3.6 (ii)). Also, the increased compression mediated by the cytoskeletal caging caused
a significant eduction in nucleus thickness and invagination dejptig. (3.6 (iii)).
Additionally, these deformations failed to generate ruptures in the nucleus, as confirmed
by the spatial localization analysis of NLSupplementary Fig. 3.S10). We also
guantified theshapes of nuclei at the apical and basal sides in cells attached to flat 2D, 1
fiber, two- fiber, and multiple fiber systems by quantifying the curvature of the nuclear
envelope at the apical and basal sidgg. 3.6 (iv)). Consistent with previous
literature**1%5 our results indicate that on flat continuous surfaces, the nucleus is mostly
pancakeshaped, which differs from cells on suspendéditb@r paralleldoublets, where the
nucleus is mostly ellipsoid shaped, with equivalent curvatures on both apical and basal
sides. In multifiber networks, we found the nucleus shape to have a flatter surface (low
curvature) at the basal side, primarily due to cell attactito multiple underlying fibers.

In comparison, presence of the fibeduced invaginations in the spinedbaped cells
results in a much shaper curvature (inward) at the basal side. Concurrent with our previous
findings that increasing the number ofdib results in increased cell contractywe

found that for the same diameter, increasing the number of fibers results in a decrease in
nucleus thicknes$-(g. 3.6(v)). Interestingly, enhanced nuclear compression caused by cell

attachment to multiple fibers led to a significant increase in the nuclear
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Figure 3.6. Nuclear geometry ad YAP localization in cells attached to multiple fibers of
same 350 nm diameten) i) Representative images of cells attached to 5 and 8 fibers (35
diameter) respectively, stained for actin (red), Lamin A/C (green) and nucleus (blue).
are coatd with rhodamine fibronectin (pseudolored white), Insets are cross sections (3
showing the cytoskeletal caging of the nucleus with fibers identified with white arrowt
(scale bars, 20 um and 5 um for main and inset images respectively), ii)resonmpa the cell
and nuclear aspect ratio (xy top view) as a function of the number of interacting fibers,
24, 6, 7 and 5 iii) nucleus thickness (n=25,14) and invagination depth (n=19,14) in spif
fiber) versus mul t anfliv)tRepreseqtadiveBuclear driossrsachionss
demonstrating shape sculpting over different substrates, Analysis of curvatures at the ap
basal side of the nucleus for the different substrates, note, only curvature magnitude is
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considered her, spindle basal curvature being inward, is of opposite sign as compared
other categories, n=11, 16, 11 and 18 for Flat 2D, multifiber, paralféd€p and spindle (L
fiber) respectively, v) Representative images showing the caging effect amearn
compression as a function of fiseamber density, Flat 2D is shown for reference, actin (r
Lamin A/C (green) (scale bars, 5 um), vi, vii) Comparison of YAP localization between sp
2-fiber, multifiber systems and flat 2D, n=12, 15, 11 andekpectively, Representative ce
are stained for actin (red), YAP (green) and nucleus (blue), (scale bars, 20 um). b
localization across single, 2 fiber and multifiber configurations of all diameters and intg
spacing in the study showing pitg¢ correlation between YAP localization and increase
contour length (n=86 cells for each substrate category), small and large circles rep
nanofibers and microfibers, squares represent fiber doublets (same diameter and mig
polygons repreent 3fiber mismatch and multifiber configurations, Flat 2D is marked
triangle.

translocation of YAP, as compared to spindle and paaliebidal cells attached to single

or two fibers of the same dieeter, respectivelyHg. 3.6 (vi-vii)). To understand how
different fiber configurations led to altered nuclear entry of YAP, we computed the
stretching of the nuclear contour (yz creestion) due to local invaginations (single fibers)
or compression iher doublets) or both (multiple fibers) and observed a distinct increase
in the contour length in cells attached to miecsmale fibers or multiple fibers. In general,
nuclear YAP localization for different fiber configurations and Flat 2D demonstrated a

strong dependence on the nuclear contour lendgtO(R1,Fig. 3.6b).

Overall, our observations show that the organization of contraetitgirf network in
spindle cells on single fibers induces nucleus invaginations in a diameter dependent
manner, whildhe same-fictin 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 nucleus. Irrespective of the shape, sharpness and number of

invaginatons, we find that nuclei of cells attached to fibrous matrices remain rifptere
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34 Discussion

Nucleus shapes have been studied in a wide range \ofro settings, but the role of
physiological fiorous ECM such as those found in skeletal musseetiand around
metastatic tumor® "9 in controlling nucleus shapes remain poorly described. Fibrous
ECM environments are composed of a mixd@ameters (individual nanoscale fibrils that
combine into larger hundreds of nanometer or miscade bundles) distributed in a wide
range of orientations and intBber spacing. In ECM regions with a large number of
contact sites (small pore size)|lsesense confinement, and with few contact points (large
pore size), cells make contact with only single fildl87s%, With differing contact points
across multiple diameters, cell contractility is altefedesulting in changes in overall cell
89.91and nucleus shape. Here, using nanofiber networks of precisely controlled geometries
and fiber diameers, we explore the mechanosensitivity of cells to fibrous
microenvironments. Our method of precisely controlling the external fibrous environment
led to exquisite sculpting of nucleus with and without invaginations across multiple cell
lines (C2C12 mousemyoblasts, HT1080 human fibrosarcoma and HelLa cells,
Supplementary Fig. 3.S11). Irrespective of the shape or sharpness of the invaginations,
we found nuclei to remain rupture free and fideameter driven contractility and network

organization to regulattranslocation of mechanosensitive YAP 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 fibers. While
the cell spreadingdhavior on fibers was similar to reported flat 2D behavidrthe
spreading rates were fiber diameter dependent, with cells attached to tHibeest

achieving steadgtate spread areas the earliest. In the spread state, although actin,
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microtubules and vimentin localize at the apical side in cells on 2D, we found tlcageto

the nucleus with no apichlasal preference in suspended c@&igenin cells spreading on
single or multiple fibers, where regions of cell contact with fibers act as p&asdd
regions, we observed a uniform distribution of Lamin A/C expressaipglementary

Fig. 3.59d). In all diameter combinations, focal adhesionsengneferentially 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 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 30ardled matrice§37 38).
Additionally, our observations that the lengths of FA clusters atdles @and the number

of focal adhesions along the cé@ber 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 foessnated using
Nanonet Force Microscopy (NFM) with other force measurement techniques using two
metrics: traction stress and tension per stress fiber. The average stress per FA cluster
(Force/ FA clustefea Where FA clust@fea= FA clustelengn* Diameterfier) Was found to

be ~8, 9, and 7 nN/ufrior 200200, 356350, and 80800 nm doublets, respectively,
which is similar to the reported values of stress per focal adhesion in the literature (~6
nN/um?) 113114 We approximated the tension in individual stress fibers by assuming their
arrangment 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,rdhdoi 200

200, 350350, and 80800 nm doublets, respectively, which agree with reported values
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(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. S86800 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 flE#2H Loss of actin tension via

cell treatment with cytochalasin D alleviated nucleus compressimghavior consistent

with previous finding$*8 while 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 inncreased compression while stiffening the nucleus reduced
nucleus compression. Previous studies have shown that nucleus flattening causes stretching
of the nuclear pore complex&5(NPCs), which lead to the nuclegtoplasmic shuttling

of various transcription factors, including YAP/TAZand 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 spreaareas, YAP translocation remained similar.

We also generateih vitro fibrous environments of a mix of diameter combinations to
mimic ECM heterogeneous fibrous environments. First, we generate80B0Om fiber
diameter mismatch doublets to study altecedl spreading, contractility, and nucleus
shape. Unlike FA clustering patterns observed during cell spreading on homogenous
doublets (20200 or 800800 nm), unexpectedly, we found a higher density of focal
adhesion sites on the 200 nm diameter that meatthe 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 @2@00hm homogenous

doublet, resulting in increased contracfil€onfocal side views (yz) in mismatch doublets
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showed the nuclei to have a remarkable teardrop shape (~60% cases), with the broad end
towards the 200 nm diameter. Intensity analysisadtin stress fiber distribution across

the cell body in mismatch dblets revealed a higher density of stress fibers towards the
800 nm diameter fiber, thus contributing to the increased compression of nucleus. We then
proceeded to generate triplets composed of two same diameter outer fibers and a third
middle fiber of diferent diameter (20800-200 nm, and 80200-800 nm). We observed

the 800 nm diameter fiber to induce large invaginations in the nucleus-802&#D0 nm

triplets, which is 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
119,120 |n 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 diametr. Our earlier work has shown that cells attached to < ~100 nm diameter
fibers remain rounded, while those attached to larger diameters form elongated spindle
shape¥. Thus, we chose the fiber diameters to range from6BBO nm. Immunostaining

for actin and paxillin revealed that actinests 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 invaginafigngwhich transitioned

to smooth wider invaginations with increase in diameter. Despite such extreme nuclear
invaginations during cell spreading, no nuclear rupture events were detected. Recently,
single migrating cells have been shown to undergo nualgiigre when they are subjected

to confinement of ~3 pun?L. Our studies, on the other hand were able to get the nucleus to
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compres to a height of ~4 um. Under these conditions, we show that while fiber curvature
and compression directly contribute to YAP localization, they are insufficient to cause
nucleus rupture. Increasing the number of fibers of the same diameter (350 nmr) furthe
decreased the nucleus' height, due to increased contractility, resulting in reduced
invagination depth compared to a single 350 nm diameter fiber. However, these conditions

still remained insufficient to cause nuclei to rupture during cell spreading.

35 Conclusion

Here,we demonstrate sculpting of nucleus shapes and its functional responga usiag
mimicking fibrous environments through regulation of cell contractility in a-fti@meter

and numbedensity manner. The nuclei remain robust meclemoganelles 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 ECMnediated alterations in the sabclear chromatin organization and
overall gene expression during cancer metastasis, wound healing, cell differentiation, and

myogenesis.

Supplementary Material
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Supplementary Figure 3S1. Cytoskeletal alignment in suspended fibers a,b)

Representative cells showing cytoskeletal organization at different timepoints duriadjisgr,
on flat glass and suspended fiber doublets (fiber diameter: 350 nm) respectively, cé
stained for actin (red), vimentin intermediate filaments (green), microtubules (cyan) and
(blue), cells on fibers show entry of microtubules and inggliate filaments into the
protrusions as spreading progresses, scale bars represent 10 um c¢) Comparison of the 4
of the cytoskeletal elements in the perinuclear region, between flat glass and suspendé
(fiber diameter: 350 nm). Alignmentfacor i s defined as cos(

the actin stress fiber or individual pores within the microtubule or intermediate fila|
meshwork, with respect to the primary cell orientation, Alignment factor ~ 1 for pe
alignment and ~ 0 forandom alignment, scale bars represent 10 punmsénheélls for aligned
fibers and Flat 2D respectively.
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__

40 min

.-«.. .

Supplementary Figure3.S2.Spatiotemporal localization of cytoskeletonsa) Confocal
side views (xz) showing ¢l&a ggmentsagtivaribus ¢ a |
ti mepoints during cell spreading on f1 §
fibers (fiber diameter: 350 nm), actin (red), vimentin intermediate filaments (green),
microtubules (cyan) and nuclei (blue), all sdades represent 5 um
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Supplementary Figure 4.S3. Evolution of focal adhesion organization over the course o
cell spreadinga) Representative spread cell showing focal adhesion clustering at cell
scale bars represent 20 um, b), Average m@®sf(n=912 for each timepoint) are show
Paxillin intensity is normalized with respect to the peak intensity of each profile, Cell I¢
normalization was performed with respect to the entire length of the cell as shown in p3
the spread stateyb intensity peaks demonstrate the focal adhesion clustering, Data is {
for 350 nm diameter category
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Supplementary Figure 3.54: Stress fiber organization in spread cellsMaximum intensity
projections of representative cellemdonstrating stress fibers emerge from focal adhe
clusters on either side and converge to become almost parallel to the cell orientation
perinuclear region. Actin and DAPI are psewbored in green and red for better visualizati
Scale barsepresent 10 um
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Supplementary Figure 4.S5: Nucleus geometry during cell spreading,b) Evolution of
nucleus projected area (xy) and eccentricity as function efdprg time and shown for th
different diameter fiber doublets, respectively, n=347 per timepoint for each diamet
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Supplementary Figure 3S6: Effect of cytoskeletal inhibition on cell spreading
Representative images showing control (no treatment), cytochalasin D, nocodazole and
treated cells, fiber diameter: 350 nm, scale bars represgmh 20o0mparison of the cell spreg
area under different drug conditions, n=17,15,6 and 10.
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Supplementary Figure 3.S7: Morphological alterations in Lamin A/C KD cells a) 3D
isometric views showing wrinkled morphologies of Lamin A/C KD cells, white aridisate
wrinkles, Lamin B1 is shown in green

800 nm

200 nm
X

Supplementary Figure3.S8 : Asymmetric organization of actin stress fibers leading to
teardrop shaped nuclear crosssections.Specifically higher density of stress fibers towarg
the 800 nm fiber sidkmads to greater reduction in nucleus thickness
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Supplementary Figure 3S9. Cell and nucleus shapes in spindle cellg) i) 3D isometric view
of spindle cell stained for actin (red), paxillin (green, shown with yellow arrows) and nu
(blue) ii) Represetative confocal side views (yz) showing stréibsr mediated caging of nucley
in spindle shaped cells, scale bars represent 5 um b) i.ii) Temporal evolution of cell spre
and circularity for spindle cells, n=15 cells, fiber diameter: 350 nmi-didal adhesion cluste
(FAC) length evolution during cell spreading, n=34.47,32,17 and 34 for 5, 10,20,40 and ¢
respectively, iv) Effect of cell contractility inhibition on nucleus thickness and invaginatior]
in spindle cells, (fiber diameter: 35@m) c) i) Representative images showing variation
cell/nucleus shape as the fiber diameter is varied fror6680 nm. Actin (magenta) and lam
A/C (green) are overlaid with the brightfield channel to show underlying fibers, scale
represent 10 pri) Cell aspect ratio as a function of fiber diameter, n=14,10,10,11,10,6 and
150,200,350,800,2500,3500 and 6600 nm respectively iii) Localization of lamin A/C at the
(contact points with fiber) and apical surfaces for spindiigh@r) and mitifiber configurations,
Flat 2D is included for comparisons (nr48 cells).
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Supplementary Figure 3.S10. NLS localization in aligned fibersa) i,ii,iii) NLS intensity

profiles, along cell length at different spreading timepoints (~ 10,30,60 migsponding to
fiber doublets with 200 nm, 350 nm and 800 nm respectively, Schematic illustrates the di
of intensity scans b) i,ii,iii, iv and v) Spatiotemporal NLS localization for spindle shaped
corresponding to fiber diameters: 200, 3500,8150 and 6600 nm respectively c) Intend
analysis for multifiber (D: 350 nm) cells, h=10 cells for each timepoint and substrate cat]
Error bars represent standard deviation.
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Supplementary Figure 3S11. Nucleus shape regulation mode is indepenaeof cell line:
a) Fiber diameter dependence of nucleus thickness in HT1080 fibrosarcoma cells b) En
nuclear translocation of YAP for HT1080 cells in 800 nm networks. ¢) Nuclear invagina
are observed in spindle cells for all cell types tes@{3(12, HT1080 and HelLa), comparis
of the invagination depths in the different cell types for 350 nm diameter single fibers
bars represent 5 pm.
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Supplementary Figure3.S12: Western blot showing partial knockdown of Lamin A/C in
C2C12 cells.SCstands for scramble with null expression.
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Chapter 4.

Crosshatch nanofiber networksof tunable interfiber spacing induce plasticity in cell

migration and cytoskeletal response
4.1 Introduction

Cell migration plays a critical role in the development, repair and disease biology. Notably,
in cancer, cell metastasis from tumors often portemdertunate lifeending outcomes.
Migratory metastatic cells take advantage of both biophysical and biochemical cues present
in the surrounding extracellular matrix (ECM) to achieve persistent migration. While it is
easy to visualize how the aligned (dbaiy arrangement of ECM individual strands or
groups of strands favor cells to invade neighboring stroma followed by persistent
migration, we inquired if alignment was the only fiber configuration capable of promoting
and sustaining persistent migratidrat is observed along the metastatic journey? This
seemingly straightforward question has been difficult to resolve due to challenges in
imaging deep inside the body over long peritds?®and recapitulation of structurés
vitro.83 Thus, it is not uncomon to find illustrations of fibrous ECM interfacing with
tumors depicting the existence of both aligned fibers andaftigned configurations of

varying pore sizes and lengths that are able to support persistent migtatich.

In vivo, @lls migrate through fibrouSCM or on top of the dense basement membrane of
varying porosities®46131134 Currently, a large number of vitro strategies exist to
investigate cell migration. Perhaps the most Wwidsed method involves culturing cells

on featureless flat 2D substrates that describe cell migration to occur in short phases of cell

motion interspersed with random changes in the migration direction and periods of cell
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inactivity. These steps collectily are described by classic random wai3® To achieve
persistent cell migration, a number of strategiexopatterned stripes, microchannels,
microgrooves, etc" 3743 have been devised, which mechanically confinesd¢elhave
aligned 1D morphologies. To investigate cell migration in a 3D environment, cells are
embedded in a 2.5 or 3D gel systems, and gels with-ihudhisotropy recapitulate
persistent migratiof?8214#146 The given complexity and the inteonnectivity of ECM
biophysical parameters (stiffness, fiber size and aligmnmore size, and architecture)
35,37,44,79,106,14154 mgkes it exceedingl difficult to elucidate the role of individual
parameters in persistent cell migration. Thus, it is not surprising that in a recent
commentary it was noted that there are generally no accepted methods-t@atdagsin

vitro findings, and to compared¢m within vivo behavior®

While manyin vitro strategies (including by us) have demonstrated anisotropic migration
using aligned geometries, the contributions of other configurations including crosslinked
networks of variednterfiber spacing remain unclear. Here, using our previously reported
nontelectrospinning  spinnerlased  tunable  engineered parameter (STEP)
technique®®!53 157 we use nanofiber crosshatch networks of tunable-filier spacing to
interrogate at high spatiotemporal riesmns the plasticity of single cell migratory
behavior and cytoskeleton arrangement in Hras 1 murine cell line. We chose Hras 1, as it
is derived from an aggressive follicular thyroid cancer, a tumor with highly invasive
capacity and propensity to metasize to distant sites, primarily the lurt§%.This tumor

has increased levels of lysyl oxidase (Lox) enzyme that crosslinks the collagenous ECM,
thus impartingcollagen fibers increase stability and stiffness; known promotors of tumor

progressior? Using crosslinked nanofibers intavo-layer fiber system, we show that
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contrary to intuition, dense (low intéiber spacing) crosshatch networks that resemble 2D
flat surfaces, cause cells to migrate persistently (1D) in 3D shapes, whereas increasing
inter-fiber spacing recapitulates 2hapes and random walk migration. Furthermore,
through high spatiotemporal resolution microscopy and genome sequencing, we show that
inter-fiber spacing is a regulator of focal adhesion clustering, nucleus thickness and strain,
f-actin stress fiber organizan and differential upregulation of metabolic pathways. Using
multiple migratory cell lines (mouse NIH 3T3 fibroblasts, and human smooth muscle cells,
mesenchymal stem cells and cancerous MB-231 cells), we find similarities in the
migratory phenotypeand show that alignment is not the only requisite biophysical

configuration for achieving highpeed persistent migration.

4 2 Materials and Methods

Fiber network fabrication and characterization

Preparation of nanofiber networks

Polystyrene ((PS) moteilar weight: 2,000,000 g.n4l Scientific Polymer Products Inc.,
Ontario, NY, Catalog# 829) was dissolved in xylene (Fisher Scientific, Pittsburgh, PA,
Catalog# X5500) to form a 10 wt% solution. Isotropic crosshatch networks of nanofibers,
with tunableinterfiber spacing and a uniform fiber diameter of ~ 500 nm, were then
fabricated using the STEP technique. Briefly, PS was dissolvegytepe for at least a
week to prepare a polymeric solution for fiber spinning. The solution was extruded through
a micropipette (inside diameter ~100 um, Jensen Global, Santa Barbara, CA, USA) to
deposit suspended and aligned fibers in parallel and crosshatch p&tt€unsedfiber

networks were created using a custom fusing chahiber.
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AFM characterization of fiber networks

Fused fiber networks on hollowtasnless steel scaffolds (3mmx3mm hollow square
region), were mounted on a plastic wedge with @riine that was subsequently placed

in the substrate holder of an Atomic Force Microscope (Veeco, Plainview, NY). A tipless
SiN AFM cantilever (AppNano, Mantain View, CA, Catalog# FORTAL-10) was used

to measure the stiffness in contact mode. Cantilever stiffness (2 N/m) was measured by
thermal tuning (average value from 8 independent tests). Deflection sensitivity (hm/V) was
obtained using the standardpapach of probing a hard surface (stainless steel surface used)
in contact mode. Using the above two parameters, Fbstence (Fd) curves were
directly obtained from the Deflection error (V) vs z (distance) plots generated in contact
mode AFM. The bendq stiffness of the fiber networks were then evaluated from the slope

of the linear region in the-& curves.
Cell culture, imaging and RNA extraction
Cell seeding

The nanofiber networks were mounted in individual wells of an&h plate and sterilized
with 70% ethanol for 10 min, followed by rinsing them twice with Phosphate Buffered
Saline (PBS). Subsequently, the netwoaksl flat glassvere functionalized by coating
with 4 pg/ml of fibronectin (Sigm&ldrich, Catalog# F1141MG) for one hr at 37C.
Hras1 cells were obtained from an Hr&d/PtenKO murine thyroid tumot® Cells were
confirmed to be mycoplasma negative by PCR, and the cell line was autteehtisang
short tandem repeat (STR) DNA profiling (DDC Medical). Cells were cultured in F12

medium (Fischer Scientific) supplemented with 10% fetal bovine serum in T25 flasks kept
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at 37C and 5% CQ®in a humidified incubator. 3T3 fibroblasts (ATCC, Cat#dgRL-
1658) were cultured in Dulbeccobés modified
10% fetal calf serum at 83Z and 5% CQin a humidified incubator. MDAVIB-231 cells
(ATCC, Catalog# HTB26) were cultured in Leibovitz (L15) medium supplemented with
10%fetal calf serum at 3T in a CQ-free environment. Smooth muscle cells (gift from
University of Pittsburghf* were cultured in smooth muscle basal cell medium (Cell
Applications Inc., San Diego CA) at 7 and 5% CQin a humidified incubator. Bone
Marrow-derived human Mesenchymal Stem Cells, hMSCs (Lonza Inc, Basel, Switzerland)
were altured in supplemented growth medium (Lonza Inc) at 37°C and 5% Tt@
functionalized nanofiber networks were seeded with a low concentration (~c&{iIml,

50 ul added to each well) of cells and allowed to attach and spread on the fiber networks
for 1 hour followed by addition of 2 ml of media and 2% peniciiireptomycin to each

well to prevent contamination during the experiments. flapse optical microscopy for
migration characterization was subsequently performed for at least 8 hours initraal

of either 5 or 10 minutes, using a 20x (RRymochromat 0.8 NA) objective.

Fluorescent imaging

Fixed immunofluorescent staining was performed on the cells-fmtiR, focal adhesion
protein paxillin and nucleus. Cells were fixed with 4% para@ddahyde for 15 minutes
followed by permeabilization in 0.1% Triton-X00 in PBS solution for 15 minutes and
blocking in antigoat blockingouffer (Invitrogen, Carlsbad, CAjor 30 minutes. Rabbit
antipaxillin primary antibody (Tyr31, Invitrogen, Carlsbad, CA, Catalog#20G;
RRID: AB_843415) was diluted in antibody dilution buffer in 1:200 dilutiatiorand was

added to the substrates containing the fixed cells and refrigerated for 1 hour. Afterward
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goat antirabbit secondary antibody (Alexa Fluor 488, Invitrogen, Carlsbad, CA, Catalog#
A-11008; RRID: AB 143165), diluted in 1:200 ratio was added with rhodamine
conjugated phalloidin (Santa Cruz Biotechnology, Dallas, TX, Catalogg0E830),
diluted in 1:80 ratio. Samples were stored in a dark place for 45 minutes followed by 3
PBS washes. S u b s edjamiglima2iplyenylindold P TherroFidljer 6
Scientific,Waltham, MA, Catalog# D1306) was added for 5 minutes to stain the cell nuclei.
Images were taken with an inverted Zeiss microscope (Axio Observer.Z1) using either a
40x (0.75 NA) or 63x (1.2 NA water immersion) objective Confocal micnogosas
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.

RNA extraction protocol

The total RNA was extractgdrom three independent experiment®)m thecells using

the Ambion® RNAqueous®icro Kit (Thermo Fisher Scientific, Catalog# AM1931) and
the manufacturerdéds recommended protocol was
fiber networks (3, 6, 18, 36 and 54 um) attached to individual well$ofell plate (glass
bottom, Mattek Corporation). The"@vell acted as the control well, where cells were
seeded on the flat glass. Cells were cultured untb@% confluency. Afterwards, cell
media was aspirated from the wells and fiber networks wersfenaed quickly (~5 second
transfer time) to a new sterilevéell plate using a pair of tweezers (UV sterilized, RNase
free), and immediately lysed with the lysis solution from the kit. Control cells were lysed
directly in the wells. Following RNA isolain with the kit, extracted RNA was eluted with

a total volume of 50l of eluate. The RNA in the elution solution was then transferred to

an RNase free microcentrifuge tube and store8GRC for further processing.
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Quantification and statistical analysis

Analysis of aspect ratios, cell shapes and areas

The aspect ratio (Figuré.2c) was defined as the ratio of the maximum and minimum
dimensions of the cell and was intended to quantify the degree of polarization of the cell

body in a certain direction. dselstained for actin were manually outlined in ImageJ
(https://imagej.nih.gov/ijl). 6Bounding RecHt
used to evaluate the maximum horizontal and vertical dimensions of the outlined cell.

Widths of individual cells we measured at ~25 positions along the cell length and mean

width vs. length profiles (corresponding to each fiber network category, Fi@aewere

generated by averaging (using a bin size of 5 um) the individual profiles. Cell areas (Figure

4.2b) andperimeters were measured by manually outlining the cells in ImageJ.

Analysis of cell profiles and slope of leading edge

Cells were not of the same lengths. To calculate the mean cell shape profile representing
each inteifiber spacing, we first calculatetie average cell length for each intder
spacing category. Then the individual cell profiles in each-iitter spacing category were
normalized (stretched/shortened) with respect to the respective average length. Finally, the
mean profile (Figuret.2a) for each intefiber spacing was obtained by averaging the
individual normalized profiles. To calculate the slopes of leading edges, mean profiles of

each intesfiber spacing were superimposed to coincide at x=0 um.

Analysis of focal adhesion clusteard actin stress fibers

We report FAC lengths (Figure 2d) as the longest continuous length of paxillin clustering.
These lengths were generated from manual measurements of the fluordabettly
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paxillin focal adhesion clusters in Axiovision (Zeiss)ta@re. Straight lines were drawn
from end to end of the major stress fibers in ImageJ and the orientation of such lines with
respect to the net cell orientation were considered as the stress fiber orientations (Figure

5d).

Analysis of cell migration

Single(not in contact with neighboring cells) motile cells were chosen randomly from the

ti melapse videos and their centroids were ¢tr
every 10 minutes for 8 hours. The centroid data was subsequently processadustog

MATLAB (https://www.mathworks.com/) code to evaluate the migration rate, angular
displacement and mean squared displacements (MSD) over eadntit@ interval. The

migration rate (Figurd.3a ii) for a cell was calculated every-frinutes over @ 8-hour

experiment (48 measurements) and the measurements were then averaged for each cell to
obtain the final migration ratéJigration persistence (Figu#3a iii) is defined as: (net

cell displacement)/ (length of total path of cell motiémgular dsplacement (Figuré.3a

iv) is defined as the change in migration direction after each time interval. It is evaluated

from the following equationc ¢ i where

(Xn-1,Yn-1), (Xn,Yn) and (x%+1,yn+1) represent the x andagp-ordinates of the cell centroid at

(n-1)" n"and (n+1y't i me points (n=2,3é.48) and d repre
Mean square displacement ((Figure 3a iii) for a time intenadefined by the following

equation:d 'YOf O0wo T o ©wdo t w06 Owhere x and y are the

co-ordinates of the cell centroid and t denotes time. Experimental MSD values were fitted

against the exponential function'YOr x +, where U denotes the sce
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determinete nat ur e of c e ICkllrsgrattbm Wak also ievaleatednusing o n .

the persistent random walk (PRW) mode&P:1%2 Mean square displacement for a time
interval tis defined by the following equatiob:"YOr  tO t 0 p Q! T,

where D is the diffusion coefficient, P is the persistence time and the last term denotes the
noise in the cell position detection. Persistence length is calculapsdsestence time (P)

multiplied by the average speed.

Analysis of leading and trailing edges

For individual cells, we chose the most active leading and trailing edge regions and tracked
their positions over ti me usi.DigpladerheatsféorMan u a l
each of the leading and the trailing edges (Figure 3b) are normalized to their individual

starting positions respectively.

Nuclear movement, nuclear shape, area, eccentricity and thickness

To investigate the movement of the cell nucl@tigure 4h,i), the cell nucleus was stained
using the CellLight Nucleu&FP, BacMam 2.0 reagent (Thermo Fischer Scientific,
Waltham, MA, Catalog# C10602). Cells were incubated with the reagent overnight for at
least 16 hours and timelapse imaging wasqueréd afterwards with either 5 or 10 min
interval for 4 hours. Throughout our analysis, we have approximated the nucleus to be an

elliptical body and specifications of the n

function of ImageJ. The nuclsweccentricity (Figurd.2f) was defined asp — ,where

2a and 2b denote the lengths of the major and minor axes of the ellipse respectively. The

nucleus areas (Figu#e2e) and perimeters were recorded by manually outlining the nuclei
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in ImageJ. Zstack images of the cell nucleus were taken using a confocal microscope, with
a slice thickness of 0.36 um, and the nucleus thickness (Figure 4f) was directly measured

from the orthogonal crossection (¥z or yz section) images.

Genomewide analys of gene expression

The RNA was extracted from cell grown at each condition as described in the RNA
extraction protocol. Libraries were prepared using the standard llluminagei Arotocol

and the sequencing was performed using a Hiseq 3000 systesedut@ncing data for the
RNA-seq analysis is deposited in the NCBI SRA database under accession SRP131388.
RNA-seq data was handled and processed following the basis of our previod&3\woek.
statistical analysis for differential gene expression comptresdifferent inteifiber

spacing size with flat using DESeq2 metiétThe functional enrichment analgsbver

Gene Ontology geset were performed and the selected results were plotted in a heatmap

(Figure 6) using PIANO packag®

Statistical analysis and data fitting

Statistical analysisof the microscopy data was performed using the Graphpad Prism
(GraphPad Software, La Jolla, CA) software.
normality test was utilized to test the normality of the data. Based on the normality of the

data, eitherAal ysi s of Variance (along with Tukey?o:s
the nonparametric KruskaWal | i s test (along with the Dunn
was used to test the statistical significance between groups. For comparisons between only

twog oups, Sdsta weeerutilized. Ddta fits were performed in either MATLAB

(for nonlinear fits) or Microsoft Excel (linear fits). Standard values for reporting
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significance (****, p<0.0001;*** p<0.001; **, p<0.01; *, p < 0.05) were used. Unless

otherwise mentioned error bars represent standard error of measurement.
4.3 Results
Crosshatch interfiber spacing regulates cell morphology

We wanted to determine the role of network iffteer spacing in regulating cell
morphology (cell and nucleus sizedashape). We generated 5 different categories of
crosshatch fiber networks with intBber dimensions: 3, 6, 18, 36 and 54 um (Mean + SE

, =100 per category): 2.6+0.09, 6.0+0.26, 17.8+0.3, 35.6+0.48, and 53.5+0.42 um
respectively. Supplementary figure)Swith flat 2D culture serving as the contrélid.

4.14). For interpretation of statistical differences, we categorized the fiber networks into
three major characteristically similar groupense(3 and 6 um)Jntermediate(18 and

36 um) andWide (54 um). Although cells orwide fiber networks (~54 um) attained a
symmetric kite shape characterized by vaafined branching of the cell body along each
fiber axis, onintermediatenetworks, we observed cells with increased branching at
multiple fiber intersetions fig. 4.1b). Interestingly on the XAm networks, we observed
that cells had broad leading and a narrow trailing edge, which strikingly resembled the
flat 2D morphology (Supplementary figure S2). With a further decrease htelhiize
(densenetworkg, unexpectedly, we found the cells to have elongated shapes, similar to

thoseobserved in cells moving through dense collagen gels edeslted matrices? For
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Flat 2D control 3 um spacing 6 ym spacing {1148 pm spacing 36 pym spacing 54 ym spacing

Figure 4.1. Nanofiber networks and the corresponding cell morphologiesa) SEM images
of 500 nm diameter fiber networks with bottom panel showing high magnification images
shown is a cartoon of the flabmtrol substratunb) Representative phasentrast images o
cell morphologies obtained on the different subst@tssembly of focal adhesions visualizé
by staining for the focal adhesion protein, paxillin (shown in greeagtin stress fibers ired
and nucleus in blue. White arrows denote cell migration direction. In the case offiine
fiber networks, cells exhibit no bias in direction of migration. Characteristically similar
categories are grouped @ense(3 and 6 um), anthtermediatg(18 and 36 pum), while 54 un
network is designated a¥ide d) Cells of different migratory lineages behave similarly
fiber networks (example shown fdensenetwork). All scale bars shown in um.

all inter-fiber spacing networks, cells were found to interact with both fiber layers as
observed by timéapse imagingTo visualize the celfiber adhesion areas, we performed

immunostaining for paxilliff®, a major focal adhesion marker. Whilaxillin adhesions
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were distributed throughout the cells on the 2D $lubstrata, on fibers, they were observed

to be concentrated in focal adhesion clusters (FAQg, 4.1¢), consistent with our
previous observation&°! The observed migratory phenotype was not unique to Hras

as other commonly used cell lines with migratory potential: NIH 3T3 fibroblasts, human
smooth muscle cells (SMCs), human bone mesenchymal stem cells (MSC), and human
breast adenocarcinoma MBMB 231 cells Fig. 4.1d) also exhibited similar behavior,

thus generalizing our findings.

Next, we biophysically phenotyped cell shape on fiber networks using metrics of area,
aspect ratio, and eccentricity. First, a comparison of the average slope of the leading edge
of cell shape showed a close match betweenl8um unitcell spacing and the flat 2D
substrateKig. 4.2a). Lower slope values indicate elongated cell bodies, whereas the higher
slopes, associated with cells oriermediateand 2D flat substrata, indicate spread cell
shapes. Cells otensenetworks had lower cell spread areas and higher aspect rat@s (
4.2b, 4.2¢). Cells cultured on the-@m interfiber spacing had the most elongated cell
bodies and the lowest spread area, a morphology often associated witheirvedls, and
resembling cellsundergoing epithelial to mesenchymal transition (EMT). Next,
guantitating the FA@nigratory behavior revealed that increasing length of FACs with
inter-fiber spacing (inseffig. 4.2d) resulted in a bphasic migratory response%®.90,

Fig. 4.2d). Cellson flat substrate had the shortest FAC but their high number density
compared to cells on 3 and 6 um likely caused the drop in migration rate. On the other
hand, longer FACs at higher spacing contributed to slowing of cells due to line arrangement

of adhe®n sites that needed to be disengaged during migration. We also observed that
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Figure 4.2. Inter-fiber spacing regulates cell/nucleugnorphologies and focal adhesion
cluster lengths:a) Cell width versus cell length profiles (tafiew of cell, shown only half dug
to symmetry) for each category along with the measured slopes of the profiles at the leadin
(n=13,7,8,10,9and 813, 6, 18, 36, 54 um and Flat 2D, respectively). Cells on dense net
have lower slopes indicating elongated cell bodig€ell spread areas on networks of increas
inter-fiber spacing (n=107,101,84 and 50 fiense intermediate, widenetworks ad flat 2D,

respectively).c) Aspect ratios of the cells on varying fiber networks show cells to be h
elongated on dense networks (n=107,101,84 and Sfeftse intermediate, wid@etworks and
flat 2D respectively). Inset in grey box shows schemdtiometry change (square to elonga
rectangle) with increase in aspect ratipPaxillin focal adhesion cluster lengths (FACs) incre
with fiber network porosity leading to a-phasic migratory response (n=11,17,20,10,13 an(
for 3, 6, 18, 36, 54um and Flat 2D, respectivélyinset shows FAC data for different cateogr
and a representative image with yellow arrows depicting FAC mesasurement (Scale bar
Nucleus arede) and nucleus eccentricitf) are regulated by the underlying networkgsity

with smallestsizerad hi ghest eccentricity found in
grey box shows schematic of geometry change (circle to elongated oval) with incre
eccentricity.g) Cell and nucleus areas are positively correlated. Linear fit to datsporrding
to fiber networks with flat 2D data shown as reference. Error bars represent standard

measurement. Statistical differences between individual -fifter spacing categories ai
superimposed on the data for their respective groups.
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cells ondensenetworks had the lowest nucleus arddg.(4.2€), and highest eccentricity
(Fig. 4.2f). Altogether, we found cell and nucleus areas linearly correlatedsaadtdiber
network spacing (R 0.96,Fig. 4.2g). While previous studies have relied on printing
adhesion proteins and patterned surfaces to achieve control on cell¥rédbeere we
demonstrate that varying the geometric iitieer spacing alone is sufficient to control cell

morphology.
Network inter -fiber spacing regulates cell motility

We next sought to determine if the dynano€sell migration (speed, persistence, angular
displacements and cell body movement) was driven by spacing of the fiber networks. We
determined the mean squared displacement (M3{,4.3a(i)) exponents and found a
scaling exponent of ~1.4 for cells otarmediate and wide spacing, indicative of migratory
behavior resembling a diffusive random walk, similar to that observed on flat 2D substrate.
However, ondensenetworks (3 and 6 pm), we obtained a scaling exponent of ~1.8
signifying a persistent migratp behavior similar to migratory behavior observed in
presence of physical constraints such as microchannels, grooves, 1D stripes or fibrillar
tracks!?”138.1490 Migrationrate ig. 4.3a(ii)) and persistenc&ig. 4.3a(iii)) were inversely
related to intefiber spacing. Cells odensenetworks not only moved faster, but with
higher persistence, demonstrating seralingular displacemewiuring migration Fig.
4.3a(iv)). Interestingly, we observed that the migratory behavior of cells on flat 2D
matched closely with the cells migrating on networks witermediate(18 and 36 pum)

spacing. This is consistent with our finding that cell shapes in these categories (especially
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Figure 4.3. Inter -fiber spacing regulates cell migration: a)(i) mean squared displaceme
(MSD) vs. time (t) plots corresponding tense, intermediateand wide fiber network

categories and Flat 2D. Inset shows the scaling relation MSLb,wh'ereD is the scaling
exponent that is used to fit the data. ffiigration rate of single cells (n=59, 40, 44 and 29
dense, intermediate, widmdflat 2D respectively), (iii) persistence of single cells (n=49,

36 and 20 fodense, intermedia, widenetworks andlat 2D respectively) for the differen
substrates, and (iv) polar plots showing angular displacements for cells on varying
network porosities and compared with flat i>40, 40, 20 and 2for dense, intermediate
wide networksand flat 2D respectively. Data demonstrates cells moving fastest and \
highest persistence oensecrosshatch pattern of fiberb) Representative displaceme
profiles of the leading and trailing edge for the different fiber network categoriesngeatdi
trailing edges are shown in red squares and blue circles respectively in associatadsn
images (scale bars denote 20 um and time shown in minaj€g) Recoilto-recoil analysis
method to calculatenigration cycletime, (ii) migration cyde time over the different fibel
network categories (n=29,50 and 25dense, intermediate, and widetworks respectively

Note for thedensegroup, data is only shown for 6 um fiber spacing, as the remodcoil

migration cycle for the 3 um fibespacing was not discernable optically, and (iii) migrat
cycle and retractionecoil speeds plotted as function of FAC length showing both metrig
linearly scale with FAC lengths. Inset image shows a fluoresckaitbled cell attached to
54 um inerfiber spacing network and the magnified image of retracting edge shoaati f
stress fiber distribution (red:dctin stress fiber, blueucleus and green: paxillin. Scale bar:
pm). Statistical differences between individual infiérer spacing deegories are superimpose
on the data for their respective groups.
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in 18 um category) resembled cell shapes on 2D flat substrata. Altogether, we report that
crosshatch fiber networks of varying infdyer spacing are able to achieve precise control

on migratory behavior: 1D highly persistent to diffusive 2D random walk.

Next, to understand the mechanics of how cells migrated on fiber networks of varying
spacing, we investigated the dynamics of trailing and leading edges (shown by blue and
red circles respectively ifig. 4.3b). We observed that the trailing edge serasdan
anchor pointfor the advancing leading edge. Thus, as the leading edge advanced, the
trailing edge elongated over time and subsequently it was observed to detach and retract in
a6r ecomdnner a t>-10t imes. Thesd rates aré equiv@leo those observed

for the fast phase of fibroblast trailing edge retractions cultured on 2D glass subétrates.
This mechanisma welldocumented aspect of 2D cell migration, matched well with the
cells migrating ornintermediateand thewide fiber network categories. However, on the
densenetworks the motion of the trailing edge was much smoother (sloveosil)
compared to intenediate and wide spacing. We quantified the time taken between
successive trailing edge retractions to determiigration cycle Fig. 4.3c(i). Migration

cycle time increased with increased infieer spacing Fig. 4.3c(ii)) and increased FAC
lengths (R=0.94, Fig. 4.3c(iii)). Similarly, therecoil speed was found to increase with
FAC length (R=0.95), thus suggesting that the longer FAC lengths associated with well
defined factin stress fibers originating from the adhesion sites (ingégid.3c(iii)) were

causing stronger recoils.
Nucleus dynamics response to network porosity

We next sought to determine the dynamics of nucleus shape change in response to fiber

network spacing. Nuclei underwent distinct and raj@tbrmation with therecoil of the
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Figure 4.4. Inter -fiber spacing regulates nucleus dynamics: @&epresentative profile of th
deformation of nucleus during retraction of a trailing edge demonstrating rounded nag
strained to elongated shape, and after recoil the nucleus relaxes to its original shape. A\

is defined as —— ,where L is the minor axis length of the nuclepise-recoil and L(t)

represents the minor axis length of the nucleus at tippestrecoil (Scale bars represent 2
pum). At start of relaxation posecoil (t=0), minor axis L{t Lo. b) Normalized nucleus shap

recovery data (defined aswhere- and- —— is the initial nucleus axis strai

immediately postecoil with exponential fits showing that cells on dendevaiks recover their
original shape faster after recoil. Inset shows representative images of the nucleus po
and after relaxation (rounded is fsideand elongated fatensenetworks).c) Relaxation time
constants calculated on basis of an exgotial decay of nucleus deformation showing stron
recoil inintermediateandwide networks. Percentage change in nucleus shape (eccenti)git
and size (projected areg)) during trailing edge recoif) Nucleus height measured by confoq
microscoy quantitates cell nuclei to be thicker in dense regions. Inset shows represe
images of nucleus (projected side view from confocal microscopy, scale bar §)Nukleus
thickness decreases with increase in cell spread Ryedepresentative tempal plots of
nucleuscell body angular couplingricluded anglg for the different intefiber spacing with
inset illustration showing thimcludedangleis defined by the coordination between cell bg
vector (trailing edge to centroid shown by white )stard nucleus major axig.Data shows the
influence of cell shape (aspect ratio) on the extent of nuckelidody coordination. Foig)

and () exponential fit to data corresponding to fiber networks with flat 2D data show
referenceSample size fiob, ¢, d and e (n=11, 23 and B@énse, intermediatndwidenetworks
respectively) for f, g (n25, 32, 14& 13: dense, intermediate, widmdflat 2D respectively

and fori (n=13, 15, 9, 9dense, intermediate, widmndflat 2D respectively). Includedngle

and aspect ratios are calculated every 10 minutes over-tioeirdexperimental time (2}
measurements) and then averaged across cells of similar aspectStatigtical differences
between individual intefiber spacing categories are superimposedthe data for thei
respective groups.
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trailing edge. We quantitated the changes in nucleus shape (major and minor axes,
projected area) within amigration cycle and found nucleus shape chandgesbe
pronounced omtermediateandwideinter-fiber spacing networks. On thesetworks, at

the sart of themigration cycle the nucleus was observed to be rounded (low eccentricity),
which transitioned to an elongated shape (high eccentricity) dreoal of the trailing

edge and returned to rounded morphology as the trailing edge reatt&unedl4 a,b
(R?=0.98 for bothwide andintermediatenetworks)). This is in contrast to cells on dense

networks that maintain high eccentricity, elongated nuclei, at all times. In general, the

recovery time constantv( « >+ Ei-'\MNhereV\[s the recovery time constant) for nucleus
shape dynamics was found to increase with the-fiier spacing, thus, signifying a larger
deformation with stronger trailing edgecoil (Fig. 4.4c). The extent of the nuelis shape
change was estimated in terms of the percent change of the nucleus eccentricity and it was
found that trailing edge retractionsimermediateandwidenetworks involved up to ~35%
eccentricity change of the nucleuBig. 4.4d), whereas onden® networks, it was
significantly reduced (~5%). Similarly, the change in nucleus area increased with network
inter-fiber spacing Fig. 4.4¢€). We observed large (~30%) changes in areas only on the 36
and 54 um fiber categories presumably due to high fogeeerated during recoil to
compress the nucleus. Next, we interrogated the thickness of nuclei on different fiber
network categories using confocal microscopy. Reconstruction of nucleus height-using z
stack images showed the nuclei to be significantlyk#rian densenetworks Fig. 4.4f).
Furthermore, nucleus thickness was found to decrease with the increase in cell spread area

(R?=0.93,Fig. 4.4¢). Sinceintermediateandwidefiber spacing were causing
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nuclei to undergo shape changes, we interrogatedrtpelar coupling between nucleus
and cell body vector (defined asluded angldinset inFig. 4.4h) signifying the extent of
co-alignment between nucleus and cell body during migration. We found that increasing
inter-fiber spacing resulted in larger neas angular sping-(g. 4.4h) similar to thestudies
described previously on flat substrat&swhile with increasing aspect ratio of cells
(signifying persistent migration on denser networks), the extent of nuoddubody
coordination increased (included angle decrease€).8,Fig. 4.4i). Altogether, our data
shows that nucleus thickness, shape, deformadind the degree of change in angular
orientation duringmigration cycleare controllable through the choice of intider

spacing.
Cell spreadingand symmetry breaking dynamics

Next, we wanted to investigate how cells adopted highly elongated geonoetriesnse

fiber networks. We monitored the cell spreading behavior from the moment the cells first
started interacting with the fibrous networksgy( 4.5a). Cells cultured on dense networks
formed transient shafived protrusions resulting in delayed spdeng Eig. 4.5b). We
calculated the temporal evolution of the projected spread area of the~@pll$.%c) and

found that all inteffiber spacing demonstrated an almost linear growth of the projected
area (with slowest on the|8n category), which is imccordance with cell spreading on

flat substrata and in gel systefi3173174 Furthermore, we observed that ciense
networks, spreading occurred with continuous growth in aspect ratio signifying anisotropic
shapes, whereas cells mermediateandwide categoriesontinually protrude along all

fiber axesand spread mostly in an isotropic fashion (aspect ratio ~1). Next, we looked at
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Figure 4.5 Inter-fiber spacing regulates cell spreading and -&ctin stress fiber
organization: a) Phase contrast tirlapse images showingnisotropic and isotropic cell
spreading on 6 and 18 um representiegseandintermediateiber networks, respectively)
Transient profiles outlining cell spreading denseand intermediatenetworks. Ondense
networks, cells form multiple shelived protrusions in all directions (inset image) befg
elongating in a pmary direction, whereas ontermediatenetworks cells protrude and extei
isotropically.c) Analysis of cell spread area and associated aspect ratio (length/width) o
spreading on fibers of varying network porosities (R£18per category)d) Immunostained
images of factin stress fibers (red), focal adhesion paxillin (green) and nucleus (blue)
fiber categories and the flat 2D substratum. Cells cultured on the 3 pm porosity networ
dominant stress fibers. Yellow arrows indicate clustgrfimeshwork) of stress fibers, wit
intermediatespacing matching the stress fiber distribution found in cells on flat 2D
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substrata. All scale bars are 20 um. Polar plotsAaftin stress fiber distribution demonstratir
highly aligned stress fibers idensenetworks and isotropic distribution of stress fibers
intermediateandwide categories resembling those on flat substrates (n=25,24,11 and

dense, intermediate, widadflat 2D respectively,180 stress fibers analyzed for each cell

the organization of factin stress fibers once cells had completely stretched. We observed
stressfibers to be aligned alongéhcell body axis irdensenetworks and isotropically
distributed as meshwork (shown by yellow arrows)nitermediateand wide networks
similar to those observed on flat 2D substrdta.(4.5d and Supplementarffig. S3).
Interestingly, on the 3 um netwodk fibers, we did not observe a large number of dominant
stress fibers, similar to reported observations of cells in 3D morphdtbgidmgether,

our data suggests that the intidder spacing of crosshatch networks offib is a regulator

of cell spreading dynamics and actin cytoskeleton organization.
Gene expression analysis

To determine whether growth on different fiber networks could drive transcriptional
reprogramming, we performed RNASeq analysis on independeidates| grown on the
different fiber networks. The upregulation of genes related to cytoskeletal rearrangement
and celicell adhesion were concordant with the observed phenotypes desErth&dg).
Interestingly, we observed a generalized decreasanscriptional activity, compared to

flat control Fig. 4.6b). Previous studies have shown that nuclear shape and size can
influence gene transcription, and access of transcriptional machinery to!BNA.
Surprisingly, gene families associated with transcriptional activity are suppressed, and we
do not observelynamic changes concordant with changes in nucleus shape and size

observed between cells on the different fiber nektaorHowever, we observed
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upregulation of multiple genes in pathways regulating translation and protein expression,
suggesting functional changes in cell behavior may be due totrpostriptional
modifications. Further, upregulation of genes involved iataholic processes (BP
G0:0008152) was observed in cells grown on all fibers compared to a flat surface. These
data suggest that intiber spacing is sufficient to induce changes in gene expression,
which may be independent of changes in nuclear morgkioldhe resulting gene
expression changes appear to be primarily involved with driving-tposicriptional
alterations related to translation and protein modifications, whereas generalized
transcriptional upregulation is not alter@adgether, all theseata suggest that biophysical
alterations within the tumor microenvironment may be sufficient to modulate

transcriptional programming that could increase the expression of genes implicated in
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Figure 4.6. Inter -fiber spacing regulates gene expression: (&jierarchical clustering ang
GO enrichment analysis of gene families related to cellular phenotypes in cells cultured (¢
networks of different intefiber spacing.(b) Hierarchical clusteng and GO enrichmen
analysis of gene families primarily downregulated during growth on fiber netw
Downregulated networks are primarily associated with transcription. Directional enrich
scores are reported with respect to flat 2D control.

enhanced pathogenic and tumorigenic potential in transformised cel
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4 4 Discussion

The immediate environment surrounding a cell offers a variety of biophysical cues of
confinement, rigidity, topography (isotropic and anisotropic) and portSitfere, we

have exploredhow in the context of crosshatch network of fibrous environnfentsd in
dermis?® basement membrai¥é muscular hydrostat$*®, and the loose connective
tissu€®, different levels of intefiber spacing can result in different morphologies and
associated migration dynamics. Firstly, we observed that at very higHilbgespacing

(wide ~54x54 pm), cells form symmetric kitdhapes and have reduced migration rates
and persistence due to formation of significantly large FACs. With decrease #iheter
spacing tointermediate(18 and 36 um), we observed that the cell morphologies and
migratory behavior were very similar to geobtained on traditional flat 2D substrdti (
4.2,4.3). Encouraged by our ability to recapitulate 2D migratory behavior on suspended
network of fibers, we inquired if making the fiber networks denser would still maintain this
behavior, as we presumétht decreased intdiber spacing would translate to increased
number of contact points similar to that available on a featureless 2D substratum.
Unexpectedly, we found that the increased contact points caused multiple transient short
protrusions leadingp elongated cell bodies and anisotropic migration. We found that cell
elongation occurred much earlier during the-splleading proces$ig. 4.5b) andsince

cells were probing both directions, we observed polarized cells in both principal directions
Once polarized, the cells did not break symmetrylensenetworks and migrated almost
exclusively in the direction of polarization. However, with increasing filb@r spacing,

cells were able to more readily change direction resembling random walks.
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Figure 4.7. Fiber network based migration platform. a) Migration phase diagram based up
inter-fiber spacing and bending stiffness (N/m) regulates single cell migratory phenotype
2D and 3D cell shapes. Data is plotted for various -fiber spacing gainst parallel
arrangement of fibers (shown on extreme right). On average, cells were found to enga|
three parallel fibers, resulting in estimation of equivalent stiffness by summation of stiffn
individual fibers (springs in parallel) SEMimage (left) of a single scaffold with three fib
network categories. Middle and right fluorescence microscopy images show images of t
seeded on fibers of varying crosshatch densities and the flat 2D control. Scale bars
images in SEM pa are 20 um and stained images are 10 ¢ginCustom suspendedbfer
networks tostudy cell shape and migration changes as cells transition between aligng
crosshatch networks [pattern adapted from Datleal. 2009 Inset shows representatiy
migration trajectories demonstrating cells maintaining elongated shapes and pe
migration on both networks along with cases in which cells can turn directions shown by

circles

89



