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Supplementary Text

1. One-dimensional cell model

We here present a one-dimensional cell model that represents the key features of our three-

dimensional model in Section 2.

1.1. Cytoskeleton

Similar to the three-dimensional cytoskeletal model, the one-dimensional cytoskeletal model
(Figure S7A) is composed of three elements including (i) the myosin molecular motors (shown by
the active contractile element in red), (ii) the microtubules (shown by the passive element in black),
and (iii) the actin filaments (shown by the passive element in green).

Phosphorylated myosin molecular motors generate internal stresses which are denoted by p (cell
contractility) in our one-dimensional model. As experimentally observed!, microtubules are
compressively loaded by the cell generated internal stress p, while the rest of this internal stress,
o, is transmitted to the extracellular matrix through the actin filament network. Microtubules in
Figure S7A are represented by a passive element with an elastic modulus EMT) connected in
parallel to the active contractile element. As reported by various experimental studies®®, cells
respond to the stiffness of their microenvironment by increasing their cytoskeletal stiffness. This
increase in the cytoskeletal stiffness and subsequently cell stiffness has been observed to be
correlated with recruitment and alignment of actin filaments along the direction of the tensile stress
o. To capture the cell stiffening, we add a passive element in series to the other two parallel
elements to represent actin filaments in our model. The elastic modulus of this element, E ),
increases with tension (but not in compression) to capture the tension induced cell stiffening

observed in various experiments

E® = EDO 4 E® = EO 4 p(eMym (S1.1)

where E® is the initial elastic modulus of the actin network (e.g., the elastic modulus of the actin
network when the stiffness of the cell substrate is negligible — E@® = EM) and E® denotes the

tension induced stiffening of the actin network. As shown in equation (S1.1), E® increases with



the tensile strain €¥) where £ and m are the stiffening parameters used in our cytoskeletal model.

The cell contractility p in our one-dimensional cytoskeletal model is defined as*
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where « is the chemo-mechanical feedback parameter, S is the chemical stiffness parameter, £ ®)
is the strain of the two parallel elements as shown in Figure S7A, and p, is the initial contractility
of the cell. The effects of @ and f on the cell response to the stiffness of its microenvironment is
schematically shown in Figure S7B. As described in SI Section 1.2, a large value of a strengthens
the stress-dependent feedback mechanism of the cell as the cell promotes myosin motor binding
in response to the stiffness of its surrounding. Subsequently, this increase in the overall density of
phosphorylated myosin molecular motors increases the cell contractility p, the cell generated
active stress a, the cytoskeletal stiffness E, and the cell contraction |e|. Unlike a, a large value of
B weakens the stress-dependent feedback mechanism of the cell as it makes myosin motor
recruitment more difficult. Therefore, an increase in B causes the cell contractility, active stress,
cytoskeletal stiffness, and cell contraction to decrease (see SI Section 1.2 and Figure S20 for more
details).

Denoting the stress in the microtubule network as EMDe®) and using o to denote the stress

transmitted to the extracellular matrix through the actin filament network, we have

p=—EMDX 4 5 (S1.3)

Substituting equation (S1.2) into (S1.3), we can derive the tensile stress o generated by the cell
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which is transmitted to the extracellular matrix through the actin filament network

o= fE(A) de = f(E(I) +0(e0)") de® = FO 4 (00)™ (515)

m+1



As the actin filament network is connected to the other two elements (the myosin motors and the
microtubules) in series, the total elastic modulus of the cytoskeleton, E, in our one-dimensional

model can be obtained as follows

1 1 1 $1.6
E=E® T Em (51.6)
where

EMD g —1 EMDp—1
B =T B S P B =g (SL.7)

As shown in Figure S20, the elastic modulus of the actin filament network, E (A), and subsequently

the total elastic modulus of the cytoskeleton, E, increase with matrix elastic modulus.

1.2. Cell force generation, cell contractility, and cytoskeletal stiffness increase with matrix
stiffness

To illustrate the ability of our chemo-mechanical cell model to capture the response of cells to the
stiffness of their environment, we here present a simple one-dimensional example that represents
the key features of the three-dimensional cell model in SI Section 2. In this example, a contractile
cell is attached to two microposts as shown in Figure S20A. The microposts are represented in this
example as linear elastic springs with an elastic modulus E. Note that unlike our three-dimensional
matrix model (see SI Section 2), the microposts are assumed to be linear in this example for
simplicity (i.e., the micropost elastic modulus E is not a function of the micropost strain ). The

strain at each micropost, €, induced by the cell generated stress o

o=FEé& S1.8
(

can be written as

26 +e=28+e®+eM =0 (51.9)

which indicates that the total strain between the posts is zero. Solving equations (S1.4), (S1.5),
(S1.8), and (S1.9) together, we can determine o, €™, €M and & (4 equations, 4 unknowns). Then,

the cell contractility p and the total elastic modulus of the cytoskeleton, E, can be obtained from

(S1.3) and (S1.4), respectively.



We plot the cell generated active stress, cell contractility, cytoskeletal stiffness, and cell contractile
strain as functions of the elastic modulus of the microposts in Figure S20 to illustrate the key
predictions of the 1D model. All constants used in Figure S20 are given in Supplementary Table
1. As shown in Figure S20B, the cell generated stress ¢ increases with micropost stiffness. The
cell actively responds to this increase in the tensile stress ¢ by increasing the density of
phosphorylated myosin motors which leads to an increase in the cell contractility p with increasing
micropost stiffness (Figure S20C). Furthermore, the cell responds to the increased tension by
recruitment of actin filaments and subsequently increasing its own stiffness (Figure S20D).

The effects of the chemo-mechanical feedback parameter a and the chemical stiffness parameter
P on the response of the cell to the stiftness of its surrounding are shown in Figure S20 (B-E) as
we increase a and f§ by 50 percent. A large value of the chemo-mechanical feedback parameter o
strengthens the stress-dependent feedback mechanism in our model as the cell promotes myosin
phosphorylation in response to the stiffness of its matrix. This increase in the overall density of
phosphorylated myosin motors subsequently increases the cell generated active stress o, the cell
contractility p, the cytoskeletal stiffness E, and the cell contractile strain |e|. Unlike «, a large
value of the chemical stiffness parameter f weakens the stress-dependent feedback mechanism of
the cell as it makes motor recruitment more difficult. Therefore, an increase in 8 causes the active

stress, cell contractility, cytoskeletal stiffness, and cell contractile strain to decrease.

1.3. nucleus:

The nucleus in our one-dimensional model is composed of chromatin and lamin which are
connected in parallel as shown in Figure S17A. Therefore, the total stiffness of the nucleus is E +
E where E and E are the elastic moduli of chromatin and lamin, respectively. Uniaxial stretching
of single isolated nuclei in Figure S35 shows that chromatin exhibits linear behavior even at large
extensions. Therefore, the elastic modulus of chromatin, E, is assumed to be strain independent.
The nuclear envelope lamina network is a filamentous material® which shows strain stiffening in
the uniaxial stretch tests® (Figure S35). Therefore, we assume that the elastic modulus of the lamin

network increases with the tensile strain in the nucleus, £, as follows

E=ED+E® =ED 4 pre)™ (51.10)



where £ is the initial elastic modulus of the lamin network (e.g., the elastic modulus of the lamin
network when the nucleus is not under tension — E = E®), and E® denotes the tension induced
stiffening of the lamin network. Equation (S1.10) shows that £ increases with the tensile strain
¢ where £ and 7 are the stiffening parameters. The tensile stress ¢ generated by the actomyosin

system is transmitted to the nucleus

c=+6=E&+ f Edé =Eé+EDe + (&m+1 (S1.11)

where 0 and & are the stresses that are transmitted to chromatin and lamin, respectively. The

unknowns g, e®, ¢ & and & can be determined from the set of equations (S1.4), (S1.5), (S1.8),

(S1.9) and (S1.11).

1.4. Lamin A,C level increases with matrix stiffness

First, we study how lamin A,C changes with matrix stiffness. Figure S17A shows a contractile cell
attached to two linear microposts. All constants used in Figure S17 are given in Supplementary
Table 2. As shown in Figure S17(C-E) and discussed in the previous section, actomyosin
contractility increases with micropost stiffness which in turn generates higher tension in the
nuclear envelope lamina network. Subsequently, lamin A,C level increases’ which leads to nuclear

stiffening as shown in Figure S17F.

1.5. Cytoskeletal tension, cell contractility, cytoskeletal stiffness and lamin A,C level increase
with depolymerization of microtubules:

As shown in Figures S17 (A and B), Microtubules in our active model experience compressive
stresses due to the cell contractility p. Consistent with experimental observations®, Figures S17
(C-E) show that actomyosin contractility increases with depolymerization of microtubules. This
leads to higher tension in the nuclear envelope and stiffening of the lamin network as shown in

Figure S17F.

1.6. Cytoskeletal tension, cell contractility, and cytoskeletal stiffness decrease with lamin A,C
knockdown:

Figures S17 (C and D) show that tension in the cytoskeleton and cell contractility decrease with
lamin A,C knockdown, respectively. This is consistent with recent experimental studies® which

show that myosin-II contractility in mesenchymal stem cells decreases with partial knockdown of
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lamin A,C. Concomitant with the decrease in cell contractility, cytoskeletal stiffness decreases with
lamin A,C knockdown (Figure S17E). This is in agreement with experimental reports which show

that lamin A,C deficient mouse embryonic fibroblasts lack apical stress fibers?®.



2. Three-dimensional cytoskeletal model

We here generalize our one-dimensional cytoskeletal model (presented in SI Section 1) to a three-
dimensional constitutive model to be implemented into a three-dimensional finite element
framework. As shown in Figure S7A, the cytoskeletal model is composed of three elements

including (i) the myosin molecular motors, (ii) the microtubules, and (iii) the actin filaments.

2.1. Myosin molecular motors:
As schematically shown in Figure 7A in the main text, myosin Il motors bind to actin filaments
and exert contractile forces. The contractile force exerted by an individual myosin motor can be

modeled as a force dipole (force couple) which is a pair of equal but oppositely directed forces

F;(x;) and —F;(x; + Ax;) that act on the actin filament network. Note that x; and x; + Ax; are

is the magnitude of the force dipole (approximately 1

coordinates of myosin head domains, |Fl.(k)|

pN™), and |Ax;]| is the length of myosin II filaments (approximately 200 nm*2). The mechanical
work generated by the force dipole is then calculated as follows
Wdipole = Fiui(xj + ij) - Fl-ul- (x]) (521)

where u; (xj) and uz(xj + ij) are the cytoskeletal displacements at the myosin head domains x;
and x; + Ax;, respectively. The total work done by all phosphorylated myosin motors per volume

Vis
1 N
— (k) (k) (k) (k) (k)
W= (V) Z [Fi ui(xj + Ax; ) - F ui(xj )] (52.2)
k=1
where N is the number of bound motors. Using the following definition

ui(xj(k) + ij(k)) — Uy (xj(k))

(52.3)
ij(k)

ajui =

equation (S2.2) can be rewritten as follows



N
1
W = (V) z F ax® o (S2.4)
k=1
Then, using the definition of strain
1

we can rewrite equation (S2.4) in the following form

if we assume that the contractility tensor p;;

N

1
pij = (;) Z F (52.7)

k=1

is symmetric, i.e.,
FPax® = F®ax® (S2.8)

Equation (S2.7) shows that the contractility tensor p;; is related to the average density of the
phosphorylated myosin motors per unit volume. We therefore use p;; in our coarse-grained model
to represent cell contractility in different directions and we define it in a way that enables us to
capture the fact that cell contractility increases with tension. To this end, similar to our one-
dimensional model in equation (S1.2), we define the cell contractility tensor p;; in our three-

dimensional model as follows*
1
X X X —
pi; = K@D, +2u® (sl?].) - gs,ﬁk)esij) + o8y (S2.9)
where K ®) is the motor density effective modulus

3KMDg —1
K@ ="_"Y = $2.10
308 — ) (52.10)



1P is the polarization effective modulus

2uMDgy —1
u(p) = L (S2.11)
2(Bq — aq)

Po IS the effective contractility

= _ :BV:DO

e — (S2.12)
v v

and the strain tensor €™ is the three-dimensional representation of £X) shown in Figure S7A. As
shown in equations (S2.10-S.2.12), K®, u® and p, are respectively related to the bulk modulus
of the cytoskeletal components that are in compression (e.g., microtubules) K™T the shear
modulus of the cytoskeletal components that are in compression ™™ and the motor density in
the quiescent state (initial motor density) p,. Note that the definition used for contractility in
equation (S2.9) enables us to capture the fact that contractility increases with tension. As shown in

equation (1) in the main text, we will describe in Supplementary Section 6 that the average of
contractility gpkk = (p11 + P22 + p33)/3 increases with the average of tension gakk = (011 +

05, + 033)/3. Equations (S2.10-S.2.12) also introduce four chemo-mechanical parameters a,,, g,
By, and S4. A large value of the volumetric chemo-mechanical feedback parameter «, leads to a
greater overall density of phosphorylated myosin molecular motors and subsequently higher
contractility. The deviatoric chemo-mechanical feedback parameter a4 represents the tendency of
myosin molecular motors to induce polarized contractility (small values of a4 cause isotropic
contractility). Unlike a,, a large value of the volumetric chemical stiffness f, makes myosin
phosphorylation more difficult, which in turn leads to lower contractility (8, is proportional to the
rate of myosin unbinding). Also, the deviatoric chemical stiffness g4 reflects the disinclination of
myosin molecular motors to orient along actin filaments (a large value of 4 causes myosin motors

to orient randomly).

2.2. Microtubules:
Experimental studies show that the internally generated cell contractile forces can compressively

. - . . MT
load microtubulest. In our model, the cell contractility p;; induces compressive stress ngkl)s,(fl()
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on microtubules where the fourth order tensor C™™ is the stiffness of microtubules and is defined

as follows in our model
2
MT
ngkl) = K(MT)SUSRI + M(MT) <8ik8jk + 8”6]']( - §8ij8kl> (5213)

Note that in the main text, C™MP, e® and KMD are represented by C©, £©, and K©,

respectively.

2.3. Actin filaments:
As described above, microtubules are compressively loaded by the cell generated internal stress
pij, while the rest of this internal stress, o;;, is transmitted to the extracellular matrix through the

actin filament network (see equation (3) in the main text)

MT) (X
pij = _Cl(jkl)sgcl) + Gij (8214)

Therefore, the cell contractility p;; in our model (i) induces compressive stress C%Psgf) on

microtubules, and (ii) generates the tensile stress in the actin filament network, o;;.
The cell contractility in our model is initially isotropic; p;; is the same in all directions as the cell

is seeded on its substrate. To show this initial isotropic contractility, we can rewrite equation (S2.9)

in the following form

X —
pij = CiTLED) + pody (52.15)
where
® _ g® 0 2
Cijke = K88 + P’ | 8ix8ji + 61185 — §8ij8kl (S2.16)

Then, from equations (S2.14) and (S2.15), we can see that the contractility tensor p;; is isotropic
in the stress-free unpolarized state o;; = 0 (i.e. the diagonal components of p are equal and non-
Zero p11 = P22 = P33, while its off-diagonal components are all zero p;, = p1 = p13 = P31 =
P23 = P32 = 0). Therefore, the cell contractility is the same in all directions (isotropic
contractility) as the cell is seeded on its substrate. Figure S5 depicts that the cell initial contractility

in our model is independent of direction and spatial location as the principal contractility

11



components p; (primarily along the long axis of the cell: the z-direction) and p, (primarily along
the short axis of the cell: the x-direction) are the same everywhere in the cytoplasm at the initial
configuration (py, p,, and p; with p; > p, > p5 are the eigenvalues of the contractility tensor p;;).
However, for a polarized substrate geometry (e.g., rectangular geometry), this initial isotropic
contractility of the cell generates an anisotropic stress field outside of the cell where the adhesion
layer experiences higher tensile stresses at the two ends along the long axis of the cell.
Subsequently, the cell contractility p;; will be no longer isotropic in the presence of the external
anisotropic (polarized) tensile stress field as the cell contractility changes in our model with local
stresses in an orientation-dependent manner.

Note that the local tensile stresses arise in the focal adhesion complexes activates
mechanotransductive feedback mechanisms. These mechanisms are controlled by stress-activated
signaling pathways such as the Ca?* and the Rho-Rock pathways*. As depicted in Figure S6, these
stress-activated signaling pathways promote motor binding (increase the concentration of the
phosphorylated myosin motors) which leads to an increase in the density of force dipoles and
subsequently contractility along the direction of the tensile stresses. Figure S5 illustrates how
mechanical stresses arise from a polarized substrate geometry change initially isotropic
contractility (with no preferential alignment of phosphorylated myosin motors) to polarized
contractility along the cell polarization direction.

In addition to the cell contractility p;;, the stress in the actin filament network o;; and the cell
stiffness C;; also change in an orientation dependent manner in the presence of the external

polarized tensile stress field. Figure S3 shows the polarization of the stress in the actin filament

network o;; as both cell contractility and substrate resistance increase along the long axis of the
cell. This polarization of o;; is accompanied by cell stiffening in an orientation dependent manner.

As experimentally reported??, cells actively respond to tension by increasing their own stiffness,
which is correlated with recruitment and alignment of actin filaments along the direction of the

tensile stress. Therefore, the stiffness of actin filament network Cgﬁk)l increases with tension (but

not in compression) in our model to capture the tension induced cell stiffening

A _ ~O )
Ciikt = Cijiu + Cijia (52.17)
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where C is the initial stiffness of the actin network (e.g., the stiffness of the actin network when
the cell is initially seeded on the substrate or when the substrate stiffness is negligible — c® =

C(I)), and C® denotes the tension induced stiffening of the actin network. The stiffness of the

actin network in our model is initially isotropic and is obtained as

M _ g 0 2
Cijia = K™V8:i8; + ™ | 8 8jrc + 88 — §8ij6kl (52.18)

where K® and u® are the initial bulk and shear moduli of the actin network, respectively. The
initial stiffness of the actin network, Cde is isotropic (independent of direction), uniform
(independent of spatial location), and constant (does not change with o;;). The tension induced
stiffening of the actin network is captured by the second term in equation (S2.17) as C® increases

with ¢ in an orientation dependent manner. To define Cc® in our model, we first decompose the

stress in the actin filament network o as follows

A I F
0 = O'l(j) = O'l(j) + cgj) (52.19)

where o is linearly related to € using the initial stiffness of the actin network, c®,

1 1 Y
o) = Cli ey (S2.20)

The strain tensor €Y in (S2.20) is the three-dimensional representation of £¢¥) shown in Figure

S7A. € can be represented as a function of its principal strains (eigenvalues) eiY), SEY), and ng)
via the following spectral decomposition
3 3
£ = Z e n, @n; = Z eV E, (52.21)
i=1 i=1

where the orthogonal eigenvectors nq, n,, and n; are the unit vectors in the directions of the
principal strains s§Y), ng), and ng), respectively. In equation (S2.21), @ denotes the dyadic

product of two arbitrary vectors u and v as (u @ v);; = u;v;. Also, the symmetric tensors E; =

13



n,®n;, E,=n,®n,, and E; =n; @ ny are the eigenprojections of €. With the

F) ;

eigenvalues and eigenvectors of € at hand, we define 0;; in equation (S2.19) as follows

3 3

3 Y)
of (e
6@ — Z — @ = Z o®(eP)E; = Z s® E (52.22)
&

i=1 i i=1 i=1

where the derivative of the energy function f (ei(Y)) is defined as

o 0r(e”)

o = W = (52.23)
L
(0 sl.(Y) <€
[ si(Y) — € n( (¥) 2|
y <M<
J (+ D(n+2) J GEh S
[ W __\"? Y Y
f (1 + gi 62) 1 + 62 - Ei( ) + (El( ) - 62)(62 - 61) + (62 - 61)2 g_(Y) > €
\ (m+1)(m+2) m+1 n+1 n+1DH(n+2) =2

to ensure that the first and second derivatives of the strain-stress curve in the principal direction

[ L) ( (F) (Y) d

i as a function of e( )) are continuous. As shown in equation (52.23), df/0¢;

(F)

subsequently the principal stress o; ~ vanish for 51'( ) below €, = €. — 0.5¢, where €. and ¢, =

0.25€.. are the critical (tensile) principal strain and transition width, respectively. We use a smooth

transition function (interpolation function) for €; < e( )

()

< €, to ensure the continuity and

smoothness of df /de; ” at the transition points €; = €. — 0.5¢; and €, = €, + 0.5€, where n is

l( ) > > €,, equation (S2.23) shows that the principal stress al.(F)

the transition constant. For & IS a
nonlinear function of the principal strain e(Y) where ¢ and m are stiffening parameters. The
stiffening parameter ¢ can be a function of nuclear envelope lamina stiffness as recent
experimental studies'® show depolymerization of apical actin stress fibers in the absence of lamin

A,C in mouse embryonic fibroblasts. This can be captured in our model by assuming that ¢

14



decreases with lamin A,C knockout (lamin stiffening parameter ¢ ~ 0 as described in
Supplementary Section 3.1).

With ¢ at hand from equation (S2.22), using a piecewise linear approximation, we can now

define CP as follows

dot® de®
® _ ® _
Cijkl i (Y) or C = m (8224)
€kl
® )

Note that equation (S2.23) gives the principal stress o;
(F)

as a function of the principal strain ¢;

and not o;;” as a function of s ). Therefore, using the spectral decomposition of ¢(® in equation

(S2.22), we rewrite equation (S2.24) in the following form*3

C(F):i{ .

i=1

dE;
o —L } (S2.25)

(F () ;

As the principal stress o; ~ is a function of the principal strain ¢; "~ in equation (S2.23), we can

rewrite equation (S2.17) by applying the chain rule to its first term

3 (S g, @ )
00, de; dE:
(F) _ i J (F) i
¢ = Z Zag(Y) E; ®ds(Y) 9 qe® (52.26)
i=1 j=1 ]
It e (Y) has three distinct eigenvalues (¢ # &Y # £{"), by taking the derivatives of e(Y) and E;

with respect to € in (S2.26), we can derive C® as follows

3 (F) 2
c® _ Z d(e™) — (0 4 2
] ( SC(IY) (Y)) ( (Y) (Y)) ds(Y)
a=

— [(e((lY) — SISY)) + (e((lY) — eC(Y))] E,®E,

3 3
ac®
_ (gl(p (Y))(Eb ®E, —E. ® Ec)} + Z - o Ei ®F (52.27)
E.
i=1j=1 ]

2 ) .
where the fourth order tensor d(£®)"/de® is the derivative of the square of the second order
tensor €Y and is obtained as follows

15



2

d(e™) 1 W © - -

( de® 25(5ik£lf + el + Sueg + Sujely’) (52.28)
ijkl

and lg is the fourth order symmetric identity tensor

1 1
(s)ijrr = > +1p) = > (6 Sj1 + 66k (52.29)

If there are two identical eigenvalues (sz) * ng) = ng)), then C® is obtained from the

following equation

d(e®)’

F _
Cl=s5 =™

— 5l — 538 QM + 5,6V QI+ 51 R eV — s, IR (52.30)
where I is the second order identity tensor

and the constants s, s,, Ss3, S4, Ss, and s¢ are given as follows

a

aa(LF) — O'C(F) N 1 BJC(F) OJC(F) (52.322)
51= 27w ol 5. S.m -ocd
(S(SY) _ SgY)) g, — & \0¢g, oe,
w0 =0 D4 e (06 a0 52320
S2 = L& 27T .M ¥ 5.0 '
(séY) _ 8£Y)) g — & \0g, o,
(F) (F) (F) (F) ) )
o’ —0 1 do do do do
53 =2 gr) éo T Yoy ( D ¥ 5e0 " 5e00 EY)) (520
(Ea —EC ) (Ea —EC ) a“sc a‘c"a a‘c"a a";"c
2 a(gF) — GC(F) N 1 aa(gF) OJC(F)
Sy = L& 3TTM .M Y L.
(géY) _ EC(Y)) g, — & \0¢g de,
N EEY) (60&” OUC(F) OUCEF) GGC(F)> (52.32d)
2 $9) ¥ .0 4. '
(Sm _ gcm) 9el?  0elY  0elY  del
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F F F F
. = Zg(Y) 0‘5 ) ac( ) N 1 ((')ac( ) 3 606( )>
> ot 37 M _ M| 5.M )

(géY) _ ggY)) g —¢& ' \0g;  Ogy

N EEY) (605” N aaC(F) aaéF) 6GC(F)> (52.32¢)
- bl . e
2 %) ) $9) §9)
(8((1\0 _ SSY)) de, de, de, de,
(F) (F) ) (V) (F) (P W) (F) (F)
L) Oa —O0¢ &q & do, do, (5c ) do, do,
6 = 2¢ )3 * .M\ geM * 9:D ) (v )2\ ge® * 9y
(Sa — SC ) (Sa —_ £C ) c a (Ea - EC ) a c

£ 1 60 o
sc(lY) - SEY) OelSY)

(S2.32f)

where (a, b, ¢) are here cyclic permutations of (1,2,3).

Finally, if there are three identical eigenvalues (efY) = ng) = ggY)), then CP is given by

C(F) _ aGI(F) 60'1(F) e + ao'l(F) QI (52.33)
6£§Y) ang) > ang) .

The term 6ai(F) / 651.”) in all above equations (equations (S2.27), (S2.32), and (S2.33)) can be

derived from equation (S2.23) by taking its derivative as follows

(0 ei(Y) <€
[ 8-(Y) — € "
) ()

62 - 61 t (Y)
ao.i(F)_ 0 af _{‘B ——1 61S€i <€
6£i(Y) E)si(Y) E)si(Y) i J

- v m+1
{,(1+€i()_62) _1+€z—€1 W <
\ m+1 n+1 =€
(52.34)
Note that in our formulation, ai(F) is a function of ei(Y) only and thus there is no dependence of

)

) frr i o
;ongfori=+j.

17



with ¢ at hand, the stiffness of actin filament network cY can be obtained from equation
(S2.17). As shown above, c® is a function of . Therefore, the stiffness of actin filament

network C4 = C® + ¢™ increases with tensile stress 6® in an orientation dependent manner.

2.4. Cytoskeletal total stiffness:

The cytoskeleton in our model is composed of (i) the myosin molecular motors, (ii) the
microtubules, and (iii) the actin filaments. As shown in Figure S7A, the actin filament network is
connected to the other two elements (the myosin motors and the microtubules) in series. Thus,
similar to our one-dimensional model in (S1.6), the total stiffness of the cell, C, in our three-

dimensional model can be obtained as follows

c=((c®)™ + (C(Y))‘l)_l (S2.35a)
where

c® = ¢ 4 cMD (S2.35b)
and

CcY = c@ = cO 4 ¢® (S2.35¢)

In equation (S2.35), the second order tensors C®®, CMD and C™ are the 6x6 matrix

representations of the fourth order tensors c® (equation S2.16), c™D (equation S2.13), and c®
(equation S2.17), respectively. The reader is referred to Sl Section 5 where a fourth order tensor
(e.g., C;jk;) degrades to a 6x6 square matrix (e.g., C;;).

As the stiffness of actin filament network C“ is a function of S(Y), the total stiffness of the
cytoskeleton C increases with the cell contractility p and the tensile stress ¢ in an orientation

dependent manner as shown in our simulations in Figure S8.

2.5. The system of nonlinear equations:

As described above, the total cytoskeletal stress field o;; in our constitutive model can be

determined from (S2.14) or (S2.19). Also, the total cytoskeletal stiffness C;; is given by equation

X) ()

(S2.35). However, both tensors o;; and C;; are functions of unknown tensors h and € -
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X ()

Therefore, we first need to determine our unknowns ;; ) and g;;” using an iterative procedure. To

this end, we first define the 12x1 vector u

u={u u,; - Up}T (52.36a)

which contains our unknown variables

_ (X X) X X X X ) ) 09} Y Y
u—{en €2 &3 £ &3 &3 &y &y &3 52) 553) 523)} (52.36b)

To determine these 12 unknowns, we need 12 equations to define our system of equations. As the
stress generated by the actomyosin contractility is directly transmitted to the actin filament

network, 6 of these 12 equations are obtained from the following condition

6 =X = ¢ (52.37)

where 6 is the stress generated by the actomyosin contractility which is given by equations

(S2.14) and (S2.15) as follows

X ) MDY (X) , =
o-l(j) = (C it + ijkl)) ex) + Podi (52.38)

and 6" is the stress transmitted to the actin filament network which is determined from equation

(S2.19)

0;;° =0 = o = O'(I) + O'(F) (52.39)

ij
The other 6 equations can be obtained from the following condition
e=eX 4+ (52.40)

X)

where the second order tensor € is the total strain of the cell. As both stress and strain tensors o, I

08.(), 8() and s(Y) are symmetric, we can define the 12x1 vector f
f=a o ~ fiz}" (S2.41a)

which contains our 12 equations
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X
fi = o — 6V (S2.41b)

fo =05y — o (52.41¢)
fs =05y — ol (S2.41d)
fo=0 —oly (S2.41e)
fs =035 — oy (S2.41f)
fo =055 — oy (S2.41g)
fr =t — ) — &y (S2.41h)
fo=e55 —£5) — €5y (52.411)
fo=rt33— e — ) (S2.41j)
fio = &1z — €5 — &%) (S2.41k)
fi1 = €3 — "3%) - sg) (52.411
fiz = €3 — €55 — €59 (S2.41m)

Using equations (S2.36) and (S2.41) for u; and f;, the 12x12 Jacobian matrix J is determined as

follows
[0fi/0uy  Ofi/0uy .. Ofi/0usp]
afz/_au1 afz{auz afz/au12 [ c® —-cM

l=|l : : : J|—[_l 1 ] (52.42)
0fi2/0u; 0f12/0u; ... 0f12/0uy;

Finally, the Newton-Raphson method is implemented to determine the unknown vector u

Uny = Uy — ] f(uy) (S2.43)

where u,, and u,,,; are the solutions for n and n + 1 iterations, respectively. We use the following

initial guess u, and convergence criterion for the solution of the system of nonlinear equations

uy={0 0 .. O0}xi2 (S2.44)
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Ifl = VD2 + (R2)? + -+ + (fi2)? < €rol (52.45)

where e, is the convergence threshold. Using ero; = 1078 in our simulations, we stop the

iterative process (S2.43) when the magnitude of the vector f is less than eg,; as shown in equation
(S2.45). With 88-0 and 58() obtained from (S2.43), we can now calculate the total cytoskeletal
stress field o;; from (S2.38) or (S2.39) and the total cytoskeletal stiffness C;; from (S2.35) to

complete our constitutive equations.

2.6. Actomyosin contractility increases with anisotropy in tension:
Combining equation (S2.14) with (S2.15), the average of contractility, %pkk = (p11 + P22 +

P33)/3, can be written as follows

3KMDg, — 1\ o 3K MD
pi":( v ) K < By >p0, (S2.46)

3 \3kMDg —1) 3 " \3kMDg —1

which shows that épkk increases with the average of stress, %akk = (041 + 03, + 033)/3. This
IS consistent with our experiments in Figure S25 where we observe higher levels of phosphorylated
myosin light chain (p-MLC) with increasing substrate area (increasing %O-kk)- Our experiments in
Figure S22 also show higher levels of p-MLC in rectangular cells (anisotropic tension) compared
to the square cells (isotropic tension) with the same substrate area. This indicates that myosin
phosphorylation increases with anisotropy in the components of the stress tensor o;;. To capture

the increase in actomyosin contractility in response to anisotropy in tension, we modify equation
(S2.46) as follows

(S2.47)

P (3KMDa, — 1\ oy 3KkMDg,
- = 3 Po

3 \3x®mg, —1)3 T %% F3pmmg —1

where g, = tanh <§ (% - 1)) o, represents the anisotropy in tension (stress polarization) while
2

0,> 0, > o3 are the principal stress values of the stress tensor o;; with o;> o, > 0. In equation

(S2.47), a, is the anisotropic chemo-mechanical feedback parameter which regulates the increase

in myosin phosphorylation with anisotropic tension. To implement equation (S2.47) in our finite
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element framework, we use a piecewise linear approximation and we simply replace p, in equation

3kMDp 1

)aaaa in each step of simulation.
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3. Computational model for nuclear mechanics

The nuclear envelope lamina network and chromatin are known to be key mechanical components
of the nucleus. The nucleus is here modeled as an elastic thin layer (representing the nuclear
envelope) filled with a solid material which represents chromatin and other subnuclear components
(Figure S35A).

3.1. Nuclear envelope:

The nuclear envelope is one of the major components of the nucleus which encloses the genetic
materials and provides the nucleus with structural integrity. The nuclear envelope is composed of
(1) the inner and outer membranes which are both lipid bilayers (each of these membranes consists
of two layers of lipid molecules). The space between the inner and outer membranes is called the
perinuclear space. Nuclear pores pass through both the inner and outer membranes and connect
them together. (ii) The nuclear lamina is a complex peripheral mesh-like network underneath of
the inner nuclear membrane and is composed of lamins and nuclear membrane-associated proteins.
The nuclear lamins are type V intermediate filaments and provide structural support to the nucleus.
Lamins are divided into A and B types where lamins A and C are two major A-type lamins while
lamins B1 and B2 are two major B-type lamins. We and other researchers have shown that lamin
A,C deficiency in mouse embryonic stem cells'* and mouse embryonic fibroblasts™® causes nuclear
softening.

As reported in recent experimental studies®, single isolated nuclei exhibit significant strain
stiffening at large extensions when they are uniaxially stretched using micropipette manipulation
technique (Figure S35B). The strain stiffening of the isolated nuclei at large extensions was
observed to be associated with lamin A,C as lamin A,C knockdown did not significantly change
nuclear stiffness at small extensions while depletion of lamin A,C decreased nuclear stiffness at
large extensions leading to a linear force-displacement response (without strain stiffening). In
another nucleus micromanipulation experimental study, however, single isolated nuclei showed
no strain stiffening even at large extensions'®. Lamin B1 network was also observed to stiffen in
tension!’. The strain stiffening of the lamin network (including both A-type and B-type) is perhaps
consistent with its fibrous nature as observed in the lamina of the mammalian cell nuclei®.

We model the nuclear envelope as a filamentous network material (lamin network) which stiffens

with tension. Regardless of the fact that whether lamin network shows strain stiffening or not®26,
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this model enables us to capture actomyosin contractility mediated increases in lamin A,C levels
as recent growing evidence suggest that actomyosin contractility regulates lamin A,C levels and
subsequently stiffening of the nuclear envelope lamina network. As shown in Figure S19, using
the following proposed model for the nuclear envelope, we can capture the feedback between
matrix stiffness, contractility, cytoskeletal stiffness, and nuclear lamina stiffness.

To this end, the stress G;; transmitted from the cytoskeleton to the nuclear envelope is first
decomposed as follows”

~ ~(1I ~(F
0ij = Gl(,-) + 0?,-) (S3.1)

where 60 is linearly related to the strain of nuclear envelope € using the initial stiffness of the

~(1

nuclear envelope, C

~( N
ng) = Cijri Ert (53.2)

while 3 is a nonlinear function of the strain tensor € in an orientation dependent manner

3 3

~ 3
of (¢, ) R
6® = Z T&) o on, = Z @ () E, = Z s® (53.3)
i=1

FE

i=1 i=1
where the orthogonal eigenvectors 14, 71,, and 75 are respectively the unit vectors in the directions
of the principal strains &;, &,, and &; and the symmetric tensors E, = fi; @ fi;, E, = fi, ® 7,
and E; = fi; ® 75 are the eigenprojections of €. In equation (S3.3), ® represents the dyadic

product of two arbitrary vectors u and v as (u ® v);; = u;v;. As shown in (S3.3), 6® is defined

as a function of its principal stresses (6", 6", 63(F)) and eigenprojections (E,, E,, E;). The

eigenprojections can be determined from the following spectral decomposition of the strain tensor

~

3 3
i=1 i=1

To define the principal stresses, we here use equation (S2.15)

* All tensors, vectors, and scalars used in the nuclear envelope model are denoted by “*”.
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== (53.5)
l
(0 §i<él
& —é\"
(=4 6o
PlN2— G € <& <&
) A+ DA +2) |
2-(1+§i—éz)m+2—1+é2—éi (éi—éz)(éz—éﬂ_l_ (é;—é)? P
| R+ 1D+ 2) m+ 1 A+1 A+ DA+ 2) L=tz

where the principal stresses (61(F), 62(F), 6§F)) are defined as functions of the principal strains (¢;,

&,, €;) obtained from equations (S3.4). Similar to equation (S2.15), é; = é. — 0.5¢é;and é, = €. +
0.5¢; are the transition points, é = 0.25€. is the transition width, é. is the critical (tensile)
principal strain, and 7 is the transition constant. In (S3.5), 2 and 7 are the stiffening parameters
which regulate strain stiffening of the lamin network in our model. Note that we can simulate lamin
A,C knockout by assuming 2 ~ 0. The energy function f(¢,) in equation (S3.5) is chosen such that
6i(F) vanishes below a critical value of tensile strain. Therefore, for small

5) in equation (S3.1) vanishes (i.e., 6;; = 63))

the principal stress
extensions &; < é;, the strain stiffening term 6
consistent with the experimental results shown in Figure S35B where single isolated nuclei do not
exhibit strain stiffening at small extensions. Note that the initial isotropic term 63.), obtained from

equation (S3.2), is negligible as the lamin network is assumed to be initially (under no tension)

soft

e® _ 2 A (D) L
Cijkt = KW8;i6 + 1 (Sik5jk + 6;6j — §8ij6kl> (583.6)

where KO and 4@ are the initial bulk and shear moduli of the lamin network, respectively.

However, at large extensions, the total stiffness of the lamin network

G
Cijki = Cijia + Cijr (83.7)

. : . A(F . . .
is dominated by the strain-stiffening term ng,zl which can be determined as follows (using a

piecewise linear approximation)
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~CY)
c® L%
ijkl d/ékl

(S3.8)
Similar to (S2.16), the exact expression for ngl can be determined from (S2.19-25) by replacing
G(F)

® M g, and ¥ with 67, &, B;, and &, respectively (i = 1, 2, 3).

3.2. Chromatin:

Recent biophysical experiments show that the stiffness of isolated nuclei depends on both nuclear
envelope lamina network and nuclear interior®. Uniaxial stretching of single isolated nuclei in
Figure S35 shows that chromatin governs nuclear response to small extensions. Furthermore,
unlike the lamin network, chromatin does not exhibit strain stiffening at large extensions®.

Therefore, the stiffness of chromatin in our model is defined as follows’

_ _ 2

Cijii = K86y, + ﬁ(5ik5jk + 6;6j — §5ij5kl) (S3.9a)

with

Q— =Lt $3.9b
“30-200 ' HT2a0+9 (S3.9b)

where K, i, E, and ¥ are respectively the bulk modulus, shear modulus, elastic modulus, and
Poisson’s ratio of chromatin in our model.

Note that chromatin stiffness, and subsequently nuclear stiffness, can change by chromatin
condensation/decondensation. Using an optical tweezer, we have previously shown that chromatin
decondensation (induced by enzymatic cleavage of histone tails using trypsin) in single isolated
nuclei leads to nuclear softening®®. On the other hand, micropatterning of NIH 3T3 mouse
fibroblast cells on fibronectin-coated substrates with different substrate areas, we observe
chromatin condensation in cells cultured on smaller substrate areas (but the same substrate
geometry). The condensation of chromatin in these experiments is observed to be concomitant
with decreases in actomyosin contractility which in turn leads to cytoplasmic to nuclear shuttling

of HDACS3. To further assess the link between actomyosin contractility and HDAC translocations,

* All tensors, vectors, and scalars used in the chromatin model are denoted by “”.
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micropatterned fibroblast cells were treated with Cytochalasin-D (inhibitor of actin
polymerization)!®, Latrunculin-A (inhibitor of actin polymerization)'®, Blebbistatin (inhibitor of
myosin motor 11)°, and Y-27632 (inhibitor of Rho-associated protein kinase 11)%°. In all cases, we
observe cytoplasmic to nuclear translocation of HDAC3 and subsequently chromatin condensation
upon treatment with the inhibitors of actomyosin contractility.

These changes in chromatin stiffness, and subsequently nuclear stiffness, due to chromatin

condensation/decondensation is accounted for by adjusting the chromatin elastic modulus as E

increases (decreases) with chromatin condensation (decondensation) in our model. In SI Section
4, we determine the nuclear level of HDAC3 as a function of the mean contractility % Pk and we

show that the nuclear accumulation of HDAC3 increases with decreasing actomyosin contractility.
Since nuclear accumulation of HDACS3 is observed to be correlated with chromatin condensation
(chromatin stiffening), we assume that the chromatin elastic modulus E increases with HDAC3
nuclear level.

In addition to changes in nuclear stiffness, our experimental studies show that chromatin
condensation/decondensation can lead to changes in nuclear volume. The chromatin
decondensation of the isolated nuclei due to trypsin digestion is observed to be accompanied by
swelling of the nuclei'®. Furthermore, chromatin decondensation in TSA treated fibroblast cells on
micropatterned substrates is accompanied by an increase in nuclear volume®®. We also observe
that inhibiting actomyosin contractility upon treating micropatterned fibroblasts with
Cytochalasin-D, Latrunculin-A, Blebbistatin, and Y-27632 leads to decreases in nuclear
volume!®?, These changes in nuclear volume are included in our model by adjusting the Poisson’s

ratio of chromatin © and the prestress parameter a,

6ij = Cijia & — Go8yj = ﬁ&ﬁkk + (1:5_—17)(5” - %Sijgkk) — 0p6;; (53.10)
where @ and € are the second order stress and strain tensors in the chromatin model, respectively.
We assume an inverse relationship between ¥ and HDAC3 nuclear level. As a result, fluid flows
out of the nucleus and nuclear volume decreases with decreasing actomyosin contractility. Also,
note that a positive value of ;, in equation (S3.11) tends to expand the nucleus which can simulate
the nuclear expansion of TSA treated micropatterned fibroblasts or nuclear expansion of isolated

nuclei due to enzymatic cleavage of histone tails by trypsin.
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3.3. Uniaxial stretching of single isolated nuclei:

As described above, we model the nucleus as an elastic thin layer filled with a solid material. The
elastic thin layer represents the nuclear envelope and is modeled as a fibrous material which
stiffens under tension. The solid material represents chromatin which is modeled as a linear elastic
material as reported in®. Using uniaxial stretching simulations of isolated nuclei, we here study the
nuclear mechanical response to tension. As shown in Figure S35A, the nucleus is fixed at its one
end and is stretched at the other end. Recent experimental studies® show strain stiffening of isolated
nuclei at large extensions. The strain stiffening was reported to be associated with lamin A,C as
(i) depletion of lamin A,C decreased nuclear stiffness only at large extensions, (ii) no strain
stiffening was observed upon lamin A,C knockdown, and (iii) chromatin digestion decreased
nuclear stiffness only at small extensions. Figure S35B depicts the nuclear response to uniaxial
tension from both experiment and simulation. For small extensions, isolated nuclei exhibit a linear
force-displacement response as chromatin governs nuclear response to small extensions. However,
for large extensions, isolated nuclei display a strain stiffening response which is dominated by the
nuclear envelope. Although our model can capture the strain-stiffening behavior of isolated nuclei
in®, it should be noted that the main goal of the proposed model is to develop an actomyosin
contractility dependent link between matrix stiffness, cell substrate geometry, and nuclear lamina
stiffness. As reported in®, increases in actomyosin contractility of mesenchymal stem cells with
substrate stiffness generate higher nuclear tension which in turn lead to higher levels of lamin A,C
and subsequently nuclear stiffening. In agreement with®, we observed that higher actomyosin
contractility in large and elongated cells (compared to small and isotropic cells) correlates with
higher levels of lamin A,C in fibroblasts. The nuclear lamina stiffening observed in® and our
experiments can be captured in our model as the nuclear envelope stiffens with increased tension

in the nuclear envelope resulting from increases in myosin Il contractility.
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4. Contractility dependent nucleo-cytoplasmic shuttling of

transcription and epigenetic factors

To investigate the relationship between actomyosin contractility and nucleo-cytoplasmic shuttling
of transcription and epigenetic factors, we first study how geometric constraints affect actomyosin
contractility in fibroblasts. We use various geometric constraints in our study to constrain (i) cell
polarization, and/or (ii) cell spreading. The rectangular micropatterned substrate with a surface
area of 1600 pm? and aspect ratio of 1:5 approximately represents the spreading area and aspect
ratio of fibroblasts on stiff un-patterned substrates?!. Therefore, fibroblasts on the rectangular
micropatterned substrate are considered as normal cells and are compared with geometrically

constrained cells.

4.1. Mathematical modeling:

First, we study the effect of cell polarization constraints on the level of actomyosin contractility.
To this end, we culture fibroblasts on micropatterned substrates with the same surface area of 1600
pum? but unpolarized geometries including circular, square, and triangular geometries. Our

simulations show that constraining fibroblasts on these unpolarized geometries reduces the average
level of contractility%pkk = (p11 + P22 + p33)/3. Thisis consistent with our experimental results

where we observe lower levels of phosphorylated myosin light chain (p-MLC) which is a well-
known marker for myosin II contractility. Our simulations also show that the circular, square, and
triangular cells have lower cytoskeletal stiffness compared to the rectangular cell. This is in
agreement with our experiments which show lower levels of F-actin as shown in Figure 5B.

Next, we study how spreading constraints affect the level of actomyosin contractility. To this end,
we culture fibroblasts on triangular micropatterned substrates with surface areas ranging from
1600 to 500 um?. Similar to the polarization constraints, our simulations show that constraining
fibroblasts on small substrate areas reduces the average level of contractility and cytoskeletal
stiffness in agreement with our experiments (Figure 5B). However, we find that the reduction in
the level of actomyosin contractility due to the spreading constraints is significantly more
pronounced than the polarization constraints. This is shown in Figure 5B where we observe about

a two-fold decrease in the F-actin level as substrate area decreases from 1600 to 500 um?.
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Next, we show that the reduction in the level of actomyosin contractility due to the spreading

constraints causes nucleo-cytoplasmic shuttling of transcription and epigenetic factors. Figure 5C
shows that MKL nuclear level decreases with decreasing § prik- In fact, as % Pri decreases, more
F-actin is depolymerized into G-actin in the cytoplasm. Since MKL binds to G-actin in the
cytoplasm, MKL is expected to be more concentrated in the cytoplasm of smaller cells where there
is more G-actin. As G-actin is polymerized into F-actin with increasing %pkk, MKL unbinds from
G-actin and shuttles to the nucleus leading to increases in MKL nuclear levels of larger cells. We
also study shuttling of HDAC3 and we show that the significant reduction in the level of
actomyosin contractility (due to the spreading constraints) causes higher nuclear accumulation of

HDAC3 in smaller cells (Figure 5D) which in turn leads to chromatin condensation and reduction

of nuclear volume.

4.2. Actin polymerization:

We assume that polymerization of G-actin into F-actin (and also depolymerization of F-actin into

G-actin) in the cytoplasm can be described as follows?2

dNg” © y© _ goff n(©
C C C
— = K& N NG — KLy Ny (S4.1)
AN
— = —K&e Ng” NG + Kle N (54.2)

where ngc), NG(C), cop, and Kgij are the F-actin concentration, the G-actin concentration, the
rate of actin polymerization, and the rate of actin depolymerization in the cytoplasm, respectively.

) (c)
an®  dN§

In the steady state condition ( d: = = 0), we have
© _ yo _ Kl
NFC = NT::)tal ~ ron (54.3)
GoF
where
© _ y© (©)
Ntgtar = Ng = + Ng (54.4)
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is the total concentration of actin in the cytoplasm. Our experiments show that polymerization of

G-actin into F-actin increases with cell contractility. Therefore, we assume that the rate of actin
polymerization KZ.\r increases with the average level of contractility ngkk =>(p11 + P22 +

p33)/3 as follows

1
KQM = Kinitial 4 g contractility (Z §pkk) (54.5)
where KMUal is the contractility independent rate of actin polymerization, and KéinFt ractility is the

contractility dependent rate of actin polymerization in our model. Note that ) denotes the average

over the cytoskeleton volume; first (p;; + po2 + p33)/3 is calculated for each point in the
cytoskeleton and then }; é Pk 1s determined as the average of all points. With ), % Pk at hand from

our mechanical simulations for different substrate geometries, we fit equation (S4.3) into our

experimental data to approximate K", K2, and NT(?tal To this end, we use experimental data

of F-actin concentration (ngc)) for triangular cells with surface areas of 500, 750, 1000, 1250, and
1600 pm?. After training the model on the triangular geometries, we then test the model predictions
for the following geometries: circular substrate (500 um?), square substrate (1600 pum?), and

rectangular substrate (1600 pm?). Finally, we plot all data in Figure 5B.

4.3. MKL translocation:
We simply model MKL transport as follows

vy

= KON K TN (54.6)

where N, N, kI>© "and k(™™ are the nuclear concentration of MKL, the cytoplasmic
concentration of MKL, the rate of nucleus to cytoplasm transport of MKL, and the rate of
cytoplasm to nucleus transport of MKL, respectively. Note that additional terms can be also added
to equation (S4.6), since MKL binds to G-actin and unbinds from G-actin by decreasing and

increasing contractility, respectively. However, we use the simplest form of MKL transport in

(n)
equation (S4.6) to minimize the number of fitting parameters. In the steady state condition dl(:“t" =

0, we have
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Nl\(/[n) ~ KI\(/[C)—)(D)
N© - Kl\(/In)_)(C)

(S4.7)

Since MKL unbinds from G-actin and shuttles to the nucleus with actin polymerization, we assume
that the rate of cytoplasm to nucleus transport of MKL increases with the average level of

contractility as follows

Kl\(/[c)—>(n) _ Kl\i/?itial + Kl\cdontractility (Z% pkk) (54.8)

where K12 is the contractility independent rate of cytoplasm to nucleus transport of MKL, and
K™Y s the contractility dependent rate of cytoplasm to nucleus transport of MKL. With

> gpkk at hand from our mechanical simulations, we fit equation (S4.7) into our experimental data

for the nuclear to cytoplasmic ratio of MKL to approximate K& =™ and KM,

4.4. HDAC translocation:

To model actomyosin dependent shuttling of HDAC, we assume the following transport equation

AN e@ ) @ ©
—5 = Ku NgY — Ky Ny (54.9)

where N3, NS, kK7© and K™ are the nuclear concentration of HDAC, the cytoplasmic

concentration of HDAC, the rate of nucleus to cytoplasm transport of HDAC, and the rate of

(©
cytoplasm to nucleus transport of HDAC, respectively. In the steady state condition d dt‘ =0, we
have

(n) (©)-(m)
NH KH
_ (54.10)
Total (c)~(n) (n)-(c)
Ny Ky + Ky
where
NHTOtal — NI-([n) + NI-({C) (54‘11)
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is the total concentration of HDAC. Since fibroblasts with higher levels of actomyosin contractility
show lower nuclear accumulation of HDAC, we assume that the rate of nucleus to cytoplasm

transport of HDAC increases with the average level of contractility in the following form

. - " 1y
K}gn) © _ K}l{nltlal + KI_CIOUtraCtllltY (ngkk) (54.12)

where K83l js the contractility independent rate of nucleus to cytoplasm transport of HDAC, and

KoY s the contractility dependent rate of nucleus to cytoplasm transport of HDAC. Using

KM@ in the form of equation (S4.12), we can fit (S4.10) into our experimental data for the
nuclear to total ratio of HDAC to determine the fitting parameters of the model (training of the
model).

We also simulate the translocation of HDAC upon treating fibroblasts with cytochalasin D (Figure

5E) and blebbistatin (Figure 5F). To simulate the disruption of the actomyosin network by these

actomyosin inhibitors, we decrease the stiffness of the actin filament network Ci(f) (ie., Cl.(?) ~ 0
when the actomyosin network is fully disrupted) in our simulations and we measure Z%pk,{. The
change in the average level of contractility ), % Prr from the control case (Ci(?) + 0) to the
actomyosin disrupted case (Ci(f) ~ 0) is measured and divided into several steps while we assume
that the first (Cl.(?) # 0) and the last (Ci(f) ~ 0) steps are respectively associated with the first and
the last time increments in our experiments. With }; %pkk at hand from our mechanical simulations

at different steps (pseudo-time steps) and using the same parameters K3l Kﬁontraai“ty, and

K P(IC)_)(H) previously determined from the training of the model, equations (S4.10) yields the nuclear

concentration of HDAC as shown in Figures SE and 5F.
Finally, we simulate the translocation of HDAC in fibroblasts under compressive forces. With
> gpkk at hand from our mechanical simulations (before and after compression) and using the

contractility and K(c)—»(n)
' H

same parameters K92l K previously determined from the training of

the model, equations (S4.10) yields the nuclear concentration of HDAC as shown in Figure 5J.
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5. Fourth order and second order stiffness tensors

All fourth order stiffness tensors introduced in the previous sections can be degraded to square
matrices to be used in the finite element framework. For example, the fourth order stiffness tensor

Cijx: can be degraded to the second order stiffness tensor C;; as follows

_Cllll C1122 C1133 C1112 Clll3 01123_
C2211 C2222 C2233 C2212 C2213 C2223
Cij — 83311 83322 83333 CC:3312 CC:3313 CC:3323 (551)

1211 1222 1233 1212 1213 1223
C1311 C1322 C1333 C:1312 C:1313 C1323

-C2311 C2322 C2333 CZ312 CZ313 C2323-
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6. Stability criterion

Biological systems use feedback controls in many ways ranging from molecules and cells to organs
23, The actomyosin model presented in SI Sections 1 and 2 includes a feedback loop between
actomyosin contractility and tension in the actin filament network (see Figure S6). However, it is
known from feedback control theory that large values of feedback gain parameters can lead to

instability of the system 24, Below, we study the stability of the feedback loop in our model.

6.1. One-dimensional cell model
Equation (S1.2) shows that for g = a, the cell contractility p becomes infinity which is not
physically possible. Considering EMT > 0 (the elastic modulus of the microtubule network

cannot be negative) and X < 0 (the length of the cell reduces as it contracts and pulls on the

MT) o

. . E(
extracellular matrix), the two coefficients of

~Land Bix in equation (S1.2) should be positive

to ensure that the cell contractility p is positive (actomyosin contractility pulls on, and not pushes,

the extracellular matrix), which gives the following stability criterion

1
ﬁ>d>m

6.2. Three-dimensional cell model
Similar to the one-dimensional model, the parameters K, u® and p, in our three-dimensional

model should be all positive which yields the following stability criterion
By > a, > W

ﬁd >agq > ZM(MT)

The feedback parameters in our simulations have been chosen according to the above criterion to

ensure that the feedback gain does not lead to instabilities.
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7. Intermediate filaments

As shown in Figures 1A and 1C, the cytoskeletal model is composed of three elements: myosin
motors, the actin filament network, and the microtubule network. However, in animal cells, these
cytoskeletal components are accompanied by intermediate filaments which have been shown to
play an important mechanical role in cell integrity particularly at large deformations®2°. The
characteristic properties of intermediate filaments that enable them to undergo large
deformations® have been elucidated by multi-scale modeling of these filaments3-33,

In addition to their ability to withstand large mechanical deformations, intermediate filaments may
also laterally reinforce microtubules under physiological compressive forces which in turn
significantly increases the compressive forces that microtubules can withstand'3*. When
cytoplasmic microtubules are compressively loaded by the internally generated actomyosin
contractile forces, they buckle with short wavelengths®. However, in contrast to microtubules in
living cells, isolated microtubules buckle with higher wavelengths! which indicates that
cytoplasmic microtubules are more resistant to compression compared to isolated microtubules
from in vitro measurements?®. The higher resistance of cytoplasmic microtubules against
compression has been attributed to the mechanical coupling of microtubules to their surrounding
network of cytoskeletal intermediate filaments and actin microfilaments®?34, As discussed in
references>®, the surrounding network of cytoskeletal filaments acts as a lateral constraint that,
by reinforcing microtubules, enables them to sustain higher compressive forces and buckle with
shorter wavelengths.

In addition to reinforcing cytoplasmic microtubules, intermediate filaments have been also shown
to have a considerable contribution to cytoplasmic stiffness®*4!. Keratins are types | and II
intermediate filaments which are expressed in endothelial cells and have been shown to have a
major contribution to cell stiffness*2. Similarly, vimentin is a type 111 intermediate filament that is
expressed in mesenchymal cells like fibroblasts*® and it has been reported that vimentin-deficient
fibroblasts have softer intracellular cytoskeletal networks compared to wild type cells*+*°.
Vimentin intermediate filaments are also known to form a juxtanuclear cage and it has been
recently shown that loss of vimentin decreases perinuclear stiffness®. Similarly, we model
intermediate filaments as a cage-like network around the nucleus which contributes to perinuclear

stiffness as shown in Figure S36.
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Our simulations show that the vimentin perinuclear cage contributes to cytoskeletal stiffness and
more importantly protects the nucleus from excessive deformations under external forces (Figure
S37). This is consistent with experimental observations in reference*® where vimentin intermediate
filaments are found to protect the nucleus by limiting nuclear deformation during 3D migration
through small pores. As a result, loss of vimentin in fibroblasts migrating through small pores is
shown to increase the number of nuclei with blebs and DNA damage®. Furthermore, applying
large compressive strains to tissues, containing fibroblasts cultured within 3D collagen matrices,
it was shown that necrosis in vimentin-deficient cells is significantly higher than their wild-type
counterparts*®. This may indicate that vimentin provides mechanical resistance against
compression which is consistent with our simulations in Figure S37.

Although all the above studies indicate that cell with intermediate filament knocked out are softer
compared to their wild-type counterparts, the effects of intermediate filament depletion on
actomyosin contractility are still not clear®®. As early as 1998, Eckes et al. cultured mouse
embryonic fibroblasts with two densities of 25 and 50 cells/ul within three-dimensional type |
collagen matrices and measured the collagen gel diameters at different times to test the ability of
both vimentin-deficient and wild type cells to freely contract collagen matrices®. Using this
collagen gel compaction assay, they found that vimentin-deficient fibroblasts were significantly
less contractile than their wild type counterparts®® consistent with a recent study where vimentin
knockout mouse embryonic fibroblasts cultured on collagen-coated acrylamide gels with an elastic
modulus of 2.4 kPa were shown to generate less contractile traction forces*. Mendez et al. also
found that vimentin-null mouse embryonic fibroblasts are less contractile within three-dimensional
type | collagen matrices when cell density is low (50 cells/ul)®". However, they showed that
vimentin-null cells become more contractile than their wild type counterparts when cell density
increases from 50 to 700 cells/ul®’. Culturing osteosarcoma cells and human dermal fibroblasts on
fibronectin-coated polyacrylamide gels with elastic moduli of 25 and 33 kPa, it was shown that
vimentin depletion in both cell types induces phosphorylation of the microtubule-associated GEF-
H1 which is a RhoA-specific guanine nucleotide exchange factor*’. As a result, RhoA activity
increases which in turn leads to higher contractility, more assembly of actin stress fibers, and
higher cell-generated contractile traction forces in vimentin knockout cells compared to their wild
type counterparts*’. Similarly, vimentin knockout mouse embryonic fibroblasts cultured on stiff

substrates were found to generate significantly higher traction forces compared to their wild type
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counterparts while no remarkable changes were found in stress fiber organizations and focal
adhesion sizes between vimentin knockout and wild type cells*®. Furthermore, culturing vimentin
null and wild type mouse embryonic fibroblasts on different micropatterned substrates, it was
observed that the actin filaments network and focal adhesion complexes were not altered by the
absence of vimentin®®. In agreement with reference®, it was reported that in the absence of
vimentin, actomyosin-driven contractile forces are wholly transmitted to the substrate, while in the
presence of vimentin part of these contractile forces are absorbed by the vimentin network
indicating that the vimentin intermediate filaments network acts as a load-bearing structure.

In addition to the effects of intermediate filaments on cytoplasmic stiffness and actomyosin
contractility, intermediate filaments may also change the physical properties of the nucleus
including nuclear morphology and deformability. Applying local pulling forces on the nuclear
membrane of living adherent fibroblasts with a micropipette, Neelam et al. found that the vimentin
intermediate filament network maintains nuclear morphology against localized forces®. After
transfecting NIH 3T3 fibroblasts with sSiRNA that decreases vimentin expression, they observed
that the nucleus translated and stretched more under the local pulling force compared to the control
cells®!. This indicates that the intermediate filament network resists nuclear motion and
deformation®. In agreement to this study, disruption of the keratin intermediate filament network
in micropatterned keratinocytes through the loss of plectin was shown to increase nuclear
deformation®. Plectin is a cyto-linker that not only links intermediate filaments to the nuclear
membrane but also crosslinks intermediate filaments together and links them to actin filaments®2.
It was reported that plectin knockout cells exhibited reduced keratin filament densities around the
nucleus and subsequently showed higher nuclear deformations under actomyosin-driven forces®.
Thus, it was concluded that pectin plays an important role in the regulation of nuclear morphology
and protects the nucleus from deformation®2. This is consistent with experimental observations by
Versaevel et al where disruption of intermediate filaments upon acrylamide or calyculin A
treatment (in primary human umbilical vein endothelial cells cultured on 1600 pm? elongated
micropatterned substrates with a width to length ratio of 0.26) was observed to increase nuclear
deformation and subsequently nuclear elongation®3,

In contrast, experimental observations by Sarria et al., as early as 1994, may suggest another
possible mechanism for the role of intermediate filaments on nuclear morphology. They found that

human SW-13 clone cells that do not synthesize vimentin had nuclei with large folds or
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invaginations, while their wild type counterparts exhibited regular and smooth nuclear shapes®*.
This may indicate that the nuclear envelopes of vimentin-deficient cells experience lower tension
compared to their wild type counterparts. It has been recently reported that in lobopodia-based
migration of fibroblasts within 3D cell-derived matrices (DCMSs), vimentin intermediate filaments
are involved in the transition of actomyosin generated tension to the nucleus through nesprin-3*°
which is a member of the LINC (linker of nucleoskeleton and cytoskeleton) complex that links the
nuclear envelope to intermediate filaments through plectin®®. Therefore, disruption of intermediate
filaments may reduce the transmission of tension to the nucleus which can, in turn, lead to increases
in nuclear height, nuclear roundness, and invagination of the nucleus. This is consistent with a
recent study where fibroblasts without vimentin have rounder, more folded and less smooth nuclei
compared to control cells*®. Taken together, while intermediate filaments have been shown to
contribute to cytoskeletal stiffness, the review of experimental work presented in this section
indicates that further studies are required to elucidate the mechanisms through which intermediate

filaments may affect actomyosin contractility and nuclear properties.
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8. Discrete modeling of microtubules

To study how cell geometric constraints can induce microtubule associated nuclear invaginations,
we model microtubules as discrete elastic filaments in Figures 3A, 3B, 3E and Figure S14. All
microtubules are modeled as linear elastic structures emanating from the microtubule organizing
center (MTOC). Figure S38 demonstrates the initial configuration of microtubules. All
microtubules are tied together at one end (minus end) and subsequently have the same
displacement at that end (MTOC displacement), while microtubule plus ends extend to the cell
membrane®’. Microtubules are modeled as truss elements® in our finite element simulations and
are embedded within the cytoskeleton; the translational degrees of freedom of the embedded
microtubule nodes are constrained to the values of the corresponding degrees of freedom of the
cytoskeleton (host element) representing the mechanical links between microtubules and their
surrounding network of cytoskeletal filaments®®.

The MTOC has the same initial distance from the nucleus in both rectangular and circular substrate
geometries. Microtubules can make contact with each other and the MTOC is allowed to make
contact with the nucleus, however, the MTOC does not induce any contact pressure on the nucleus
before contact. Microtubules are also allowed to make contact with the cell membrane. In the
tangential direction, we assume that there is no friction between the cell membrane and
microtubules (frictionless contact), while in the normal direction, there is no constraint on the
magnitude of contact pressure. The same contact conditions are also assumed for the contact
between the MTOC and the nuclear envelope. Our simulations show that the MTOC in the
rectangular cell is pushed toward the cell boundary by the nucleus (Figure S38), while in the
circular cell (Figure 3B) and the rectangular cell treated with cytochalasin D (Figure 3E), the
MTOC pushes against the nucleus and locally indents the nucleus. Note that as described in Sl
Section 7, microtubules in living cells show higher resistance against actomyosin-driven
compressive forces and also buckle with shorter wavelengths since they are laterally reinforced by

their surrounding network of cytoskeletal intermediate filaments and actin microfilaments?.
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9. Reversible chromatin condensation

In addition to tensile and shear forces, cells in the body also experience compressive forces®® which
can potentially affect cellular behavior®:. To study how cells respond to compressive forces,
individual fibroblasts on the rectangular micropatterned substrate are subjected to a vertical
compressive force of about 2.5 uN for 1h (see reference®® for more details). Our experimental
results show that fibroblasts under the compressive force exhibit depolymerized apical stress fibers
(Figure S32A) and lower levels of F-actin (Figure S32B) and p-MLC (Figure S32C).

These results indicate that applying compressive forces on fibroblasts can lead to disruption of
actomyosin contractility. Similar to our results in Figures 5D-5F, we find that the decrease in
actomyosin contractility of compressed fibroblasts is positively correlated with higher nuclear
accumulation of HDAC (Figure 5J) and chromatin condensation (Figure S33). To test whether
these changes are reversible, we remove the compressive force and allow the cells to recover for
1h%2, Figure S33 shows that fibroblasts revert to their original states after removal of the
compressive forces. These experiments show the reversible nature of these processes under our
experimental conditions which allows us to theoretically model the nucleus as an elastic material.
Interestingly, it has been recently shown that these changes in chromatin structures and nuclear
morphology can be reversible or irreversible depending on the time of exposure to mechanical
microenvironments®. Human mesenchymal stem cells (hnMSCs) were cultured on hydrogels that
can rapidly undergo in situ softening after being exposed to very low doses of light. In agreement
with the model predictions in Figure S19, it was first shown that both nuclear sphericity and
chromatin condensation level decrease when hMSCs are cultured on stiff substrates®?. It was then
shown that these changes in nuclear morphology and chromatin structure are reversible upon
substrate softening if the time of exposure to stiff substrates is short, while these changes can
become irreversible when hMSCs are exposed to stiff substrates for a long time period (10 days)®.
This irreversible behavior of the nucleus observed after 10 days cannot be captured by the

presented model and will be the subject of our future work.
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surface area 1600 um?
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Figure S1. All simulations are carried out with the same initial condition. All cells have the
same initial volume. In our model, this indicates that all cells have the same initial number of
phosphorylated myosin motors (the same initial contractility). The model then predicts how the
cell contractility changes for each substrate geometry and how these actomyosin contractility
mediated changes in the cytoskeleton induce alterations in the properties of the nucleus.

47



. ) uniform and
; isotropic
G-actin contractility

e stress
concentration at
the edges
(B)
polarized
contractility and
cytoskeletal
stiffening
(C)
nuclear
envelope
stiffening
(D)

N of 7~ formation of N\ higher level
U stress fibers u of lamin A,C

Figure S2. The dynamic reciprocities between the focal adhesions, the cytoskeleton, and the
nucleus. (A) The cell contractility is initially isotropic (the same in all directions). (B) The
isotropic contractility generates an anisotropic stress field at the cell boundaries where the adhesion
layer experiences higher tension at the two ends along the long axis of the cell. As a result, the
stiffness of the adhesion layer (the connection to the substrate) increases at the two ends,
representing the stress-dependent formation of mature focal adhesions observed in our
experiments. (C) The formation of focal adhesions at the two ends generates resistance against cell
contraction along the long axis of the cell. Subsequently, tension is generated in the cytoskeleton
along the long axis of the cell. In response to the tension in the cytoskeleton, the stiffness of the
actin filament network increases along the long axis of the cell, representing the formation of stress
fibers observed in our experiments. (D) These changes in the cytoskeleton impose compressive
forces on the nucleus leading to a flattened and elongated nuclear morphology. As the nucleus
deforms from a round to a flattened and elongated geometry, tension is generated in the nuclear
envelope. In response to the tension in the nuclear envelope, the stiffness of the nuclear envelope
increases, representing the increased level of lamin A,C observed in our experiments.
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Figure S3. Elongated substrate geometries induce anisotropic tension in the cytoskeleton. As
described in Fig. S5, the cell contractility is initially isotropic (independent of direction). However,
this isotropic contractility generates an anisotropic stress field at the cell boundaries which in turn
leads to anisotropy in the cell contractility and the cytoskeletal stress field.
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Figure S4. Tension-dependent formation of focal adhesions. Three-dimensional reconstruction
of confocal images of fibroblasts in Fig. 2B shows that stress fibers in large rectangular cells are
connected to the mature focal adhesions at the two ends along the long axis of the cell. Our
simulations in (A) and (B) show how tension is generated in the cytoskeleton as the mature focal
adhesions are formed and the contractile cell is connected to the substrate at these mature focal
adhesions. To capture the formation of these focal adhesions, we use a thin elastic layer as shown
in (C). The adhesion layer is initially soft but significantly stiffens in the directions of the tensile
principal stresses when the tensile principal stresses are higher than a critical value of tensile stress
(D). For a large rectangular substrate geometry, our simulations show that the adhesion layer
experiences the highest amount of tension at the two ends along the long axis of the cell.
Subsequently, the adhesion layer stiffens at the two ends and forms strong connections between
the cell and the rigid substrate.
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Figure S5. Elongated substrate geometries induce anisotropic contractility. As shown in the
isometric (A) and the top (B) views, the cell contractility is initially independent of direction
(isotropic contractility) and spatial location (uniform contractility) as it is seeded on its substrate.
The isotropic contractility can be seen in the initial configuration where the principal contractility
components p; (primarily along the long axis of the cell: the z-direction) and p, (primarily along
the short axis of the cell: the x-direction) are the same everywhere in the cytoplasm (p,, p,, and
ps are the eigenvalues of the contractility tensor p;;). However, for an elongated substrate
geometry (e.g., rectangular geometry), this initial isotropic contractility of the cell generates a
polarized anisotropic stress field at the cell boundaries which in turn leads to anisotropic
contractility of the cell. As shown in the final configuration, the volume averaged of p; is higher
than the volume averaged of p, which indicates that the cell contractility along the long axis of the
cell is higher than the cell contractility along the short axis (polarized contractility). Furthermore,
starting with an initial uniform contractility, the cell contractility becomes non-uniform as our
model predicts higher contractility (both p;and p,) close to the two ends (along the long axis of
the cell) where the cell experiences higher tension due to the resistance of the substrate at the
mature focal adhesion sites.
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Figure S6. Stress-dependent feedback mechanism. Under homeostatic conditions, the
contractile cell pulls on the extracellular matrix (ECM) and subsequently generates tension in the
ECM. The cell generated external tension (ECM tension) triggers mechanotransductive feedback
mechanisms that are controlled by stress-activated signaling pathways such as the Ca?* and the
Rho-Rock pathways. As the main outcome of these stress-activated signaling pathways, myosin
motors are phosphorylated which leads to an increase in the density of force dipoles in the direction
of the external tension. Higher concentration of phosphorylated myosin motors promotes cell force
generation along the direction of the external tension which subsequently leads to an increase in
the cytoskeletal tension. The increase in the cytoskeletal tension leads to cell stiffening in an
orientation-dependent manner as the cell responds to the increase in the cytoskeletal tension by
recruitment and bundling of F-actin into aligned filaments along the direction of the tension.
Finally, increases in cell force generation and cell stiffness promote cell contraction which closes
the feedback loop in our cell model.
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Figure S7. One-dimensional cytoskeletal model. (A) The cytoskeletal model is composed of
three elements including (i) the myosin molecular motors, (i1) the microtubule network, and (ii1)
the actin filament network. (B) A large value of the chemo-mechanical feedback parameter o
strengthens the stress-dependent feedback mechanism of the cell as the cell promotes myosin
motor phosphorylation in response to the stiffness of its surrounding. A large value of the chemical
stiffness parameter S weakens the stress-dependent feedback mechanism of the cell as it makes
myosin motor binding more difficult (see SI Section 1). (C) The stiffness of the actin filament
network increases with tension. (D) The tension in the actin filament network o increases with
matrix stiffness in our model. Subsequently, the cell responds to the increase in ¢ by increasing
the density of phosphorylated myosin molecular motors which results in an increase in the cell
contractility p with increasing matrix stiffness. The cell also responds to the increased tension by
recruitment of actin filaments and subsequently increasing its own stiffness.

54



S

max. principal contractility

max. principal stress B
max. principal stiffening

Figure S8. Cell geometric constraints regulate cell contractility, tension in the actin filament
network and cell stiffening. Cells on the rectangular substrate (1:5 aspect ratio, 1600 pm?
substrate surface area) exhibit significantly higher contractility, cytoskeletal tension, and
cytoskeletal stiffness compared to the cells on the circular substrate (500 um? substrate surface
area). In our three-dimensional coarse-grained model, the averaged density of the phosphorylated
myosin motors per unit volume is represented by a symmetric tensor p;;. As described in more
details in SI Section 2.1, the cell contractility p;; in our model is mathematically defined as the
volume averaged of force dipoles generated by the phosphorylated myosin motors. For both
substrate geometries, the cell contractility p;; in our model is initially isotropic and uniform.
Therefore, at each point, we initially have py; = py2 = p33 = p1 = p2 = p3 and py, = P13 =
P23 = 0 where p;; and p; (i = 1,2,3 and j = 1,2,3) are the components and eigenvalues of the 3-
by-3 contractility tensor p, respectively. Using the same initial conditions for both substrate
geometries, the model predicts higher contractility for the rectangular substrate geometry as
illustrated by the maximum principal contractility p,.x = max(p;, p2, p3). This increase in the
cell contractility in the rectangular cell leads to higher tension in the cytoskeleton (represented
here by the maximum principal stress o,,x = max(o;,d,,03) where gy, g,, and o3 are the

eigenvalues of the 3-by-3 stress tensor o) and higher stiffness of the actin filament network

(represented here by dopay / dels, with €82 = max(e™, £{7, &) where ¢, £, and £{"

are the eigenvalues of the 3-by-3 strain tensor €, see Figure S7).
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Figure S9. Constraining cells on small and circular substrates leads to disruption of
actomyosin contractility. Fibroblasts are cultured on two extreme geometries of fibronectin-
coated micropatterns: (i) a rectangle with an aspect ratio of 1:5 and a substrate surface area of 1600
um? (large and elongated geometry), and (ii) a circle with a substrate surface area of 500 pum?
(small and symmetric geometry). Top: maximum intensity projection of confocal image stacks of
rectangular and circular fibroblasts with phalloidin staining of F-actin (green) and
immunofluorescence staining of phosphorylated myosin light chain 2 at serine 19 (red). Bottom:
relative levels of phosphorylated myosin light chain 2 at serine 19 based on immunofluorescence
staining. Scale bar: 5 um
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Figure S10. Compressive forces in large and elongated substrate geometries generate tension
in the nuclear envelope. Fibroblasts are cultured on rectangular substrates with an aspect ratio
of 1:5 and a substrate area of 1600 pm?. Actomyosin-driven apical (A) and lateral (B) compressive
forces regulate nuclear morphology and generate tension in the nuclear envelope lamina network.
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Figure S11. Mechanical force balance in the nuclear envelope. The nuclear envelope
experiences inward traction force field generated by prenuclear stress fibers. The nuclear envelope
also experiences outward mechanical forces from the nuclear interior including (i) the resistance
forces due to chromatin deformations, and (ii) the internal pressure due to chromatin
decondensation and fluid content. In the steady-state configuration, the inward and outward forces
are balanced by the mechanical resistance of the nuclear envelope.
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Figure S12. The maximum tensile strain in the nuclear envelope occurs at the lateral side.
Left: the nuclear envelope in the rectangular cell is stretched (red arrows) as the nucleus deforms
from a round to a flattened and elongated geometry. Right: Maximum tensile strain in the nuclear

envelope.
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Figure S13. Nuclear curvature increases with actomyosin contractility. Both maximum and
minimum curvatures increase with actomyosin contractility as the nucleus becomes flattened and
elongated.
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Figure S14. Nuclei with lower levels of lamin A,C are more indented by the MTOC (model
predictions). The MTOC indentation of the nucleus in the circular cell decreases with increasing
nuclear lamina stiffness (simulation results).
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Figure S15. Disruption of actomyosin contractility upon treatment of fibroblasts with Y-
27632. Fibroblasts are cultured on rectangular substrates with an aspect ratio of 1:5 and a substrate
area of 1600 um?. Top: maximum intensity projection of confocal image stacks of control and Y-
27632 treated fibroblasts with phalloidin staining of F-actin (green) and immunofluorescence
staining of phosphorylated myosin light chain 2 at serine 19 (red). Bottom: relative levels of
phosphorylated myosin light chain 2 at serine 19 based on immunofluorescence staining. The
subsequent effects of disruption of actomyosin contractility on the properties of the nucleus are
presented in Figures S16, S26, and S27. Scale bar: 5 um
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Figure S16. Disruption of actomyosin contractility leads to an increase in nuclear height and
decreases in nuclear projected area and nuclear volume. Fibroblasts are cultured on rectangular
substrates with an aspect ratio of 1:5 and a substrate area of 1600 pm?. Disruption of actomyosin
contractility upon treatment of fibroblasts with Y-27632 causes depolymerization of apical stress
fibers. As a result, inward actomyosin-driven compressive forces on the nucleus decrease and
nuclear height increases. Since actomyosin-driven compressive forces on the nucleus decrease
with Y-27632 treatment, cells treated with Y-27632 are expected to have higher nuclear volume.
However, the compaction of chromatin observed in Supplementary Figure 25 causes fluid to flow
out of the nucleus which in turn leads to the shrinkage of the nuclear volume as observed in our
experiments.
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Figure S17. Lamin A,C increases with matrix stiffness and depolymerization of
microtubules. A one-dimensional model for a cell adherent to microposts (A) shows that
cytoskeletal tension (C), cell contractility (D), cytoskeletal stiffness (E), and lamin A,C level (F)
increase with matrix stiffness and depolymerization of microtubules. On the other hand, lamin A,C
knockdown leads to decreases in actomyosin contractility (C-E).
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Figure S18. Depolymerization of microtubules does not significantly change chromatin
stiffness. Fibroblasts are cultured on a rectangular substrate with a surface area of 1600 pm? and
an aspect ratio of 1:5 (large and elongated geometry). Chromatin is slightly decondensed upon
treatment of fibroblasts with nocodazole based on DAPI staining.
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Figure S19. Substrate stiffness induces alterations in the properties of the nucleus (model
predictions). (A) The nucleus becomes flattened (lower height) and elongated (higher aspect ratio)
with increasing substrate stiffness. (B) Stress fibers are formed, and cytoskeleton stiffness
increases with substrate stiffness. (C) Phosphorylation of myosin molecular motors increases with
substrate stiffness. (D) Changes in the level of actomyosin contractility lead to translocation of
MKL and HDAC. (E) Tensile stresses in the nuclear envelope increase with matrix stiffness
correlated with the increased level of lamin A,C and stiffening of the nuclear envelope. Note that,
although cells are known to be less spread on soft substrates, in these simulations we keep the
substrate area constant for both soft and stiff substrates to study only the effect of substrate
stiffness.
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Figure S20. Cell force generation, cell contractility, and cell stiffness increase with micropost
stiffness. (A) A one-dimensional model for a cell adherent to microposts. (B) When the cell is
connected to the microposts, the cell contractility generates a tensile stress o which increases with
micropost stiffness E. (C) The cell responds to this increase in the tensile stress o by increasing
the density of phosphorylated myosin motors which leads to an increase in the cell contractility p
with E. (D) The cell also responds to the stiffening of its surrounding (increase in £) by recruitment
of actin filaments. In our model, E@) represents the stiffness of the actin filament network which
increases in tension (and not in compression) to capture the tension dependent actin recruitment
and its subsequent stiffening of the cytoskeleton (see equation (S1.1)). As the tension in the actin
filament network, o, increases with E, the tensile strain ¢ increases which results in an increase
in the stiffness of the actin filament network, E®), and subsequently the cytoskeletal stiffness E
according to equation (S1.6) (E) The total contractile strain || decreases with increasing micropost
stiffness. In (B-E), a large value of the chemo-mechanical feedback parameter a results in a greater
overall density of phosphorylated myosin motors which in turn increases the contractility p, the
tensile stress in the actin filament network a, the cell contractile strain |¢|, and the cytoskeletal
stiffness E. Unlike a, a large value of the chemical stiffness f makes motor recruitment more
difficult which leads to decreases in p, o, |¢|, and E.
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Figure S21. Fibroblasts constrained on small substrates have lower nuclear volume.
Fibroblasts with the same initial volume are modelled on circular micropatterned substrates with
surface areas of 500 and 1600 um?. Our simulations show that cells on the larger substrate area
have higher cytoskeletal tension and actomyosin contractility. As a result, higher actomyosin-
driven compressive forces are applied to the nucleus and nuclear height decreases. Since our
experiments show that cells constrained on smaller substrate areas have decreased nuclear volume
and increased chromatin condensation'®, we hypothesize that the reduction of actomyosin
contractility in constrained cells causes cytoplasmic-to-nuclear translocation of histone
deacetylase 3 (HDAC3) which in turn can lead to lower acetylation level and subsequently
chromatin compaction. We then systematically determine HDAC3 level as a function of
contractility (as described in SI Section 4.4) and we assume that the chromatin Poisson’s ratio v
(regulator of nuclear volume) and the chromatin elastic modulus E (regulator of chromatin
stiffness) respectively decreases and increases with HDAC3 nuclear level in our model. Our
simulations show that the experimentally observed lower nuclear volume of fibroblasts on the
smaller area can be explained by considering the fluid content in the nucleus. Concomitant with
the lower level of actomyosin contractility, our simulations predict higher nuclear accumulation of
HDACS3 in the cell on the smaller area which leads to a decrease in U. Subsequently, nuclear
volume decreases which indicates that in the smaller cell higher amount of fluid flows out of the
nucleus. Note that the assumption that ¥ decreases with nuclear accumulation of HDAC3 simply
enables us to capture the experimentally observed nuclear volume reduction in fibroblasts
constrained on small substrate areas. However, a more complex model based on the pressure
difference across the nuclear envelope will be the subject of future work.
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Figure S22. Fibroblasts on rectangular substrate geometries are more contractile than
square substrate geometries. Fibroblasts are cultured on fibronectin-coated micropatterned
substrates with the same substrate surface area (1600 um?) but various aspect ratios (1:1, and 1:5).
Rectangular cells exhibit higher levels of phosphorylated myosin light chain.
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Figure S23. Actomyosin contractility increases with cell elongation. (A) The model only
accounts for a positive feedback loop between the average of tension in the cytoskeleton and the
average of contractility. The feedback between the average of cytoskeletal tension and the average
of contractility enables us to capture the facts that actomyosin contractility increases with substrate
area (Fig. 4I) and substrate stiffness (Fig. S19). However, the feedback between the averages of
tension and contractility iS not enough to capture the experimentally observed changes in
actomyosin contractility (Fig. 5B) and nuclear morphology (Figs. 4E and 4F) with substrate aspect
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ratio. Our simulations show that although the average level of contractility in the rectangular cell
is slightly higher than the square cell, however, this is not enough to capture (i) our experimental
observation in Fig. 5B where the level of actomyosin contractility in rectangular cells is more than
20 percent higher, and (ii) the experimentally observed flattened and elongated morphology of the
nucleus in Figs. 4E and 4F, respectively. (B) In addition to the feedback loop between the average
of tension and the average of contractility, the model also accounts for a feedback loop between
the average of contractility and the anisotropy in tension. Therefore, cell contractility increases as
the difference between the max. and mid. principal stresses (o, — 0y) increases. Since the
rectangular cell experiences an anisotropic cytoskeletal tension (o, — gy), the average level of
contractility in the rectangular cell increases with including the feedback loop between the average
of contractility and the anisotropy in tension. Subsequently, the nucleus becomes flattened and
elongated as we experimentally observed in Figs. 4E and 4F, respectively.

71



cylinder triangular prism

| Ih

height h =9pum height h =9pum
basearea A =400 ym? basearea A =400 uym?
cellvolume V =3600 um?3 cellvolume V =3600 pm?
if contractility increases with if contractility does not increase with
anisotropy in tension anisotropy in tension
2.0 1.5
c
§ (A) g (B)
£ E‘ 1.5 £ E‘ 1.0
T - T =
[T] ]
Ngto NE
T E T ‘g’ 0.5
£ gos £g
g g
0.0 0.0

Figure S24. Actomyosin contractility increases with tension anisotropy in 3D microniches.
Cells are fully encapsulated within 3D microniches with the same volume, area, and height but
different geometries. Our simulations show that cells have significantly higher actomyosin
contractility in the triangular prism than in the cylinder (A) which is in agreement with
experimental observations in reference®. Note that the higher actomyosin contractility in the
triangular prism microniches cannot be captured if the mean contractility ppean = (P11 + P22 +
p33)/3 does not increase with anisotropy in tension.
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Figure S25. Fibroblasts constrained on small substrates have lower nuclear volume and
higher acetylation levels while their nuclei experience lower actomyosin dependent
compressive forces. Fibroblasts are cultured on triangular micropatterned substrates with surface
areas of 500 and 1600 pum?. Relative levels of phosphorylated myosin light chain 2, nuclear
volume, and relative levels of histone H3 acetylated at lysine 9 decrease when fibroblasts are
constrained on small substrate areas.
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Figure S26. Disruption of actomyosin contractility leads to translocation of HDAC3 from the
cytoplasm to the nucleus. Fibroblasts are cultured on rectangular substrates with an aspect ratio
of 1:5 and a substrate area of 1600 um?. Top: maximum intensity projection of confocal image
stacks from the nuclei of control and Y-27632 treated fibroblasts with immunofluorescence
staining of HDAC3. Bottom: HDAC intensity based on immunofluorescence staining. Scale bar:
5 um
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Figure S27. Disruption of actomyosin contractility leads to chromatin condensation.
Fibroblasts are cultured on rectangular substrates with an aspect ratio of 1:5 and a substrate area
of 1600 um?. Top: maximum intensity projection of confocal image stacks from the nuclei of
control and Y-27632 treated fibroblasts where DNA is stained with DAPI. Bottom: condensation
of chromatin in the nuclei of control and Y-27632 treated fibroblasts based on DAPI staining. Scale
bar: 5 um
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Figure S28. Disruption of actomyosin contractility upon cytochalasin D treatment leads to
chromatin condensation in un-patterned fibroblasts. Fibroblasts are cultured on unpatterned
substrates. The number of heterochromatin pixels divided by the number of euchromatin pixels
(top). Chromatin condensation based on the mean (middle) and median (bottom) intensity
projection of confocal images from the nuclei of control and cytochalasin D treated fibroblasts.
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Supplementary Figure 29. Disruption of actomyosin contractility leads to decreases in
nuclear projected area and nuclear perimeter in un-patterned fibroblasts. Fibroblasts are
cultured on unpatterned substrates. Disruption of actomyosin contractility upon treatment of
fibroblasts with cytochalasin D causes reduction of nuclear projected area and nuclear perimeter
associated with the condensation of chromatin observed in Figure S27.

77



rectangle circle

: :.
-
£

c - =
55 ° =
£ ® Fi
S 0 L
TG 2 ki o
ﬁ 3 .'J-' s
% g -.':r_ .:.0‘:::‘.
E o 1 .-.::-. '-* :
S '..:".." A
S K ok
= el ol

0 lez L L il

[ 1] O

control circle

Figure S30. Constraining cells on small and circular substrates leads to chromatin
condensation. Fibroblasts are cultured on two extreme geometries of fibronectin-coated
micropatterns: (i) a rectangle with an aspect ratio of 1:5 and a substrate surface area of 1600 pm?
(large and elongated geometry), and (ii) a circle with a substrate surface area of 500 um? (small
and symmetric geometry). Top: maximum intensity projection of confocal image stacks from the
nuclei of rectangular and circular fibroblasts where DNA is stained with DAPI. Bottom:
condensation of chromatin in the nuclei of rectangular and circular fibroblasts based on DAPI
staining. Scale bar: 5 um
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Figure S31. Inhibiting HDACs causes chromatin decondensation. Fibroblasts are cultured on
a rectangular substrate with a surface area of 1600 um? and an aspect ratio of 1:5 (large and
elongated geometry). Inhibiting HDACs upon trichostatin A (TSA) treatment leads to
decondensation of chromatin based on DAPI staining.
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Figure S32. Compressive forces cause disruption of actomyosin contractility. Fibroblasts are
cultured on a rectangular substrate with a surface area of 1600 um? and an aspect ratio of 1:5. (A)
Depolymerization of apical stress fibers. (B) Relative F-actin intensity levels. (C) Relative levels
of phosphorylated myosin light chain 2 at serine 19 based on immunofluorescence staining.
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Figure S33. Compressive forces induce reversible chromatin condensation. Fibroblasts are
cultured on rectangular substrates with an aspect ratio of 1:5 and a substrate area of 1600 pm?.
DAPI staining of DNA shows that compressive forces cause chromatin condensation in fibroblasts
while they revert to their original conditions after removal of the compressive forces.
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Figure S34. Training the model. Knowing the approximate range of the model parameters from
our previous studies*, we first determine the cytoskeleton parameters. To this end, we first make
at least three initial guesses for each cytoskeleton parameter. Combining all initial guesses for
cytoskeleton parameters, we make more than 30 parameter sets. Note that all these parameter sets
satisfy the stability criterion described in SI Section 6. Using the least squares method described
below, the best parameter set is determined such that the resulting displacement fields from the
model give the best match to the experimentally measured displacement fields in reference®. To
this end, for each substrate stiffness, we calculate the residual which is the difference between the
experimental and theoretical maximum displacements, and we then calculate the sum of squared
residuals (R) for each parameter set. Finally, we pick the set of parameters that gives the minimum
R. Using the determined cytoskeleton parameters, we then use our experimental results for
fibroblasts on different micropatterned substrates to determine the best set of parameters for the
nucleus such that the nuclear geometries (including nuclear height and aspect ratio) from our model
for different substrates give the best match to our experiments (similar to the procedure described
for the cytoskeleton). The list of available micropatterned substrates from our experiments for
training the model can be found in reference'®. We finally ensure that the model predictions with
the determined cytoskeleton and nucleus parameters are in good agreement with the experimental
results for NIH 3T3 fibroblasts on different substrate geometries in reference®. After training the
model, we then test the model predictions new experiments shown in the main text.
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Figure S35. Uniaxial stretching of an isolated nucleus. The nucleus is modeled as an elastic thin
layer filled with a solid material. The elastic thin layer represents the nuclear envelope lamina
network and is treated as a fibrous material which is soft and isotropic at small strains while it
stiffens at large tensile strains. The solid material represents chromatin and is modeled as a linear
elastic material. The nucleus is fixed at the left end and is uniaxially stretched at the right end. For
small extensions, the nucleus shows a linear force-displacement response as chromatin governs
nuclear response to small extensions. For large extensions, the nucleus exhibits a strain stiffening
response which is dominated by the nuclear envelope®.
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Figure S36. Intermediate filaments form a juxtanuclear cage. In our simulations, intermediate
filaments are modeled as a deformable cage-like network around the nucleus.
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vimentin +/+ vimentin -/-

Figure S37. Intermediate filaments contribute to cytoskeletal stiffness and protect the
nucleus against external forces. Simulation results for wild type (vimentin +/+) and vimentin-
null (vimentin -/-) cells. Vimentin intermediate filaments form a perinuclear cage which
contributes to cytoskeletal stiffness and protects the nucleus from excessive deformations under
external forces.
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initial distance

Figure S38. The MTOC cannot indent the nucleus in the rectangular substrate geometry.
The MTOC is pushed toward the cell boundary by the nucleus in the rectangular substrate
geometry.
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Supplementary Table 1. Cell model parameters used in Figure S20

Po initial contractility 0.5 kPa
EMD microtubule elastic modulus 2.0 kPa
E® actin network initial elastic modulus 0.2 kPa
£ actin stiffening parameter 100 kPa
m actin stiffening parameter 3
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Supplementary Table 2. Cell model parameters used in Figure S17

Po initial contractility 1.0 kPa
a chemo-mechanical feedback parameter 1.5 kPa'
B chemical stiffness parameter 2.5 kPa'
EMT) microtubule elastic modulus 2.0 kPa
E® actin network initial elastic modulus 0.2 kPa
£ actin stiffening parameter 100 kPa
m actin stiffening parameter 3

E chromatin elastic modulus 0.15 kPa
E® lamin initial elastic modulus 0.05 kPa
? lamin stiffening parameter 5 kPa

m lamin stiffening parameter 2
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Captions for movies

Movie 1: Cytoskeletal tension and nuclear morphology in fibroblasts cultured on a fibronectin
coated rectangle with an aspect ratio of 1:5 and a substrate surface area of 1600 pm?
(large and elongated substrate geometry).

Movie 2: Cytoskeletal tension and nuclear morphology in fibroblasts cultured on a fibronectin
coated circle with a substrate surface area of 500 um? (small and circular substrate
geometry).

Movie 3: Microtubules in large and elongated cells buckle without being able to significantly
indent the nucleus as the MTOC is pushed toward the cell boundary by the nucleus.

Movie 4: Cells on small and circular substrates exhibit crescent-shaped nuclear morphologies as
the MTOC pushes against the nucleus and forms a local indentation in the nucleus.
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