Keratins coordinate tissue spreading by balancing spreading
forces with tissue material properties
Supplementary Information

1 Experimental measurements and visco-elastic Maxwell model

Pipette aspiration experiments are performed on the gastrulating tissue as follows: The tissue is
initially at rest. At time ¢ = 0 a constant pressure differential (AP.y = 2mbar) is applied within the
pipette (diameter d = 60 pm), leading to a constant pulling force FO, = (7/4) APy d? =~ 0.57 N,
causing the tissue to move upwards. Then at a later time, the pressure differential is removed, i.e.
APy = 0, causing the tissue to retract and move downwards in the second phase.

Figure S1A-B shows the height of the aspirated tissue and the corresponding keratin expression for
tissues at different times post fertilisation. Tissues show viscous behaviour at long times (deformation
at constant velocity).

During our pipette experiment approximately 5 cells are aspirated into the pipette, and move with
a typical velocity in the 0.1-1 pms~—! range. The standard model of inferring tissue viscoelasticity from
pipette aspiration Ref. [64, 65] involves approximately 100 cells at a typical velocity of 0.01 pms~!. We
will therefore in contrast assume that our experiment probes the mechanical behaviour of individual cells
rather than the whole tissue — it is consistent with junction cutting experiments which probe cell-level
elasticity and report velocities in the 0.2-0.5ums™! range [10]. Epiboly however involves 2> 500 cells [13]
with a typical velocity in the 0.01-0.03 pms~! range [10], and so we will use our results here to set the
individual cell parameters for a vertex model of epiboly (see section 2).

Modified Maxwell model

To account for these observations, we introduce a simple model for a stressed viscoelastic tissue,
namely a Maxwell model with additional internal tension, coupled with friction on a substrate (Fig-
ure S1D). Let ¢ be the length of the material, which we identify with the height of the aspirated tissue
in the pipette experiment. We write the constitutive equations

Cl=—k(l—4Ly) —TO() + Fext, > overdamped harmonic oscillator (S.1a)

: 1
by = ;(E — ), > rest length relaxation (S.1b)

where ( is the substrate friction coefficient, k is the elastic constant of the tissue, 7 its internal relaxation
time of the tissue, T is the internal tension in the tissue, © is the Heavisde function introduced to avoid
unphysical ¢ < 0, and Foy the external applied force from the pipette. These lead to the following
equation of motion for length ¢
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Figure S1: (A) Height of the aspirated tissue as function of time in a normal tissue with the corresponding
(B) keratin expression level in arbitrary units. (C) Fit of a sample experimental curve to the functional
form equation (S.4). (D) Diagram of the Maxwell model coupled to substrate friction.

Consistent with the pipette experiment, we consider Feyy to be a piecewise constant function. Assuming
that Fex, and/or ©(I) are discontinuous at time ¢, we compute the inital condition to solve (S.2a) at
times ¢’ > t [67]

LT —£(t7) =0, (S.3a)
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and the form of the solution under these assumptions is

— (7. (F(0F) — v + _ Tr(€(0+)—vm) ot/ . a
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provided that £(t > 0) > 0. Note that this form of the solution is identical to Ref. [64] but leads to
different continuity relations, i.e. our model guarantees a continuous height function. Our model allows
for a straightforward parametrisation of the internal elasticity and viscous relaxation through parameters
k and 7, and the substrate dissipation through parameter ¢, thus simplifying the link to the vertex model
of section 2. We provide an mapping between the parameters of the two models in equations (S.6).

We now have four parameters ((, k, 7, and T') which could have time-dependent values because of the
internal effect of increasing levels of keratin. We simplify the fitting problem by assuming that ¢, k, and
T are constant on the timescale corresponding to the pipette experiment, leaving only 7 variable. The
effective relaxation time scale 7. (S.2b) characterises how the velocity responds to the externally applied
force. In the pipette experiment, we expect the effect of keratin to be stronger during the second phase
(release) than during the first phase (aspiration). Therefore, we separately fit both phases to functions
of the form (S.4) and extract the corresponding relaxation time scales 7, and 7, in the first and second
phases respectively (see Figure S1C). Figure S2A shows 7. > 7. by a factor ~ 2. Possible interpretations
may be that the effect of keratin is to decrease the elastic constant k, which is counter-intuitive, or that



it increases the relaxation time scale 7 (i.e. the effective friction coefficient k7). We will consider the
second case. Consequently we formulate these final hypotheses:

1. the relaxation time in the aspiration phase 7. = {7/({ + k7) is related to a first internal relaxation
time T,

2. the velocity before release £(t,....) = T-(F%, — T)/7'¢ is related to a second relaxation time 7.

Taken together these allow us to uniquely infer the parameters of (S.2a) from the the measured relaxation
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Figure S2: (A) Measured time scales 7, and 7/ for the relaxation of the velocities £(t) (Figure S1A)
in the aspiration and release phases respectively, and measured time scale 7 for the relaxation of the
keratin k(t) (Figure S1B). (B) Measured velocities as extracted by linear fits to the height curves £(t)
(Figure S1A) where tyelease 1S the time where the pressure is removed. (C) Computed relaxation time
scales 7 eq. (S.ba) and 7’ (S.5b). (D) Tissue elastic constant k eq. (S.5¢). (E) Substrate friction
coefficient ¢ eq. (S.5d). (F) Internal tissue tension T eq. (S.5e).



time scales and velocities (Figure S2A-B):
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We plot these quantities in Figure S2C-F.

Relation to the viscous drop model

Within the viscous drop model of Refs. [64, 65], the mechanical properties of the tissues are charac-
terised in terms of surface tension -y, which provides the tension which the aspiration force must overcome,
and viscosity 77, which accounts for viscous dissipation at the opening of the pipette. Using our notations,
these can be computed as follows [65]

d A]Dext Lret T

= = —, S.6a
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where we have used the aspiration velocity Lasp = £(trgense) = (Fiag — T)/(C + k7) and the retraction
velocity Lyet = —€(t >> treloase) = T/(C + k7).

Keratin time scale

We expect the keratin concentration to respond to the stress within the cell. At the simplest level,
i.e. without postulating a mechanism, we can extract a characteristic time scale for this response from
the experimental curves, which we obtain by fitting their second part (after release) to an exponentially
decreasing function ¢ — exp(—t/7x ). This time scale 7 is larger than the relaxation time scales 7, and
7] (Figure S2A), consistent with the wider curves in the keratin than in the height plot (Figure S1).

2 Vertex model and feedback

The results of the pipette experiment show that keratin reacts to stress, and that it also affects
the elastic properties of the tissue. Together with the fact that keratin forms a growing network of
filaments within cells during epiboly, we propose the following feedback mechanisms for keratin filament
concentration:

(i) its concentration in a given cell increases with the inner pressure in this cell (mechanical) due to
stress-dependent assembly and disassembly rates,

(ii) in turn the presence of keratin filaments generates a composite material, affecting the viscoelastic
response of the cell by increasing both its stiffness (elasticity) and its relaxation time to external
stress (viscosity); this effect is only considered above a minimum keratin concentration which
translates the fact that keratin must percolate within the cell,

and implement these mechanisms within a vertex model.



Figure S3: A cell in a vertex model.

Model formulation

We introduce a vertex model interaction potential with perimeter and area elasticity [68, 69]

U= Z [;Z(Ai—A?>2+;Fi(Pi—SO A?)Q], (S.7)

cells

where A; and P; are the area and perimeter of cell i respectively (Figure S3), I'; is an elastic constant,
and so = P?/ \//T? is the shape index. We introduce viscous relaxation through the cell-wise relaxation
of the target area A?

Al = (A0 - 4)) (5.8)

while enforcing AY = max(Ag, A?) with a reference area Ay > 0 in order for cells not to disappear.
Mechanism (i), stress-dependent assembly of keratin filaments, is captured generically by the rate
equation
5 K; = amax(0,p;) — K; (S5.9)

where K; and p; are the keratin concentration and the internal pressure (S.12) in cell ¢, and a > 0 is
the sensitivity of keratin to internal pressure. Under constant pressure (p; > 0), the steady state keratin
concentration is

K = ap; (S.10)

which is an increasing function of the pressure p;. We consider initial keratin levels K; = 0 for all cells.
The two-dimensional pressure of cell ¢ which derives from (S.7) is

P2 — % [Z(Ai — A9) A+ T3 (P = 50 A?)Pi] . (S.11)

To be consistent with the three-dimensional nature of the experiment, we introduce a modified three-
dimensional pressure. Since cells spread enormously during epiboly, we introduce the volume V; = A;h;
of the cell which we assume to be constant in time as in experiment, and which we set to an identical
value for all cells, V; = V. Then we write

2D
b 1T
T Voz‘To(Ai — AY) A, (S.12)

pi = P?D =

where we have deliberately omitted the perimeter part of this quantity since the viscous relaxation (S.8)
only depends on the area (other choices lead to unwelcome secondary feedback loops in the vertex model).

Mechanism (ii), the mechanical effect of keratin, is captured by adjusting stiffness and relaxation
according to

I =T (14 Bmax(0, K; — K)), (S.13a)
i =7 (1 + fmax(0, K; — Kin)), (S.13b)

where I' and 7 are the keratin-free elastic constant and relaxation time scale respectively, Ky, is the
threshold in keratin concentration, and 3 characterises the intensity of the keratin effect on the cell
properties. A positive threshold Ki, > 0 is meant to translate the fact that keratin first needs to
percolate through the cell for it to have an effect.



Maxwell model Vertex model

T =24s
- — 067 7=>500s
k=5.4x103kgs 2 I'=5.4x103kgs?
¢ =0.32kgs™! ¢ =0.32kgs™!
T =0.4nN
F = 0.57uN
Fog = 0.57 N YsL i
So — 3.72
Ap = 600 pm?
Vo = 18 x 10° pm?
K= GRS )
T 2.4 x10°kg " s
B =0 (keratin loss-of-function), 5 = 0.005 (wild type)

Table S1: Parameter values of the Maxwell model (Figure S2) and the vertex model.

Matching parameters and epiboly simulation

We finally write the equation of motion for vertex pu

d
CGrp=—5 U+ Fo (S.14)
"

where quu is an external pulling force that expands the tissue, simulating the effect of the YSL. We
define boundary vertices as the ensemble of vertices at the open outer edge of the tissue. In order to
keep the tissue round, we use the following pulling force

Nedges FysL o . .
prull — ) ST ] (€—15p +£uspy1) X €, if pis a boundary vertex, (S.15)
u .

0 otherwise,

where Nedges is the number of boundary vertices, indexed by p in anticlockwise order, with £,_,, =
T, — Ty

We estimate the model parameters (Table S1) as follows: We use the same elastic constant k¥ = T and
friction coeflicient (. We use a relaxation time scale 7 for the vertex model with a value intermediate
between the two time scales 7 and 7 of the Maxwell model. We fix the shape index so = 3.72 so
that the tissue is in a solid state in the absence of viscous relaxation [69]. We estimate the reference
cell area to Ag = 600 pm? and the reference cell height hg = 30 pum so that the reference cell volume
Vo = hoAg = 18 x 103 pm3.

The action of the YSL is simulated through a force ramp from 0 to a value of Fygy, = Fext, consistent
with values for the internal tissue tension T in the pipette model that average just below this value.
We estimate the coefficient o by considering a reference value K ~ 225 (main text Figure 1(c)) and a
reference pressure p ~ Fygr,/Ap, such that using (S.10) we obstain o ~ K5 Ag/Fysy, &~ 2.4 x 10° kg~ !s2.
Note that the keratin concentrations in the pipette experiment cannot be compared to the epiboly
experiments directly due to differences in imaging. Then (8 remains as a free parameter which we can
adjust to match the experimental observations.

We generate initial disordered configurations by applying an active Brownian force FﬁB on all vertices

and an additional boundary tension force FET on boundary vertices to keep the tissue round. We define
the active Brownian force

FAB _ (€080 ) (S.16a)
" sinf,
éu =1/1/7nu, (S.16b)



where 7, a Gaussian white noise with variance (1,,(0)n,(t)) = 0, 6(t), and the boundary tension force

Ly 1 y4 1
FBTZV( pon—l o et ) (S.17)
. |£u%#71| \E;Huﬂl

which only acts on outer boundary vertices. We used the interaction potential (S.7) with parameters
I; =1, AY = 1, s9 = 3.72, the active Brownian force (S.16) with parameters vy = 0.1, 7, = 1, and the
boundary tension force (S.17) with parameter v = 0.3. We perform a first initial run to reach steady state,
then remove the active Brownian force and perform a second run to reach a force equilibrium between
the interaction forces (S.7) and the boundary tension forces (S.17). We use this final configuration to
initialise the simulation With the parameters from Table S1. We rescale the size of the system to minimise
| 2 vertices 1 (Or, U) - (rp— r™)|, where rOM =3 . . Tu/Ny is the position of the centre of mass and
N, the number of vertices. This latter rescaling ensures that the tissue does not initially move unless it
is being pulled.

3 Model tissue cell ablation

We prepare model tissue cell ablation simulations by first generating a disordered configuration of the
vertex model with periodic boundary conditions. To this effect we use the potential energy (S.7) with
parameters I'; = 1, AY = 1, so = 3.81 and the active Brownian force (S.16) with parameters vy = 0.25,
Tp = 1. We perform a first initial run to reach steady state. We then remove the active Brownian force
and rescale the system such that the mean area of the cells is A = 1750 pm?, and set the other parameters
to the values in Table S1. We set the target areas of the cells at AY = A4;/2.02 but keep 7; = oo in (S.8),
and let the system equilibrate to a steady state in keratin intensity. At t = 0 we set 7, = 500s, ablate 6
cells, and apply a boundary force (S.17) around the ablated cells with v = 3 nN.

4 Keratin feedback regulates velocity

To understand the keratin expression dynamics and edge speeds, we turn to simple mean field dy-
namical equations. If we return to the dynamics of a single junction, now as part of epiboly, we have

Cl=—k(l—ly) + FysL, 7y =10—1{o, (S.18)

with keratin dynamics )
Tk K = amax(0,p) — K. (S.19)

The keratin then influences the stiffness and relaxation constants equally through
k=ko(l4 Bmax(0, K — Kp)), 7=70(1+ Bmax(0,K — Ky)). (S.20)

kw and we subsequently

Here, to match the p3P in the vertex model, we write the tissue pressure p =
use the same parameters as in the vertex model.

Figure S4 shows the dynamics of this mean field model. As in the main text, we perform a linear force
ramp over 11 hours for different values of Fygr,, both above and below the expected value of 0.57uN for
a wild-type embryo. Panel B show the keratin dynamics, which is quantitatively close to the full model
and the experiment. Panel C shows the rate of junction expansion £. As in the full model, it quickly rises
proportional to pulling force, and then has a peak when the feedback kicks in when K > Kip,. Junction
expansion rate ¢ can be related to the edge speed through the scaling veqge ~ VNI N/, i.e. multiply by
a factor of 23. Again, the dynamics is quantitatively similar to the full vertex model, though the peak
is sharper. The smoothing is therefore due to the strong heterogeneity in keratin expression in the full
simulation. If we turn off the feedback (/3 = 0), just as in the vertex model, the rate of junction expansion
is larger and increases indefinitely instead (panel D). In summary, the mean field model captures the
essential features of the full vertex model.

We can understand the origin of the feedback regulation in this simplified setting: In epiboly, we
expect pressure to be positive, i.e. a tissue under tension, so we can replace max(0,p) = p. We can then
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Figure S4: Mean-field model dynamics. As in the main text, we perform a linear force ramp for four
values of Fygsr. (A) Reduced variable phase space (AK,u). Simulations with feedback (8 = 0.005)
are shown as dots, together with the nullclines of AK (solid) and of u = £ — £, (dashed). (B) Keratin
dynamics and (C) junction length expansion speed { as a function of time. (D) For the ‘mutant’ model
with no feedback (8 = 0), ¢ is not regulated and increases with Fygy,.

define the new variables AKX = K — Ky, and u = £ — {y, the current deformation from the mechanical
equilibrium value. For AK > 0 we then write

. ko 1 Fygr,
t=—|—(1+BAK)+ ———— | u+ S.21a
¢ PRE) Y T AR ¢ (8.21a)
AK = PR L BAK Y — L (AK + K) (S.21b)
o TK

and the same equation with § = 0 for AKX < 0. We have used £ (¢ — {y) =~ au, where a = O(¢)
is a constant length scale in the model, under the assumption that ¢ is slowly varying. This slight
simplification makes the model tractable.

We are mostly interested in the long-term steady-state evolution set by the fixed points of the dy-
namics, where K = 0 and @ = 0 and so the tissue expands at constant keratin concentration. The fixed
point (and there is only one) is set by the intersections of the nullclines, i.e. the lines where separately
@ =0 (u-nullcline) and K = 0 (K-nullcline). Their equations are given by:

Fysrmo 1+ BAK
¢ 1458014 p5AK)?
AK + Ky,

Uy=0 =

(S.22a)

(S.22b)

for AK > 0 and the same with 8 = 0 for AK < 0. The edge speed is given by £ = @ + {5 = —T(Ki;*),
where the last equality is valid at the fixed point (K*,u*).

Figure S4A shows the simulated dynamics replotted in (AK,u) coordinates. We have added the
nullclines of the keratin dynamics AK (solid lines) and of the junction dynamics u (dashed lines), both



plotted for the end values of the simulations for Fygy, and a. Here the junction nullcline moves up and
left with increasing pulling force. The keratin nullcline depends only slightly on ¢, in contrast.

The following picture emerges: At low pulling forces, i.e. either early in the simulation or if Fygy, is
small, the junction nullcline intersects the keratin nullcline for AK < 0, where it is linearly increasing as
a function of AK. This corresponds to the combined upwards ramp of keratin and junction speed that we
observe at early times, and to a model with no feedback. At higher force, the junction nullcline intersects
the keratin nullcline at AK > 0, where the curve becomes nearly flat. Thus we find the characteristic
dynamics of feedback: Independent of pulling force, we recover approximately the same u* at the fixed
point, while AK™ keeps increasing with pulling force. This translates to reducing ¢ with pulling force as
(= *T(Ki;(*) and 7 increases with AK™.

In contrast, when we turn off feedback (5 = 0), { keeps increasing indefinitely with pulling force, and

one can easily compute that (= Cf;‘,;ﬁ at the fixed point.
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