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Abstract

Cell division is accompanied by dramatic changes in shape that ultimately lead to the physical
separation of one cell into two. In 2D microenvironments, cells round up and remain adhered onto
the substrate by thin retraction fibers during division. In contrast, in 3D environments, cells divide
exhibiting long protrusions that guide the orientation of the division axis. However, the mechanism
of cell division in three dimensions still remains poorly understood. Here we report the spontaneous

formation of transient quasiperiodic membrane pearling on extended mitotic protrusions during
3D cell division. Protrusion membrane pearling may be initiated by the non-uniform distribution
of focal adhesions and consequent stationary instability of the protrusive membrane. Overall,

membrane pearling emergence may provide insights into a novel modality of 3D cell division with

potential physiological relevance.

Introduction

Cell division is an essential phenomenon required
for several physiopathological processes, including
morphogenesis and tumor growth. Despite its
unquestionable relevance, it remains widely
unknown how cell division is regulated in three-
dimensional (3D) environments. The importance of
the 3D environment on cell behavior has been widely
recognized (Cukierman et al 2001, Yamada et al 2003,
Hakkinenetal2011).Recentevidences have shown that
3D mammalian cell division follows a mechanism and
dynamics distinctive from their counterparts on two-
dimensional (2D) surfaces (Lesman et al 2014, He et al
2016, Caballero and Samitier 2017). In 2D, numerous
small retraction fibers link the flattened cell to the
substrate and spatially determine the division plane
(Thery et al 2005). As cell division progresses, fibers
retraction promotes cell rounding and subsequently
the separation of two new daughter cells. In contrast,
cells embedded in 3D matrices remain anchored to

the matrix throughout the cell division cycle by a small
number of long and thin protrusions that orient cell
division axis (Lesman etal 2014).

An intricate circuitry of intra and extracellular
signals regulates cell division. A perturbation of this
regulatory mechanism may result in the disruption of
protrusions potentially leading to abnormal cell divi-
sion. Previous studies using planar surfaces showed
that cytoskeleton instability artificially induced by the
depolymerization of the actin cortex via latrunculin A
transformed cell protrusions into a periodic chain of
pearl-like structures interconnected by tubes of about
40nm in diameter (Bar-Ziv et al 1999, Heinrich et al
2014). In this work, we hypothesized that protrusion
transformation (i.e. pearling) could also occur in the
absence of cytoskeleton depolymerizing drugs. This
transformation would spontaneously occur as a conse-
quence of mechanical instabilities generated from cell-
extracellular matrix (ECM) interactions in complex
3D environments. This is of particular interest during
3D cell division, where dividing cells remain anchored
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to the ECM by long and thin protrusions (Lesman et al
2014). To this end, we used a biomimetic 3D model of
the ECM—cell-derived matrices (CDMs)—to moni-
tor and characterize pearling formation and underlie
their mechanistic determinants. We combined exper-
imental and theoretical frameworks to infer that non-
uniform protrusion adhesion to the surrounding 3D
ECM can trigger small-scale perturbations, which
eventually lead to the transient formation of pearls dis-
tributed quasi-periodically along the protrusion axis.
Finally, we hypothesize about the physiological rel-
evance of pearling during 3D cell division, suggesting
that pearling might be involved in important physi-
opathological processes in vivo. Altogether, we report
a new phenomenon of 3D cell division based on the
spontaneous generation of periodic pearling micro-
structures on extended membrane protrusions, which
may provide new insights into the mechanochemical
mechanism of 3D cell division.

Material and methods

Cell culture

NIH3T3 mouse fibroblasts (ATCC No. CRL-1658,
passage number <20) were grown in high-glucose
Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 1% Pen Strep antibiotics
(Invitrogen) and 10% bovine calf serum (Sigma) at
37 °Cand 5% CO,. For cell division experiments, cells
were trypsinized (0.25% Trypsin-EDTA) (Invitrogen),
centrifuged, and seeded on the sample (3D CDM and
2D FN-coated coverslips (CS)) at low density (1-
2 x 10* cells\ml™!). Cell culture medium was replaced
with fresh medium after 20min to remove non-
adherent cells. Cells were authenticated by regular
morphology check by microscope as recommended
by the supplier and by using low-passages for the
experiments. Mycoplasma contamination was
regularly checked by means of commercial kits.

Optical microscopy

Time-lapse cell imaging was performed using an
inverted phase-contrast microscope (Olympus
IX71) equipped with a CCD camera (Hamamatsu),
a 4 X phase contrast air objective (NA 0.25), and
a red filter (Thorslab) to prevent phototoxicity.
An environmental chamber (Okolab) was used to
maintain physiological conditions (37 °C, 5% CO,).
Image acquisition rate was set at 1 image each 5min
for 24h. Immunostained cells were visualized using
a confocal microscopy (Leica TCS SP5 MP System)
equipped witha20 X air objective (NA 0.75). Z-stacks
separated 0.5 ym were collected, z-projected (Maximal
Projection plug-in, Fiji, NIH). Images were pseudo-
coloured using a Fire LUT (Fiji, NIH) for eye guidance.

3D ECM model
Glass CS of about 130 pm in thickness and 25 mm in
diameter (Ted Pella Inc. #1) were first sterilized under
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UV for 5min, activated with O, plasma for 30s, and
incubated with 1% gelatin (Sigma) for 1h at 37 °C.
Next, the gelatin-coated CS were rinsed twice with
sterile PBS 1 x and incubated with 1% glutaraldehyde
(Sigma) for 20 min at room temperature. The samples
were then rinsed twice with PBS 1 x and incubated
with a 1 M glycine (Sigma) PBS 1 X solution for
30 min at room temperature. Next, the CS were rinsed
with PBS 1 x and DMEM (Invitrogen) supplemented
with 10% BCS (Sigma) and 1% Pen Strep (Invitrogen).
Finally, 5 x 10° NIH3T3 (ATCC) ‘sacrificial’
mouse embryonic fibroblasts were seeded on the
functionalized CS to initiate CDM growth. NIH3T3
fibroblasts were kept in culture for 8 d adding every
other day 50 pg-ml~" of ascorbic acid (A.A.) (Sigma)
to favour the generation of collagen. Finally, the
sacrificial fibroblasts were removed using extraction
buffer (20mM NH4OH, 0.5% Triton-X-100 in PBS
1x) (Sigma) to liberate the CDM. The generated
matrices were rinsed twice with PBS 1<, and next, with
complete cell culture medium. For 2D experiments,
glass CS were O, plasma activated for 30s and coated
with a 10 ug-ml™! fibronectin (FN) (Sigma) PBS 1x
solution for 1h at room temperature. The CS were
then rinsed with PBS 1 x twice and storedin PBS 1x at
4 °Cbefore use.

Immunostaining

NIH3T3 cells (ATCC) were fixed with formalin
(Sigma) for 20min at room temperature,
permeabilized with 0.5% Triton (Sigma) for 3 min,
and finally washed twice with PBS 1 x for 5min twice.
Focal adhesions (paxillin) were stained with mouse
anti-paxillin (1:1000) (Thermofisher). Alexa 488 goat
anti-rabbit (1:1000) was used as a secondary antibody
(Abcam). All the incubations were performed at room
temperature for 45min in PBS 1x with 3% bovine
serum albumin.

Image analysis and biophysical characterization
Pearlingformation onextended mitoticprotrusionswas
characterized from the time-lapse movies (Fiji, NIH).
We measured the following biophysical parameters:
(i) average number of extended protrusions per cell;
(ii) percentage of cells with unipolar and bipolar
mitotic protrusions; (iii) percentage of cells displaying
pearling during division; (iv) pearl lifetime (7),
defined as the time during which the pearls appeared
and disappeared; (v) FFT spectrum and pearl spatial
period (A); (vi) pearl diameter (¢); (vii) protrusion
length;  (vili) protrusion width; (ix) pearl
interdistance (I), defined as the distance connecting
two consecutive pearls; and (x) average number of
pearls per protrusion.

Statistical analysis

Unpaired Student’s ¢ test was used for statistical
significance as indicated in the figure legends. Data
are shown as mean =+ standard deviation (S.D.), and
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differences were considered statistically significant
when p < 0.05. The statistical details including the
number of experiments and number of cells are
included in each figure legend. The total number of
cells analyzed were: in 3D CDM, n’PM = 50;in 2D FN,
nf = 50) with at least three independent biological

repeats.
Results and discussion

3D ECM enhances probability of protrusion
formation
Cell-free 3D CDMs were grown on functionalized
glass coverslips (CS) for 8 d in the presence of ascorbic
acid (figure 1(a) and Methods). The matrices displayed
disordered fibrillary structures reminiscent of in
vivo mesenchymal matrices (Caballero et al 2017),
with thicknesses of 10-20 pm. This was sufficient to
visualize cells embedded within the matrix displaying
native-like phenotypes, revealing the 3D nature of the
CDMs, as previously reported (Beacham et al 2001,
Castell6-Cros and Cukierman 2009, Goetz et al 2011).
This was further confirmed by the visualization of the
collagen fibres by second harmonic generation (figure
S1 (stacks.iop.org/PhysBio/16/066009/mmedia) and
Supplementary Methods). These matrices were rich
both in collagen and fibronectin, and with stiffness
values of 2—12 kPa (Goetz et al 2011). For cell division
experiments, NIH3T3 fibroblasts were re-seeded on
both the 3D CDM and on 2D FN-coated CS at low
cell density and allowed to adhere for 12h. On 2D
FN-coated surfaces, cells displayed the conventional
spread—mesenchymal—phenotype with a large
front edge and long tail, whereas cells on 3D CDMs
displayed a more dendritic and spindle-like phenotype
(figure 1(b)). In this case, cells elongated multiple,
thin, and long protrusions along the matrix fibres.
During cell division on 2D surfaces, cells rounded
up retracting protrusions, but maintaining numerous
small retraction fibres, which allowed cells to inter-
act with the substratum (figures 1(c) and S2). After
division, the newly formed cells spread and migrated
towards the direction set by the mitotic spindle (Thery
et al 2005). Distinctively, in 3D CDMs, cells rounded
up while keeping extended the mitotic protrusions
adhered to the CDM all throughout the division pro-
cess (figure 1(d), arrowheads, and movies S1 and S2).
Typically, during 3D cell division, NIH3T3 fibro-
blasts with mainly two extended protrusions were
observed, whereas in 2D this was a rare event (figure
1(e)). However, we also observed a unipolar pheno-
type during 3D cell division (figures 1(d) and (f)).
This phenomenon was not exclusive to the cell used,
as it was also observed in other type of fibroblasts (fig-
ure S3). These protrusions were recently proposed to
guide the orientation of cell division and the migration
of newly daughter cells upon cytokinesis in 3D envi-
ronments (Lesman et al 2014). Frequently, a stringent
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transient rupture of the cell body followed the
extended protrusions after rounding (figure 1(d), bot-
tom). This process was highly stochastic and no spa-
tiotemporal order was observed. This rupture, how-
ever, did not affect the location or morphology of the
extended protrusions, which were strongly tethered on
the matrix. Overall, these results indicate that protru-
sion retraction is not required for cell division in bio-
mimetic 3D microenvironments, where—rounded-
up—cells retain extended protrusions during division
to orient their division plane.

Pearling emerges on late mitotic protrusions

We next asked whether membrane disruption could
also occur along the extended mitotic protrusions.
Indeed, we observed the spontaneous formation of
discrete and periodic ‘pearls’ of uniform size all along
the mitotic protrusions after cell rounding (figure
2(a) and movie S3). We found that the pearls emerged
on late mitotic protrusions. The mitotic pearls were
mainly transient and all of them rapidly re-integrated
(relaxed) into the plasma membrane resulting into
normal (non-pearled) protrusions before completion
of the cell division cycle, i.e. before the physical
separation of cells. We did not observe any mitotic
pearling protrusions breaking up into smaller vesicles.
During this period, the pearls were static and did not
move along the fibre. Interestingly, we also observed
the formation of more stable pearls, which did not
re-integrate rapidly into the protrusion membrane
(figure 2(b) and movie S4). Note also that other cellular
phenomena in 3D, such as cell migration, did not show
any pearling formation.

We found that pearling formation was mainly a
characteristic of 3D cell division, where most of the
cells (~75%) displayed pearling during division (figure
2(c)). In contrast, only a small percentage of cells
(<10%) displayed pearl-like structures during divi-
sion on 2D surfaces. As mentioned above, these pearls
were transient and had an average lifetime duration
7= 14.4 £+ 5.1 min, which was about one third of the
total division duration (50.1 & 15.0 min) (figure 2(d)).

The pearls displayed a periodic arrangement dem-
onstrated by the Fast Fourier Transform (FFT) analy-
sis, with a spatial period A = 7.5 & 3.2 um and a pearl
diameter ¢ = 3.8 + 1.3 um (figures 3(a)—(c)). Strik-
ingly, we found that on bipolar cells, pearls mainly
emerged in one—main—protrusion, with a reduced
number of cells displaying pearls also in the secondary
protrusion. The main and secondary protrusions were
defined as follows: if the dividing cell displayed pearls on
a protrusion, then that was defined as the main protru-
sion,and the secondary protrusion(s) was the one with-
out pearls (figure 3). Interestingly, during this asym-
metric cell division, the length and pearl interdistance
of both the main and secondary protrusion was similar
(figures 3(d), (e)). However, we found a difference in
protrusion width (figure 3(f)). We also observed that
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Figure 1. Cells display different phenotypes during cell division in 2D and 3D environments. (a) Scheme showing the fabrication
procedure of 3D native-like CDM (Gel: Gelatin). (b) Phase-contrast microscopy images of NIH3T3 fibroblasts seeded on (left)
a3D CDM and (right) on a flat FN-coated surface. Scale bars: 100 m. (c) and (d) Time-lapse sequence of an NTH3T3 cell
dividing on a (c) flat FN-coated surface and (d) 3D CDM. In (d), cells maintained extended (upper) bipolar or (lower) unipolar
protrusions throughout the entire cell division process. White arrowheads highlight the extended protrusions during division (see
also movies S1 and S2). Scale bars: 50 im. (e) Quantification of the number of extended—mitotic—protrusions (Protey) for 2D
and 3D conditions. (f) Quantification of the percentage of the number of dividing cells displaying extended unipolar and bipolar
protrusions. Data set: N = 3 independent biological repeats, n = 50 cells per condition. Data: mean =+ S.D. Statistical significance:

P<0.001

[]]
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——
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the width of protrusions from cells dividing without
w/o

pearling (P /., = 4.3 &= 1.4 um) was larger than that
of cells displaying pearls (PM3* = 3.0 & 1.4 ym and
PS¢, = 1.8 £ 0.9 um). This suggests that protrusion
width change between pearls as previously reported
(Heinrich et al 2014). Finally, we investigated whether
the number of pearls depended on the length of mitotic
protrusions. Indeed, we found a good linear correlation
between both parameters (figure 3(g)). We measured
a mean value of 0.09 & 0.05 pearls-um~!. The large
uncertainty (~50%) might be related to the difficulty to
capture (e.g. out-of-plane or protrusion deformations
in z-axis) and measure in a 3D environment the sponta-
neous formation of pearls and the full length of protru-
sions. Finally, we also measured the critical protrusion

length (Pcyitica) above which pearling started to appear,

finding a value of Pcyitica ~ 25 p#m (see figure 3(g)). This
value can be experimentally explained by considering
that the formation of a periodic protrusion with pearls
has an average spatial period of A =7.543.2 um
with a minimum of 2-3 pearls. A protrusion with this
number of pearls must have a length of 20-30 pm,
which provides a phenomenological explanation of
the observed Pcyitical. Taken together, these results show
that protrusion pearling emerges spontaneously on
late mitotic protrusions, and mainly in one—main—
protrusion.

Non-uniform tension promotes protrusion static
instability and pearling formation

The classical understanding of the pearling formation
process arises from studies in 2D surfaces where
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Figure2. Protrusions pearling during 3D cell division. (a) and (b) Time-lapse sequence of an NIH3T3 fibroblast dividing ona 3D
CDM displaying the formation of (a) transient and (b) more stable pearling on extended protrusions (see white arrowheads, and
movies S3 and S4). (NOTE: the difference in appearance with the transient pearls is due to an image artefact.) (c) Quantification
of the percentage of cells showing the formation of pearl-like structures during 2D and 3D cell division. (d) Pearling lifetime. Scale
bars: 50 pm. Data set: N = 3 independent biological repeats, n = 50 cells per condition. Data: mean =+ S.D. Statistical significance:

P<0.001
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Figure 3. Biophysical characterization of protrusion pearling. The top left scheme displays the different biophysical parameters
analyzed. (a) (Upper) Profile of a representative mitotic protrusion (inset image). (Lower) FFT spectrum showing pearl periodicity. (b),
(c) Histograms of (b) pearling period ), and (c) pearl diameter ¢, respectively. (d)—(f) Quantification of protrusion (d) length (Prengn),
(e) pearlinterdistance (I), and (f) protrusion width (Pwidth) (I) for both the main and secondary (Sec.) protrusions. (g) Correlation
between the number of pearls and protrusion length (R = 0.54). Peitical (~25 pm) indicates the value above which pearling started to
appear. Data set: N = 3 independent biological repeats, n = 50 cells per condition. Statistical significance: Student’s ¢-test.

pearling is described as a result of a stationary
instability generated in an actin-based protrusion
upon pharmacological reduction of its rigidity (Bar-
Ziv et al 1999). Even though this previous study was
conducted on 2D surfaces, it is important to note that
a protrusion with pearls is a 3D object. We believe that
a similar mechanism may be responsible for pearling
emergence during 3D cell division, but importantly,
in the absence of pharmacological drugs, and it can

be understood as follows. Considering an elastic
cylindrical tube of a constant cross section radius
R(x) = RO (figure 4(a)), arandom perturbation of the
tube radius with the amplitude dR(x) < R0 emerges at
position x along the tube axis, so that the radius is given
by R(x) = RO 4 dR(x). If the tube is very rigid this
perturbation cannot grow and eventually disappears,
so that the original shape of the tube remains
unchanged. When the flexibility increases, this small
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Figure4. Mechanism of pearling formation. (a) Non-uniform tension resulting from an uneven adhesion between the protrusion
tube and the ECM promotes random small scale perturbations in the actin tube radius R(x) in the form of R(x) = RO + dR(x). This
initial perturbation grows and leads to the formation of a structure described by the shape of a periodic function R(x) = R0 + A

- cos(k - x). The growth of the perturbation continues resulting in a non-linear structure made of pearls separated by cylindrical-
shaped segments. (b) Confocal microscopy image of a dividing NTH3T3 fibroblast stained for paxillin (pseudo-coloured—Fire
LUT—for eye guidance). The image shows the non-uniform distribution of paxillin along the protrusion axis prior to pearling
formation. Right panel shows a magnified image of the highlighted region. White dashed line determines the contour of the cell and

extended protrusion. Scale bar: 50 ym.

perturbation grows and eventually takes the shape
of periodic function dR(x) = A - cos(k - x), where the
amplitude A and the wave number k (inverse of the
wavelength k = 27/L) depend on the tube parameters.
Thus, a new quasi-stable profile R(x) =R0+ A -
cos(k - x) is formed, but the growth of the perturbation
does not stop. Eventually, the radius R(x) of the profile
along the tube axis approaches the characteristic non-
linear shape where nearly spherical pearls are separated
by segments well approximated by the cylinders
(figure 4(a)) (Bar-Ziv and Moses 1994, Heinrich et al
2014). The pearl interdistance in such a model remains
constant and depends on the tube flexibility.

We note that the instability mechanism described
above is a combination of surface tension and local
curvature of the membrane. Similar factors play
important role in the furrow ingression mechanism
discussed in refs. (Zhang and Robinson 2005, Poirier
et al 2012, Robinson et al 2012). It should be under-
lined that this kind of instability is self-organized as
it is initiated by a random radial perturbation. This
means that pearl shape and spacing is not imposed
by any external periodic process or structure but
depends only on the tube parameters. On the other
hand, the initial random perturbation, its position,
or amplitude are affected by external processes, such
as the interaction of the cell with the extracellular
environment. In this regard, we hypothesized that the
initiation of the pearling formation (in the absence
of drugs) may be related to the non-uniformity of
protrusion adhesion to the 3D ECM along the pro-
trusion axis. In consistency with this hypothesis, fig-
ure 4(b) shows NIH3T3 cells with a heterogeneous
distribution of paxillin along the mitotic protrusion.
Such non-uniformity can trigger initial small-scale
perturbations in the tube cross section radius, which
progresses and eventually leads to formation of a
quasi-periodic non-linear pearling structure. This
non-uniform distribution of focal adhesions along

the protrusion can contribute to the initiation of the
pearling formation, but not to the outcome of the
pearling process. Note that other processes that may
contribute to the initiation of the pearling are traction
force fluctuations of focal adhesions (Plotnikov et al
2012, Wu et al 2017). Finally, it should be also noted
that if the tube flexibility changes with time, the pearl
structure may disappear when the flexibility decreases
sharply. This factor can explain the finite lifetime 7 of
pearls. When the division is over and cells separate
physically, the long mitotic protrusions start to shrink.
Then, the number of pearls decreases until they com-
pletely disappear. Therefore, the protrusion length
limits pearling lifetime.

We next investigated whether the pharmacological
inhibition of the Rho-pathway, ROCK and Myosin II
motor could affect pearling formation in 3D cell divi-
sion. Live cell imaging did not show any significant
formation of pearling during division suggesting that
actomyosin contractility is potentially important for
pearling formation as the source of variation in ten-
sion that leads to instabilities.

Finally, it is important to stress that even though
the appearance of pearling is not an exclusive phenom-
enon of 3D cell division, it does require the formation
of elongated cylindrical tubes (i.e. protrusions), that
might undergo pearling. Other cellular processes in
3D are lacking these structures thus eliminating the
possibility of pearling. At this stage, the functional
role of pearling in the mechanism of 3D cell division
is speculative. Even though the formation of pearls is
not a requirement for the cell division in 3D, as cells
can divide even in the absence of pearling, it may have
important implications in fundamental physiopatho-
logical processes, such as embryonic development
or cancer dissemination. Indeed, the appearance of
pearls in more complex tubular systems, such as arter-
ies, renal, or intestinal tubes, is at the origin of many
pathologies (Buechner et al 1999, Peynircioglu and Cil
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2008, Hannezo et al 2012). Future studies including
high resolution image characterization of the molec-
ular players, e.g. F-actin or reticular adhesions (Lock
etal 2018), may be therefore needed to assess its physi-
ological relevance in vivo.

Conclusions

In conclusion, we report a novel 3D-specific
phenomenon during cell division, where NIH3T3
fibroblasts seeded in 3D CDMs undergo division
maintaining extended mitotic protrusions throughout
the entire division cycle and showing the appearance
of transient membrane pearls along these protrusions.
Interestingly, the division is asymmetric with the
appearance of pearling mainly in one—main—of the
mitotic protrusions. The mechanism of membrane
pearling is currently a subject of intense experimental
and theoretical studies (Hannezo et al 2012, Heinrich
et al 2014, Jeler¢i¢ and Gov 2015). In membrane tubes
similar to cellular protrusions, pearling has been
associated to an instability caused by a competition
between curvature and surface tension (Bar-Ziv
and Moses 1994). Here, we describe transient pearls
as a consequence of the development of stationary
instability partially driven by non-uniformity of
the adhesion to the ECM, which triggers small-scale
perturbations that lead to the formation of pearls
distributed quasi-periodically along the protrusion
axis. However, we do not exclude the existence of
intracellular-based mechanisms controlling non-
uniform tension and pearling formation.
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