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Spatiotemporal Control Over Multicellular Migration Using
Green Light Reversible Cell-Cell Interactions

Brice Nzigou Mombo, Brent M. Bijonowski, Samaneh Rasoulinejad, Marc Mueller, and

Seraphine V. Wegner*

The regulation of cell—cell adhesions in space and time plays a crucial role in
cell biology, especially in the coordination of multicellular behavior. Therefore,
tools that allow for the modulation of cell-cell interactions with high precision
are of great interest to a better understanding of their roles and building tissue-
like structures. Herein, the green light-responsive protein CarH is expressed

cell-cell adhesions leads to the progression
of cancer! and subsequent metastasis.
Additionally, the control of cell-cell inter-
actions is of interest in the field of bottom-
up tissue-engineering, which aims to
assemble cells as the basic unit into func-
tional tissues.”! Precise control in time and

at the plasma membrane of cells as an artificial cell adhesion receptor, so that
upon addition of its cofactor vitamin B, specific cell-cell interactions form

and lead to cell clustering in a concentration-dependent manner. Upon green
light illumination, the CarH based cell—cell interactions disassemble and allow
for their reversion with high spatiotemporal control. Moreover, these artificial
cell—cell interactions impact cell migration, as observed in a wound-healing
assay. When the cells interact with each other in the presence of vitamin B, in
the dark, the cells form on a solid front and migrate collectively; however, under
green light illumination, individual cells migrate randomly out of the monolayer.
Overall, the possibility of precisely controlling cell-cell interactions and regu-
lating multicellular behavior is a potential pathway to gaining more insight into

cell—cell interactions in biological processes.

Cell-cell adhesions are of fundamental importance in coordi-
nating the behavior of cells in a multicellular context including
cell migration, proliferation, and differentiation.!!! These con-
tacts between cells transduce mechanical signals to neighboring
cells and at the same time activate intracellular signaling cas-
cades.”) When and where cellcell adhesions form is critical for
cellular function. For example, the dynamic regulation of cell-
cell interactions is an important parameter during morphogen-
esis and in maintaining tissue integrity, while it also regulates
intercellular communication.®! In contrast, the deregulation of
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space over cell-cell interactions is required
to successfully assemble appropriate mul-
ticellular architectures that resemble the
in vivo structures and to control how cells
work together within a tissue.

In recent years, many tools have been
developed to control the formation and the
disassembly of cell-cell interactions in a
controlled manner and thereby have given
insight into the role of cell-cell adhesions.!®!
For instance, chemical modifications of
the plasma membrane with bioorthog-
onal reactive functional groups” and spe-
cific noncovalent interaction partnerst®l
including complementary DNA strands,”!
biotin-streptavidin,'! and supramolecular
binding partners!"! result in the formation of chemical bonds
between neighboring cells. However, in only a few examples, it is
possible to reverse these cell-cell interactions once formed.™ To
overcome general concerns related to the chemical modification
of the cell membrane (e.g., degradation over time, off-target cell
toxicity), it is possible to regulate the expression and the activity
of genetically encoded native cell-cell adhesion molecules such
as cadherins!™?! or artificial surface receptors.'4»61213] These
adhesions allow cells to not only just be brought together but in
some cases also to transduce intracellular signals.lt¢124

Photoregulation of cell-cell adhesions provides high spati-
otemporal control, since light, as a stimulus, can be focused on
the desired area and delivered at any given time. Using pho-
tocleavable nitrobenzyl™ and switchable azobenzyl™ chemical
linkers, it has been shown possible to control cell-cell inter-
actions with UV light.""1>16 More recently, optogenetic tools
for the regulation of cell—cell interactions with visible light
have improved the biocompatibility,**¢] while also making it
possible to dynamically and reversibly control cell-cell inter-
actions between multiple cell types.[3>¢1217] In these reports,
photoswitchable proteins were expressed on the cell's plasma
membrane as artificial adhesion molecules, which induced
cell—cell interactions through the light-dependent dimerization
of these proteins./®) Depending on the photoswitchable proteins
employed cell—cell adhesions between the same or different
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types of cells were activated by either blue or red light and deac-
tivated with different dynamics once the illumination was sto
pped.[6B34] Photocontrol of cell-cell adhesions has allowed
the programmed assembly of multicellular structures,®16P]
inducing interactions between T-cells and cancer cells for
cancer immunotherapy® and investigating mechanical cou-
pling across cell-cell junctions.l®

In this study, we developed a novel biosynthetic cell-cell
adhesion which forms in the presence of AdoB;, (adenosyl-
cobalamin, a form of vitamin By,) and dissociates upon green
light illumination using the protein CarH as an artificial cell-
cell adhesion receptor. These green light cleavable cell-cell
adhesions complement the existing repertoire of blue and red
light switchable optogenetic cell-cell adhesions in terms of
the illumination to which they respond. Unlike the previous
examples,l®! green light illumination dissociates cell-cell adhe-
sions rather than initiating association and induces irrevers-
ible changes to the cell-cell interactions with illumination
such that existing cell-cell adhesions are retained even when
illumination is stopped. Moreover, we demonstrated how these
light-responsive artificial cell-cell adhesions alter collective cell
behavior as observed in cell migration and provide spatiotem-
poral control over cell-cell adhesions.

In this study, we employed the green light-responsive protein
CarH as an adhesion molecule to mediate cell-cell adhesions.
The cobalamin binding domain of CarH derived from Thermus
thermophilus is a monomer in the absence of its cofactor,
AdoBy,, but forms a tetramer (a dimer of dimers) upon binding
to AdoBj,. Exposure to blue or green light causes a ligand
exchange at the AdoB,, center in CarH, leading to a global con-
formational change in the protein and the disassembly of the
CarH tetramer.3>1618] The light responsiveness of CarH has
previously been used for the optogenetic regulation of receptor
signaling,l”! gene expression in cells,"”l as well as in mate-
rial science to regulate mechanical properties and protein/cell
release from hydrogels.'3#2% [t should be noted that these pre-
vious reports of CarH document that AdoBy,, green light illu-
mination, and the CarH protein are highly biocompatible. In
our design, we hypothesized that cells expressing the protein
CarH on the plasma membrane will form cell-cell interactions
in the presence of AdoBy, as CarH tetramers assemble and that
these interactions will be cleaved upon green light illumination,
as the CarH tetramer photolyzes into its monomers (Figure 1a).

In this study, we expressed the cobalamin binding domain
of CarH, referred to as CarH in the manuscript, on the plasma
membrane by fusing it to a transmembrane anchoring domain
(the C-terminal transmembrane anchoring domain of platelet-
derived growth factor receptor) and an N-terminal secretion
signal in the pDisplay vector (Figure S1, Supporting Informa-
tion). It should be noted that the CarH expressed on the cell
surface cannot link to the cytoskeleton as it does not contain
the required intracellular domain. We transfected this construct
into MDA-MB-231 cells, which do not form strong native cell-
cell adhesions!®®> and established a stable cell line, CarH-
MDA, which expresses CarH on the plasma membrane. A
single clone with high CarH expression was selected by flow
cytometry (Figure S2, Supporting Information), and the protein
expression was confirmed by confocal microscopy and quantita-
tive flow cytometry measurements. Quantitative measurements

Adv. Biology 2021, 5, 2000199 2000199 (2 of 6)

www.advanced-bio.com

b) AdoB,,
|
s
(=]
=
=
£
o
)
c)

- Dark

<~60000 [ Green light e

0.5 1 2
AdoB,, [uM]

Figure 1. Green light responsive cell—cell interactions using CarH in the
presence of AdoBy,. a) Schematic representation (upper line) and bright
field microscopy images (lower line) of CarH-MDA cells, which express
the green light responsive protein CarH at their plasma membrane. The
CarH-MDA cells form cell-cell interactions in the dark in the presence
of AdoB,, (shown as orange circles, 5 M) due to the multimerization of
CarH. Under green light, the CarH dissociates into its monomers leading
to the disassembly of the cell-cell interactions. Scale bars are 25 um.
b) Bright field images of CarH-MDA cells (5 x 10* cells mL™) in suspen-
sion in the dark and under green light in the presence of different concen-
trations of AdoB;, incubated for 60 min at 30 rpm. Scale bars are 50 um.
¢) Quantification of cell clustering in the dark and under green light in the
presence of AdoB,. All objects >5000 im? were defined as cell clusters, a
total sample area of 2.56 cm? was analyzed for each sample. Experiments
were performed in biological duplicates with three technical replicates
(n=6). The error bars are the standard error of the mean, statistical sig-
nificance was evaluated with unpaired Student’s t-tests (two-tailed) and
represented by p-values <0.05 (*), <0.01 (**), <0.001 (***).

showed =1 x 10* CarH photoreceptors per cell (Table S2, Sup-
porting Information).

Next, we aimed to determine whether the CarH proteins
can form intercellular linkages in the presence of AdoB,, in
the dark and whether these connections could be disassem-
bled under green light illumination (Figure 1a). Indeed, when
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we cultured CarH-MDA cells in suspension in the presence of
5 pM AdoB; in the dark, large multicellular clusters formed,
but if the same cells were kept under green light illumination,
only small, dispersed clusters were observable.

CarH requires its cofactor AdoB,, to form a tetramer, and
consequently, the number of active CarH proteins that can
mediate cell-cell adhesion on the cell surface can be controlled
through the AdoB;, concentration in the media. To assess the
role AdoBy, plays in initiating CarH-MDA clustering, we incu-
bated CarH-MDA cells in suspension, in the dark and under
green light illumination (550 nm), for 1 h with different con-
centrations of AdoBj, (0.5-10 pm) (Figure 1b). Quantification
of the clustering using bright field microscopy (objects with
a projected 2D area > 5000 um? were defined as clusters),[%*b]
revealed that cells clustered significantly in the dark starting
at concentrations of 1 um AdoB;, (23084 um?) and resulted in
significantly smaller clusters (17065 pum?) under green light
illumination (Figure 1b,c, Figure S3, Supporting Information).
Furthermore, there was a significant difference in the cell clus-
tering depending on the concentration of cofactor used, with
the projected area of the cell clusters in the dark doubling as
the AdoB;, concentration increased from 1 um (23084 pum?)
to 10 um (56105 pum?). In parallel, the background clustering
under green light increased as well with increasing AdoB;,
concentrations respectively from 1 pum (17065 um?) to 10 um
(33905 um?). On average, the projected cluster areas were 1.6-
fold larger in the dark than under green light over the concen-
tration range tested. At 0.5 um AdoBy,, the difference between
dark and green light was not significant, presumably due
to insufficient loading of CarH with its cofactor. The herein
observed concentration dependence is in agreement with the
reported dissociation constant (Kp) of 250 nM between AdoB;,
and CarH, as determined by isothermal titration calorimetry.'8]
The results here showed that the majority of the surface-dis-
played CarH proteins have to be bound to the cofactor AdoB;,
for cell-cell adhesions to form.

Interestingly, the survival of cells in culture conditions
requires only pMm concentrations of vitamin By,, while tra-
ditional cell culture media is supplemented with between
0 and 74 pm vitamin B;,. Many common cell culture media,
including the herein used DMEM medium, do not contain
exogenous vitamin Bj,, and the addition of different con-
centrations of AdoB;, allows for the modulation of CarH
dependent cell-cell adhesions. While cell clustering was,
as expected, less under green light than in the dark; we still
observed an increase in the cell clustering under green light
with increasing AdoB,, concentrations. This finding illustrates
that the formation/reformation of the CarH tetramers is faster
than its dissociation even under green light illumination and
could be explained in a few ways. For example, while the light-
triggered ligand exchange at the AdoB;, cofactor is known to
be very fast (seconds), the disassembly of the CarH tetramer
might be slower at the cell-cell contact sites due to high local
concentrations of remaining CarH or excess AdoB;,, which
might exchange with photolyzed AdoB;, at which point it
binds to CarH and reforms new CarH tetramers. Indeed, the
reversion experiments shown below confirmed that the rever-
sion of the cell-cell adhesions takes longer than 60 min of
green light illumination.
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Figure 2. Time-dependent cell aggregation of CarH-MDA cells in the
presence of 10 um AdoBy,. a) Bright field images of CarH-MDA cells in
suspension (5 x 10* cells mL™) in the presence of 10 um AdoB;, at dif-
ferent time points in the dark and under green light at 30 rpm. Scale bars
are 50 pm. b) Quantification of the cell aggregation over time. Experi-
ments were performed in biological duplicates with three technical repli-
cates (n=6). The error bars are the standard error of the mean, statistical
significance was evaluated with unpaired Student’s t-tests (two-tailed)
and represented by p-values <0.05 (*), <0.01 (**), <0.001 (***).

Next, we evaluated the timeline for the assembly of multi-
cellular clusters from CarH-MDA. For this purpose, we com-
pared the size of clusters in the dark and under green light at
different time points up to 180 min in the presence of 10 um
AdoBy, (Figure 2). This concentration was chosen to ensure that
most of the CarH proteins are loaded with the cofactor. At each
time point, green light illumination resulted in significantly
lower cell clustering than in the dark leading to a difference
of 1.3-fold after 30 min and 2.0-fold after 180 min between the
cluster area in the dark and green light. We also observed rapid
cell clustering within the first 60 min for both dark and green
illumination; however, afterward, the clusters only increased in
size in the dark but not significantly under green light illumi-
nation. This is in line with the observation that the reversion
of the cell-cell contacts presented below takes place only after

© 2021 The Authors. Advanced Biology published by Wiley-VCH GmbH
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Figure 3. Reversibility of the cell-cell interactions under green light.
a) Bright field images of CarH-MDA cells in suspension (5 x 10* cells mL™)
in the presence of 1 or 10 um AdoB;, were kept in the dark for 60 min,
before exposure to green light for up to 180 min. Scale bars are 50 pum.
b) Quantification of the cell aggregation over time, where CarH cell—cell
interactions formed between CarH-MDA cells were reversed under green
light. Experiments were performed in biological duplicates with three tech-
nical replicates (n = 6). The error bars are the standard error of the mean,
statistical significance was evaluated with unpaired Student’s t-tests (two-
tailed) and represented by p-values ns>0.05, <0.05 (*), <0.01 (**).

60 min under green light. A similar time-dependent analysis
at low AdoB,, concentrations (1 um) showed that not only was
the formed clusters smaller but also that clustering took longer
(Figure S4, Supporting Information). The slower assembly of
clusters at lower AdoB;, concentrations is expected as fewer
adhesion molecules at the cell surface are activated.

The reversibility of cell-cell interactions is an important
aspect in multicellular structures, for instance, in cellular
homing and tissue homeostasis.’!l To demonstrate that the
cell—cell interactions in the CarH-MDA cells can be reversed at
the desired point in time, we preincubated cells with different
concentrations of AdoB;, for 60 min in the dark and subse-
quently exposed them to increasing durations of green light up
to 180 min (Figure 3a,b, Figure S5, Supporting Information).
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Both at low (1 pm) and high (10 um) AdoB,, concentrations,
clusters continued to grow over the first 60 min following
green light exposure before undergoing a reduction in cluster
area (Figure 3a,b). After 120 min of green light illumination,
the average cluster size decreased to the level observed for the
negative control, which demonstrates the full reversion of the
CarH based on the cell-cell adhesions. This slow reversion of
the CarH mediated cell-cell interactions contrasts with the
fast photoreaction of CarH at the molecular level. Additionally,
it illustrates that the rate-limiting step is not the light response
of the CarH protein, but another step, such as the separation
of the cells. Similar trends of slower disassembly of the multi-
cellular aggregates compared to the molecular reversion have
been observed in other reports using photoswitchable proteins
as artificial adhesion receptors.°® Moreover, as discussed
above the multivalent protein—protein interactions between
the cells and the exchange of the photolyzed AdoB;, cofactor
could be another reason for the continued clustering during
the initial phase of green light illumination followed by the
slow reversion of the cell-cell adhesions. The penetration of
green light into the cluster is unlikely to be the limiting factor
as the penetration depth of green light into human skin is
reported to be 2.5 mm,/??l which is larger than the clusters
formed herein.

Cell—cell adhesions are an important mechanism in coor-
dinating multicellular behavior, one of the prime examples of
which is collective cell migration.?)l During cellular migra-
tion, both mechanical and biochemical signals are transduced
through cell-cell adhesions, which leads to enhanced coordina-
tion of cellular movement. In contrast, cells that lack canonical
cell—cell adhesion molecules (e.g., cadherins), such as the herein
used parent cell line MDA-MB-231, migrate independently from
each other.™ To evaluate if the artificial CarH based cell—cell
interactions are sufficient to coordinate the migration of cells,
which would normally migrate individually, we investigated
the migration rate utilizing a wound-healing assay (Figure 4a).
For this purpose, a confluent layer of CarH-MDA cells was
wounded, and the migration rate of the wound edge was quanti-
fied in the dark and under green light in the presence (5 um)
or absence of AdoBy, (Figure 4b). We observed that in the pres-
ence of both AdoB;, in the dark, where the CarH based cell-
cell interactions form, the cells formed a stable and coordinated
front and migrated as a group forward. However, under green
light illumination, individual cells were observed to migrate
randomly into the open space out of the monolayer and the
leading edge fragmented over time. Moreover, the wound front
closed significantly faster in the dark than under green light.
We observed a migration rate of 2.62 and 1.75 nm s in the dark
and under green light, respectively (Figure 4c). It should also be
noted that unlike native cell-cell adhesions, which directly con-
nect to the intracellular signaling via the actomyosin network,
this is not the case for the CarH based artificial cell-cell interac-
tions. Thus, physically connecting cells seems to be sufficient
for cells to move together and even coordinate their movement
resulting in a higher migration rate. Furthermore, this example
showcases that these artificial cell-cell adhesions can be specifi-
cally activated, and underlie the construction of an important
controllable model for coordinated tumor migration, metas-
tasis, and general wound-healing.
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Figure 4. Cell migration of CarH-MDA cells. a) Schematic representation
of CarH-MDA cells migrating into open space in the dark as a monolayer
or under green light as individual cells. b) Bright field images of CarH-
MDA cells migrating in a wound-healing assay in the presence (5 um) or
absence (Ctrl.) of AdoB,;, over 16 h. c¢) Quantification of migration rate of
CarH-MDA cells for the conditions described in (b). d) Bright field images
and quantification of CarH-MDA cells in the wound-healing assay where
half of the field of view was illuminated with green light and the other side
was kept in the dark. Scale bars in (b) and (d) are 100 um. Experiments
were performed in biological duplicate along with two technical replicates
for each set (n = 4), the error bars are the standard error of the mean,
statistical significance was evaluated using the one-way-ANOVA test and
represented by p-values <0.05 (¥), <0.01 (**).

Spatiotemporal photoregulation of cell-cell interactions
allows for the side-by-side comparison of cellular migration
of cells that are connected through the CarH adhesions and
those that are not. For this purpose, we repeated the migration
assay this time only illuminating half of the field of view with
green light and keeping the other half in the dark (Figure 4d;
Figure S6a and Movie S1, Supporting Information). The cell
front of the wound in the unilluminated area migrated faster
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(2.05 nm s7Y) than in the illuminated area (0.95 nm s™). As a
result, we observed that after 16 h, the CarH-MDA activated
cells closed the wound more rapidly than the cells found in the
illuminated portion of the sample. The analysis of individual
cell trajectories at the wound edge and within the monolayer
(Figure S6, Supporting Information) further corroborated these
results. Both cells within the monolayer and at the wound
edge migrated in a mostly linear fashion toward the wound
in the dark (Figure S6b,d, Supporting Information); how-
ever migrated individually and randomly under green light
(Figure S6¢,e, Supporting Information). As a result, cells in the
dark migrated further in the same amount of time than their
counterparts in the green light. Thus, the linkage between
cells CarH-MDA caused them to move together thereby coor-
dinating their migration. Under green light, the cells migrated
individually and randomly as a result of these connections
being depleted. Garrod et al. showed a similar observation with
the authors reporting that disruption of cellular adhesions such
as desmosomes leads to decreased epidermal organization and
wound healing rate.*

In summary, the herein established surface expression of
CarH at the plasma membrane enables the optogenetic regula-
tion of cell—cell interactions. In particular, stable cell-cell inter-
actions form in the presence of AdoB,,, which can be fully disso-
ciated upon green light illumination. Notably, the extent of cell-
cell interactions depends on the concentration of the cofactor
AdoB;, thus allowing for the tuning of multicellular clusters.
Unlike previous optogenetic cell-cell interactions, which form
upon blue or red light illumination and reverse in the dark, 6
the CarH based interactions irreversibly disassemble upon illu-
mination and are stable in the dark. Thus, CarH based cell—cell
interactions do not require constant illumination, and once the
desired cell-cell interactions are established, they are main-
tained until disrupted with green light illumination. This fea-
ture is particularly important in the context of bottom-up tissue
engineering, where the CarH based cell-cell interactions would
allow for the maintenance of multicellular tissue-like structures
in the absence of light. Moreover, herein we have demonstrated
for the first time that artificial cell-cell adhesions can estab-
lish collective cellular migration in cells that would otherwise
migrate individually. Most interestingly, we have shown that
the physical contact between cells, without a direct link to the
intracellular signaling, is sufficient for this coordinated action
which leads to faster cellular migration. Overall, we believe that
the herein established CarH based artificial cell-cell adhesions
are a great tool for investigating the role of cell-cell adhesions
in biology and the assembly of precise multicellular structures.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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