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Abstract: Intercellular connections are an important pathway
for cell-cell crosstalk. However, their formation mechanism
and functions are far from being understood. The lack of
molecular probes hampers the research in this area. Herein, we
report a kind of intercellular connection that is specifically
recognized by aptamer MI17A2 generated by cell-SELEX
against MCF-7R cells. These connections have different
morphologies, but have the same skeleton composed of F-
actin. The long filamentous connections were identified to be
tunneling nanotubes (TNTs), a recently discovered cell—cell
communication route. These connections could be built not
only between MCF-7R cells, but also from MCF-7R to other
cells after co-culture. Proteins could be transported between
cells through these connections, suggesting their cell commu-
nication function. Aptamer M17A2 shows the potential to act
as a new probe for investigating this kind of intercellular
connection, as well as for studying cell-cell communication.

I ntercellular crosstalk can be defined as the process of
exchanging molecular messages and materials between cells,
and while it plays an important role in maintaining physio-
logical activities, it is also involved in cancer pathogenesis and
invasion." In animals, cell-cell crosstalk is mediated through
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ligand-receptor signaling pathways or secretion/uptake of
exosome-transmitting information across the surrounding
intercellular environment.” Cell—cell crosstalk is also enabled
through the use of intercellular structures, such as synapses,”!
gap junctions,”” filopodial bridges and tunneling nanotubes
(TNTs),””) directly trafficking signaling molecules or organ-
elles between connected cells. TNTs were first observed
between animal cells in 1999, and later were verified as
a novel intercellular communication route, transporting
diverse cellular contents, as well as electrical signals.”! They
are characterized as membrane channels that consist of
filament actin (F-actin), and link two cell cytoplasms over
a distance as long as several cell diameters without contacting
the substratum.”) Due to the lack of protein markers,
morphology and cytoskeletal components are currently the
main criteria for classification and identification of intercel-
lular structures, for example, TNTs.">*® The fundamental
mechanisms underlying the formation and functions of most
intercellular structures remain unclear. Therefore, probes
able to specifically recognize intercellular structures can
provide a better understanding of their formation and
functions.

Aptamers are single-stranded oligonucleotides with high
specificity and affinity to their molecular targets. They are
evolved from a random oligonucleotide library by a repetitive
target binding process known as Systematic Evolution of
Ligands by EXponential enrichment (SELEX).”’ Recently,
cell-SELEX, a SELEX process that uses whole living cells as
targets, has exhibited the ability to generate aptamers able to
bind molecular signatures on the target cells."”! Given the
advantages of aptamers over antibodies, such as flexible
modification, good stability, no immunogenicity, low molec-
ular weight, and easy chemical synthesis,'!! aptamers gener-
ated by cell-SELEX have shown wide utility in cell capture,
detection, and imaging.'" For a specific cell type, such as
cancer cells, cell-surface molecular signatures are far from
being understood. Therefore, cell-SELEX provides the
opportunity to generate aptamers that recognize previously
unknown proteins on the cell surface, in turn leading to the
discovery of new molecular events. Herein, we present a cell-
SELEX-generated aptamer that selectively binds intercellu-
lar connections related to cell-cell crosstalk (Figure 1). To our
knowledge, this is the first report of its kind.

To investigate the molecular events of cancer cell drug
resistance, we performed cell-SELEX using a doxorubicin-
resistant breast cancer cell line (MCF-7R) as target cells and
its parental cell line (MCF-7) for counter-selection (negative).
A detailed description of aptamer selection and generation is
given in the Supporting Information and Figure S1. After
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Figure 1. Intercellular connections that are specifically recognized by
aptameric probe generated by cell-SELEX.

seventeen rounds of selection, four aptamer sequences
(Table S1) were found to bind MCF-7R cells, but not MCF-
7 and other cell lines, including 18 cancer cell lines and
a normal cell line (Figure2a,b; Supporting Information,
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Figure 2. Characterization of aptamer M17A2. a,b) Flow cytometry
assay of M17A2 binding to negative cell MCF-7 (a) and target cell
MCF-7R (b). M17A2 (red lines); ctr sq (blue lines), negative control
sequence. c) Binding curve of M17A2 to MCF-7R. d) Secondary struc-
ture of M17A2. e, f) Confocal images of M17A2 binding MCF-7R cells
at low (e) and high (f) density (20 x objective lens). g) M17A2 binding
MCF-7R cells at high density (100x oil objective lens).

Figures S2 and S3). Among the recovered sequences, aptamer
M17A2 exhibited the strongest binding affinity and could
compete with three other aptamers for MCF-7R binding
(Figure S4), thus warranting further investigation.

Binding assay showed that M17A2 exhibited high affinity
to MCF-7R cells at 4°C and 37°C (Figure 2b and S5). The
equilibrium dissociation constant was measured to be 2.72 £
1.05 nmol L™ at 4°C (Figure 2¢). The secondary structure of
M17A2, as predicted by Nupack,™ showed a hairpin struc-
ture with bulges and attached loop (Figure 2d). Pretreatment
of MCF-7R cells with trypsin or proteinase K caused com-
plete loss of their binding ability to M17A2 (Figure S6),
suggesting that the target of M17A2 is a membrane protein.
In addition, the intact M17A2 was recovered from MCF-7R
cells after incubation with M17A2 for 30 or 60 min at 37°C by
trypsin treatment (Figure S7), suggesting the integrity of the
aptamer binding on cells.

Other aptamers generated by cell-SELEX usually bind to
the periphery of cells, such as previously reported aptamer
sgc8™ bound to the body of MCF-7R cells (Figure S8). In
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contrast, M17A2 was observed to mainly bind structures
connecting cells, based on the distance between cells, some
reaching up to 50 um or longer (Figure 2g, S3, and S8). Flow
cytometry showed that MCF-7R cells stained by dye-labeled
M17A2 have a much broader fluorescence distribution than
those stained by dye-labeled sgc8, suggesting that the amount
of the molecular target of M17A2 on MCF-7R cells varied
greatly (Figure 2b; Supporting Information, Figure S8).
Additionally, the fluorescence intensity of M17A2-bound
MCF-7R cells was found to be positively correlated with the
growth density of cells (Figure 2 e, f; Supporting Information,
Figure S9,S10). Thus, at low cell density, only a few fluores-
cent dots were observed on individual cells, while at high cell
density, many fluorescent regions were found between cells.
These results suggest that M17A2 could be binding connec-
tive, or cell-bridging, structures.

To identify the intercellular connections bound by
M17A2, we used a plasma membrane probe (Fluorescein-
conjugated lectin wheat germ agglutinin (FITC-WGA)) and
rhodamine-labeled M17A2 to dual-stain MCF-7R cells (Fig-
ure 3a; Supporting Information, Figure S11). Interestingly,
M17A2 did not bind with the whole membrane, but rather,
the connective regions between two cells, or long filamentous
structures between separate cells, or across several cells
(Figure S11b). Figure 3b shows a typical ultrafine structure
with a diameter less than 500 nm and length up to 40 pm. The
three-dimensional reconstructed image (Z-stack image)
showed a bridge-like structure extended in intercellular
space without contacting the substrate. The morphological
features of this filamentous structure imply that it may be
a TNT or TNT-like structure. Apart from the morphological
features and functional description noted above, the skeleton
of TNT was previously found to be polymerized by F-actin,
instead of tubulin." Accordingly, an F-actin probe (FITC-
labeled phalloidin) and a tubulin probe (Tubulin Tracker
Red) were, respectively, used to stain MCF-7R cells, together
with dye-labled-M17A2. As shown in Figure 3¢ and 3d, the
aptamer-binding structures were stained by F-actin probe, but
not by the tubulin probe, indicating that these structures are
composed of F-actin. In addition, cytochalasin B (CB) was
reported to selectively block TNT formation by inhibiting the
outgrowth of filopodia, the precursor of TNTs.'®l To make
this determination in the present study, MCF-7R cells were
treated with cytochalasin B overnight, and, as expected,
M17A2 binding decreased sharply (>60% fluorescence
decrease), while sgc8 binding was only slightly affected
(<20% fluorescence decrease; Figure 3e), suggesting that
the inhibition of TNT formation decreased the binding of
M17A2. Taken together, these results suggest that the
intercellular connections selectively recognized by M17A2
are homologous with TNTs. TNTs have been reported to be
formed by MCF-7 cells!!l We also observed TNT-like
structures between MCF-7 cells by staining cells with FITC-
WGA, FITC-phalloidin, and Tubulin Tracker Red (Fig-
ure S12). However, these structures could not be bound by
M17A2, suggesting that structural compositions of TNTs or
TNT-like structures may differ between cell lines.

TNTs or TNT-like structures have been reported as a type
of intercellular communication route that facilitates the
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Figure 3. Characterization of intercellular connections recognized by M17A2. a) Confocal images of MCF-7R cells stained by FITC-WGA (green)
and M17A2 (red); the scale of 2 um measures the diameter of the ultrafine structure. b) Z-stack image of the framed area in (a). c) MCF-7R
stained by tubulin probe (green), M17A2 (red) and nuclear probe (DAPI, blue). d) MCF-7R cells stained by F-actin probe (green) and M17A2
(red). e) The binding of M17A2, sgc8, and ctr sq to MCF-7R cells treated or untreated by CB. Data are represented as mean=+S.E. Error

bars =SEM; *p <0.05; **p < 0.01; **¥p < 0.001; unpaired t-tests.

exchange of both cell-surface molecules and cytoplasmic
content, including organelles, cargo vesicles, and viruses.[*!”]
To demonstrate whether M17A2-binding structures were
structurally linked to cell-cell crosstalk, a model of cell
communication between M17A2-binding and M17A2-non-
binding cells was built. MCF-7R cells were stained with vital
cell tracker Dil (red) and, respectively co-cultured with MCF-
7 or A549T cells (M17A2-non-binding cells) stained with vital
cell tracker CFDA-SE (CFSE, blue). After culturing for at
least 24 h, the cocultured cells were incubated with Cy5-
labled M17A2 (green). Confocal images showed that MCF-7
and A549T cells could not be stained by aptamer M17A2 in
the absence of MCF-7R cells. However, in the co-culture
system, many fluorescent regions stained by aptamer could be
observed between MCF-7R cells (red), MCF-7R and MCF-7/
AS549T (blue) cells, and even between MCF-7 or A549T cells
(Figure 4). Flow cytometry showed that M17A2 binding on
MCEF-7R cells slightly decreased, and it increased on M17A2-
non-binding cells after co-culture, while sgc8 binding on
M17A2-non-binding cells did not change after co-culture
(Figure S13). These results suggest that the intercellular
connections recognized by MI17A2 could be built from
MCEF-7R cells to negative cells, and the molecular target of
M17A2 was transported from MCF-7R cells to negative cells
through these connecting structures.

Multidrug resistance protein 1 (MRP1) and P-glycopro-
tein (P-gp), common molecular pumps in the cell membrane,
usually overexpress in multidrug-resistant cancer cells. As
such, they are extensively studied as transporters in the
context of drug resistance."® There is increasing evidence
suggesting that P-gp could be transported from P-gp-positive
cells to neighboring cells through TNTs, irrespective of
cellular homology. This would result in P-gp-negative cells
acquiring multidrug resistance from a “nongenetic” source.!"’]
Since M17A2 was generated by cell-SELEX using drug-
resistant MCF-7R cells, we further investigated whether
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Figure 4. M17A2 (green) binding on different co-cultured cell lines.
a) A549T; b) MCF-7R; c¢) MCF-7; d) co-cultured MCF-7R and A549T;
e) co-cultured MCF-7R and MCF-7. A549T and MCF-7 cells were
prestained by CFSE (blue). MCF-7R cells were prestained by Dil (red).

MRP1 and P-gp could be transported between cells through
aptamer-binding intercellular connections. Flow cytometry
analysis showed that MRP1 antibody (MRPmS) and P-gp
antibody (UIC2) could bind to MCF-7R cells, but that no
notable competition occurred between M17A2 and either
antibody (Figure S14). Furthermore, some drug-resistant cell
lines that could not bind M17A2 were found to bind either of
the two antibodies (Figure S2 and S15). Confocal images with
low cell density showed both antibodies binding on the cell
surface, but only a very few fluorescent dots from M17A2
were observed on the cell surface (Figure Sa; Supporting
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Figure 5. Binding of M17A2 (green) and MRP1 antibody MRPmS5 (red)
on different cells. a) MCF-7R cells at low density; b) MCF-7R cells at
high density. c) Co-cultured MCF-7R and MCF-7 cells (blue). d) Cocul-
tured MCF-7R and A549T cells (blue). A549T and MCF-7 cells were
prestained by CFSE (blue).

Information, Figure S16b). At high cell density, antibodies
bound on the surface of the cells, as well as the intercellular
connections, while M17A2 mainly bound to the intercellular
connections (Figure Sb; Supporting Information, Figures
S16a and S17). Even on the intercellular connections, the
aptamer-binding area partly overlapped with the antibody-
binding area (Figure S17). These results suggest that neither
MRP1 nor P-gp is the molecular target of M17A2.

Confocal images of the co-culture experiments of MCF-7
or A549T with MCF-7R showed that MRP1 was transported
from MRP1-positive cells (MCF-7R) to MRP1-negative cells
(MCF-7 and A549T) by routes established through inter-
cellular  connections stained by aptamer MI17A2
(Figure 5¢,5d; Supporting Information, Figure S18). Flow
cytometry also showed the decrease of the binding of MRP1
antibody and aptamer on MCF-7R cells, and the increase of
them on MCF-7 cells after co-culture (Figure S19). P-gp was
also observed to be transported from positive cells (MCF-7R)
to negative cells (MCF-7 and A549T; Figures S20 and S21).
These observations suggest that drug-resistance-related pro-
teins could be transported to negative cells through the
intercellular connections recognized by aptamer M17A2.

Unlike other aptamers and antibodies of MRP1 and P-gp
that mainly bound on the surface of living cells, our results
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necting cells. Among them, the long filamentous connections
were identified to be TNTs. Although the morphology of
other intercellular connections bound by M17A2 (much
shorter and thicker than TNT) did not meet the morpho-
logical criteria of TNT, they exhibited the same cytoskeletal
component and functions with TNT. It has been reported that
the TNT lengths can be dynamically regulated as the
connected cells migrate and the distances between them
change, and TNTs break when the intercellular gap becomes
too large.®™?" Therefore, it is reasonable to believe that the
non-TNT connections bound by M17A2 have the same
formation mechanism and functions with TNTs, and TNTSs
may be the stretched form of such connections. M17A2 was
also observed to bind a few punctate regions on the body
surface of cells, even isolated cells (Figure 2e; Supporting
Information, Figures S9b and S11a). These punctate regions
could be the precursors of these intercellular connections,
which will provide clues for the investigation of the formation
mechanism and growth process of these connections. We have
also shown that M17A2-binding structures could be estab-
lished between different cell types and could transport
specific cellular proteins from positive cells to negative cells,
which suggests that these connections may act as an inter-
cellular communication route.

TNTs have been observed in many cell lines,) however
their structures and functions are still quite unknown. Based
on the morphological features and cytoskeletal component,
TNT-like structures were also observed to be formed by
MCF-7 cells (negative cells). However, these structures
between MCF-7 cells were not bound by M17A2 or anti-
bodies against MRP1 or P-gp, suggesting a different compo-
sition and function of TNTs formed by different cell lines. As
mentioned above, TNT may be only a particular morphology
of certain intercellular connections. The morphological fea-
ture is too simple to reveal the molecular signatures and
function of different intercellular connections. The high
selectivity of M17A2 binding to the intercellular connections
between MCF-7R cells suggests that M17A2 could act as
a probe to detect particular molecular signatures of such kind
of intercellular connections and investigate the complex
mechanism of cell-cell crosstalk, as hypothesized in this
work. Further research to elucidate the identity of the
molecular target of M17A2 will provide even more informa-
tion about the molecular mechanism underlying the forma-
tion and functions of these intercellular connections.

In summary, we have successfully generated an aptamer,
M17A2, by the cell-SELEX technique using the drug-
resistant cell line MCF-7R as target cells and its parent cell
line MCF-7 as negative cells. Differing from any previously
reported aptamers, this aptamer specifically binds intercellu-
lar connections related to cell-cell crosstalk. More specifi-
cally, these particular intercellular connections were com-
posed of F-actin, and some of them were further identified as
TNTs or TNT-like structures based on their morphological
features. When we co-cultured MCF-7R cells with other cell
lines that could not form the M17A2-binding structures by
monoculture, these M17A2-binding structures could be
established, not only between MCF-7R cells but also between
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heterologous cells, and the protein target of M17A2 could be
transported from MCF-7R cells to other cell types. Multidrug
resistance proteins were also found to be transported from
drug-resistant MCF-7R cells to drug-sensitive MCF-7 cells
through these intercellular connections. In light of these
findings, aptamer M17A2 could act as a new probe to
investigate cell-cell communication though intercellular con-
nections.
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