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Abstract

The cell-microenvironment interaction is critical for cells to perceive environmental cues and co-
ordinate signaling cascades to regulate physiological functions. Herein, a soft-lithography
technique, micropattern via micromolding in capillaries (MIMIC), is explored to create cell-
adhesive micropatterns on glass coverslips. Genetically encoded Src and RhoA fluorescence
resonance energy transfer (FRET) biosensors are used to monitor the Src and RhoA activities in
nonpatterned cells (stochastically migrating cells, SMCs) and those constrained to grow on
micropatterned surfaces (restrictedly migrating cells, RMCs). The results reveal that epidermal
growth factor (EGF) induces a decrease of RhoA and an increase of Src activities with biphasic
time courses in RMCs. In contrast, the time courses of such activities in SMCs upon EGF
stimulation are relatively monophasic. The inhibition of Src activity, actin network, or myosin
machinery abolishes the biphasic RhoA response upon EGF stimulation in RMCs. The results
indicate that this microenvironment effect on the biphasic RhoA activation in RMCs is mediated
by Src and actomyosin machinery. Through the integration of FRET and micropatterning

**Rho small GTPases, member A; Src: a family member of proto-oncogenic tyrosine kinases; FRET: fluorescence resonance energy
transfer.
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technologies, it is demonstrated that the microenvironment impacts significantly on cell shapes
and subsequently the spatiotemporal signaling network of RhoA and Src in living cells. The
results help to advance mechanistic understanding of how cells perceive and interpret
microenvironments to co-ordinate intracellular molecular signals and ultimately physiological
responses.
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1. Introduction

The cell-environment interaction is critical for cells to perceive the surrounding
environment and control appropriate physiological functions. In particular, it is increasingly
clear that cells are living in an environment full of microenvironments, which play a critical
role in driving normal tissue development as well as tumor initiation and progression.[!]
Microenvironments include the surrounding microstructures and their associated
extracellular matrix (ECM), soluble factors, and neighboring cells.[2] The interaction
between cells and their microenvironments can regulate cellular behavior and functions
through a cascade of signaling events.[34] Innovative technologies have brought tremendous
advancement in the development of biomaterials with elegant micro/nanostructures and
properties.[>-8] However, there is a lack of understanding of the molecular mechanisms by
which microenvironment controls cell shapes and subsequently signaling molecules at
subcellular levels in living cells.

Soft lithography techniques using patterned polydimethylsiloxane (PDMS) molds and
poly(vinyl alcohol) have provided powerful tools for creating micropatterns and studying
their effects on cellular functions.[®-12] Therefore, microenvironmental cues can be
manipulated in a spatially controlled manner, thus allowing precise control of both cell-
ECM and cell—cell adhesions.[!3] In notable prior work, Chen et al. demonstrated that the
decreased cell adhesive area can suppress cell growth and induce cell apoptosis.l4] In
addition, Lin and Helmkel! have shown that the micropatterned structure can affect the
morphological changes in response to shear stress in vascular endothelial cells. Nelson and
Chenl16] designed a bowtie-shaped pattern on glass surfaces coated with fibronectin (Fn) to
guide cells to form pairs. Cell—cell contacts in this case were simplified to junctions between
only two neighboring cells with specific shapes. Under these well-controlled and adhesion-
mediated environments, the results showed that cell proliferation can be positively regulated
by cell—cell contacts.[16]

Traditional biochemical techniques have provided a tremendous amount of information on
how signaling molecules interact inside cells to regulate cellular functions. It is generally
necessary in these assays, however, to Kill the cells and cause various levels of damage due
to the fixation or lysis procedures, which may result in the alteration or loss of information.
Biosensors based on fluorescence resonance energy transfer (FRET) provide a powerful tool
to visualize and quantify the spatiotemporal molecular activities in living cells and study the
cellular responses to the mechanical and material properties of the surrounding
environment.[17-19] For example, an Src FRET biosensor (Src: a family member of proto-
oncogenic tyrosine kinases) consisting of an SH2 domain and a specific substrate peptide
concatenated between a cyan fluorescent protein (CFP) and a yellow fluorescent protein
(YFP) has allowed the visualization of Src activation upon mechanical stimulation.[18.20] A
synthetic oligopeptide with a FRET capability was successfully designed to monitor the cell
traction force and mechanical stiffness of the substrate where cells are seeded.[?X] FRET has
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also been applied to measure the RhoA (Ras homologue gene family, member A) activities
at cell edges on top of micropatterned inert surfaces.[22] However, there is a lack of study on
the effect of microenvironment on the cell shape and subsequently the molecular hierarchy
and signaling cascades inside living cells.

Src and RhoA have been shown to play crucial roles for different cells to perceive the
extracellular environment, including microenvironment,[231 ECM proteins,[24] and
mechanical stiffness.[2%] Besides the Src FRET biosensors developed in our
laboratory,[18:201 FRET-based RhoA biosensors have also been developed to visualize the
spatiotem-poral dynamics of RhoA activities in living cells.[26:27] Matsuda's research group
developed a RhoA biosensor (Raichu-RhoA-1737x) which contains sequentially CFP, RhoA
(amino acid 1-189), a flexible linker, the RhoA-binding domain (RBD) from its substrate
molecule PKN, and Venus (a YFP variant).[27] The activation of RhoA can induce
intramolecular binding between RhoA and the RBD, which leads to a change of distance/
orientation between the CFP and Venus, and enhances FRET signals.[27-31] Another FRET
RhoA biosensor was independently developed by Hahn's group, which contained
sequentially a full-length RhoA, CFP, a flexible linker, YFP, and the RBD of rhotekin.[2¢]
This biosensor has also been successfully applied to the study of various cellular functions,
including migration and polarity during chemotaxis.[26:32:33]

In this work, we explored a soft lithography technique, micropattern via micromolding in
capillaries (MIMIC), to pattern the cell-adhesive protein Fn and cell-repulsive component
Pluronic 127 into defined geometries on silanized glass coverslips. In combination with
genetically encoded FRET biosensors, this technique allows the investigation of the effect of
microenvironment on signal transduction in living cells. As such, we monitored the
activities of Src and RhoA in nonpatterned HeLa cells (stochastically migrating cells,
SMCs) and those constrained to grow on micropatterned surfaces (restrictedly migrating
cells, RMCs). Our results revealed that the basal levelofRhoA activity is higher and that of
Src activity is lower in RMCs on Fn-coated strips (10mm in width) as compared to SMCs.
Interestingly, epidermal growth factor (EGF) induced a different response of RhoA and Src
in RMCs compared to that in SMCs. Further results indicate that the effect of
microenvironment on RhoA is mediated by Src and the actomyosin machinery. Therefore,
microenviron-ments can significantly affect the spatiotemporal activation patterns of RhoA
and Sr[c3 i]n living cells, possibly through the regulation of cell shapes and intracellular
stress.[34

and Discussion

Fn is an ECM protein to which HeLa cells attach preferentially over hydrophobic
surfaces.[35] Pluronic 127 is a nontoxic triblock copolymer (polyethylene glycol-polypro-
pylene glycol-polyethylene glycol), which can protect the surface from Fn adsorption and
cell adhesion.[3¢] In this work, Fn and Pluronic 127 were combined to create adhesive and
repulsive regions for cell cultures on the glass surface, respectively.[37]

To create patterned microenvironments on the silanized glass, we applied the MIMIC and
channel-outgas techniques (Figure 1A). The PDMS mold was first spontaneously sealed on
the silanized/oxidized glass to form a network of empty channels.[38] Fn solution was then
applied to the inlet of the channels to fill the space. The channel-outgas technique was
further applied to aspirate the gas inside the channels and allow the atmospheric pressure to
compel the Fn solution to flow through the channels to the outlet.[3%] After the adsorbed Fn
layer was dried, the PDMS mold was removed to allow the incubation of Pluronic 127. As
such, Fn can be patterned as 10-um strips surrounded by Pluronic 127-covered spaces on
glass (Figure 1B). HeLa cells transfected with FRET biosensors were then cultured on the
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Fn/Pluronic-patterned glass to examine the pattern efficacy. The cells adhered exclusively to
the Fn strips and remained in those regions for at least 24h (Figure 1C). The cells transfected
with FRET biosensors were also successfully constrained to grown on these patterns (Figure
1D).

We then examined the effects of the micropatterns on the signaling events in living cells.
FRET biosensors were applied to characterize the spatiotemporal activation of RhoA and
Src in RMCs or SMCs.[1840] As shown in Figure 2A, the RhoA activity in RMCs was
higher at the cell periphery than the perinuclear regions. Interestingly, RhoA activity in
SMCs formed ringlike patterns, which alternated between high and low levels in regions
extending from the cell edge to the nucleus (Figure 2B). While the molecular details of these
ring structures in RhoA activities await further exploration, the outer ring with high RhoA
activity may result from the nascent and dynamic integrin activation at the cell periphery,[41]
whereas the inner ring may represent the relatively high stress occurring at the convergent
zone where retrograde actin flow of the lamella meets the anterograde actin flow of the cell
body.[4243] Despite the same Fn density on patterned and non-patterned surfaces, EGF
clearly induced a biphasic decrease of RhoA activity in RMCs (after an initial decrease, the
RhoA activity bounced back and then decreased again; Figure 2A), whereas the response in
SMCs appeared to be relatively monophasic (the RhoA activity continuously decreased after
stimulation; Figure 2B). Indeed, the RhoA activity in a RMC is higher at 15.4 min than that
at 2.3 or 48.4 min after EGF stimulation (Figure 2A). Statistical analysis further revealed
that the basal level of RhoA activity in RMCs was significantly higher than that in SMCs
(Figure 2C). Averaged and normalized time courses of RhoA activity also indicate that
RMCs caused a biphasic decrease of RhoA, with a significant difference between RMCs and
SMCs occurring around 5 min after EGF stimulation (Figure 2D). These results suggest that
the microenvironment consisting of Fn patterns, possibly through its effect on cell shapes,
markedly altered the RhoA activities before and after EGF stimulation.

Since Src kinase has been shown to downregulate RhoA activity in response to integrin
activation,[44] we tested the hypothesis that Src activity is also manipulated by micro-
patterned Fn surfaces. As shown in Figure 3A, Src activity displayed a biphasic increase in
RMCs when challenged by EGF. In contrast, SMCs had a monophasic activation of Src in
response to EGF (Figure 3B). A lower basal level of Src activity was also observed in RMCs
(Figure 3C). Statistical analysis further confirmed the biphasic increase of Src activity in
RMCs, with a significant difference between RMCs and SMCs occurring at 5min upon EGF
stimulation (Figure 3D). These results suggest that the Fn microenvironment had a counter-
weighting effect on the Src and RhoA activities in response to EGF.

Previous studies suggest that Src activity regulates RhoA via p190RhoGAP.[44] In fact, Src
can phosphorylate and hence activate p190RhoGAP, which can lead to a decrease in the
RhoA activity.[5] Hence, the activation of Src is inversely correlated with that of RhoA.
The counter-weighted responses of RhoA and Src upon EGF stimulation observed in our
study are thus in line with these previous studies. Further experiments revealed that PP1, an
inhibitor of Src family tyrosine kinases, eliminated the EGF-induced biphasic decrease of
RhoA activity in RMCs (Figure 4A). In contrast, the RhoA activity in SMCs was not
significantly affected by PP1 (Figure 4B). These results suggest that the microenvironment
effect on RhoA activity in response to EGF is mediated by src kinase.

Since Src has been well documented to connect integrins and the actin cytoskele-ton,[24]
which are major players regulating RhoA activity,[34] we reasoned that Src may mediate the
micropattern effect on the EGF-regulated RhoA activity via the actin network. Indeed, the
disruption of cytoske-letal actin filaments by cytochalasin D eliminated the biphasic RhoA
response upon EGF stimulation in RMCs (Figure 5A). The modulation of actomyosin
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contractility by the inhibition of myosin light chain kinase (MLCK) with ML-7[4647] or of
myosin 11 with blebbistatinl48] also abolished the biphasic RhoA response upon EGF
stimulation in RMCs (Figure 5B). Consistently, the higher basal level of RhoA activity in
RMCs was inhibited by the treatment with cytochalasin D, ML-7, or blebbistatin (Figure
5C). Given the important roles of actin filaments, MLCK, and myosin in regulating
actomyosin machinery,[49:50] it appears that the micropattern and its subsequent effect on
cell shapes affect the Src activity and actomyosin machinery to regulate the mechanical
tension and RhoA activity. In fact, there is ample evidence indicating that the actomyosin
contractility and mechanical tension play crucial roles in regulating how cells perceive and
interpret chemomechanical microenvironments.[23:2551] Therefore, the micropattern and its
subsequent impact on cell shape/structure may affect intracellular stress.[>2] This altered
intracellular stress may affect the conformational changes or interactions between signaling
molecules to regulate a coordinated distribution of Src and RhoA activity. Indeed, it has
been shown that mechanical tension can directly stretch intracellular molecules and expose
their domains to affect the molecular interaction and cell physiology.[51:53] It remains
unclear, however, as to which molecules are the initial sensing elements in perceiving these
microenvironmental cues and converting them into intracellular biochemical signals. Future
studies are warranted to explore and identify the signaling molecules upstream to Src kinase
that operate as the initial transduction elements.

The biphasic responses of Src and RhoA in RMCs upon EGF stimulation are also intriguing.
Although the detailed molecular mechanism awaits further investigation, a possible scenario
could be as follows. The initial increase of Src and decrease of RhoA in response to EGF are
accompanied by a concomitant cell-body expansion, which quickly reaches the lateral
boundary of the patterned Fn strip. The subsequently forced arrest of cell-body progression
induces the buildup of intracellular tension, which causes the decline of Src activity and the
resurgence of RhoA activity. The cell eventually finds its way to expand along the strip
direction, which releases the tension and leads to the ultimate Src increase and RhoA
decline. This is consistent with the current understanding that RhoA and Src are associated
with the induction and dissipation of the intracellular tension, respectively.[2454] In support
of this note, the inhibition of actomyosin machinery, which diminishes the cellular tension,
abolished the biphasic responses of RhoA in RMCs (Figure 5A,B).

3. Conclusions

In summary, with genetically encoded FRET biosensors, we have successfully visualized the
molecular activities in cells constrained on micropatterned surfaces. Our results revealed
that Src and RhoA activities are differentially regulated in response to EGF in RMCs as
compared to SMCs. Both Src and RhoA displayed biphasic responses in RMCs, but not in
SMCs. Src activity and its related actomyo-sin machinery mediate this microenviron-mental
effect on the biphasic response of RhoA activity. These results suggest that
microenvironment may regulate a coordinated molecular hierarchy of Src and RhoA to
impact on the physiological properties of cells. The information obtained could advance our
mechanistic understanding of how cells perceive and interpret microenvironments to
coordinate intracellular molecular signals and ultimately physiological responses.

4. Experimental Section

Preparation of the molds

PDMS molds were created by casting the prepolymer of PDMS against silicon masters
developed by photolithography. In general, silicon wafers were first cleaned with a piranha
wet etch (H,SO4/H205, volume ratio = 7:3), followed by a deionized water rinse and baking
at 200°C for 5 min to remove the water. The wafers were then spin-coated with a negative
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photoresist SU8 2015 at 3000 rpm for 30 s and then baked at 95°C for 3 min. Photoresist-
coated wafers were exposed to UV light (exposure energy 140 mJ cm&minus2) through
transparent masks for 22 s and subsequently baked at 95°C for 3 min. Exposed wafers were
developed by SU8 developer for 3 min, rinsed, and dried. The silicon masters were rinsed
with 2% sodium dodecyl sulfate solution and blow-dried to aid subsequent release of the
PDMS. Prepolymer of PDMS was poured over the silicon masters and cured at 60°C
overnight. The elastomeric molds with the negative pattern of the silicon masters were
peeled off to prepare for further experimental procedures.

Micropattern via micromolding in capillaries (MIMIC)

Glass coverslips were cleaned with a piranha wet etch (H2S0O4/H202, volume ratio = 7:3)
for 20 min followed by a deionized water rinse and blown dry. Cleaned glass coverslips
were immersed in 2% dimethyldichlorosilane in chlorobenzene for 10s, rinsed with acetone,
ethanol, and deionized water, blow-dried, and oxidized by UV-generated ozone for 1 min.
The PDMS molds were also rinsed thoroughly with acetone, ethanol, and deionized water.
The molds were then dried and placed on the silanized glass coverslips. Inlet and outlet
holes 2 mm in diameter were punched with a dermal biopsy punch. A drop of rhodamine-
labeled Fn solution (40 pg mL-1) was applied to the inlet. The channel-outgas filling
technique was used to apply a vacuum to lead the solution from the inlet, down the channel,
and finally to the outlet. The microfluidic samples were placed at room temperature
overnight to allow the surface deposition of Fn before the PDMS molds were peeled off.
Subsequently, the glass coverslips were assembled with Petri dishes to form glass-bottomed
dishes. Pluronic F127 (0.5%, w/v) in phosphate-buffered saline (PBS) was then applied to
these dishes to cover the glass surface for 1 h before rinsing with PBS (Figure 1).

Cell culture

HeLa cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). The cells were transfected with plasmids using
lipofectamine 2000 (Invitrogen) and starved with 0.5% FBS for 36-48 h. The transfected
cells were then suspended by trypsin-EDTA and seeded on Fn-patterned or nonpatterned
glass-bottomed dishes for 3-6 h before EGF stimulation.

Microscopy, image acquisition, and analysis

Before imaging, the cell culture medium was changed to CO,-independent medium
(Invitrogen) with 0.5% FBS. For detection of FRET, the cells were maintained on the
microscope stage at 37°C. The cells were imaged on a Zeiss Axiovert microscope equipped
with a cooled CCD camera and controlled by MetaFluor 6.2 software. An excitation filter of
420/20 nm, a dichroic mirror of 450 nm, and emission filters of 475/40 nm for ECFP and of
535/25 nm for Venus/Citrine were applied for imaging. A neutral density (typically 1 or 5%)
was used to control the excitation light intensity so that the photobleaching effect was
minimal and undetectable in our system. The time interval for each imaging acquisition was
set to be 60 s. The ratiometric images of Venus/ECFP (for the RhoA biosensor,[27] a kind
gift from Dr. Michiyuki Matsuda at Kyoto University, Japan) or ECFP/Citrine (for the Src
biosensor!18l) were computed and generated by the MetaFluor software to represent the
spatiotemporal FRET signals. Statistical analysis was performed by using a Student's t-test
function of the Excel software (Microsoft) to evaluate the statistical difference between
groups. A significant difference was determined by P value (<0.05).
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Figure 1.

Micropatterning on the silanized glass. A) Schematic drawing of the procedure for MIMIC.
B) Fluorescence image of a pattern of NHS-rhodamine-conjugated Fn on silanized glass. C)
Phase-contrast image (40x) of transfected HeLa cells cultured on the patterned surface for 3
h. D) Emission ratio images (100x) of the RhoA biosensor in transfected HelLa cells cultured
on the patterned surface for 3 h. Scale bars: 40 pm.
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Figure2.

FRET response of the RhoA biosensor in living cells. A,B) Venus/enhanced cyan
fluorescent protein (ECFP) emission ratio images of the RhoA biosensor before and after
EGF (50 ng mL-1) stimulation at various time periods as indicated for A) RMCs or B)
SMCs. C) Averaged bhasal level of Venus/ECFP emission ratio of the RhoA biosensor before
EGF stimulation in RMCs (cell number = 30) and SMCs (cell number=31), as indicated. D)
Time courses of normalized Venus/ECFP emission ratio (mean = standard error of the mean,
SEM) of the RhoA biosensor in RMCs (cell number =9) and SMCs (cell number = 6).The *
represents a statistically significant difference between RMCs and SMCs at the indicated

time point. Scale bars: 40 pm.
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Figure 3.

FRET response of the Src biosensor in living cells. A,B) ECFP/Citrine emission ratio
images of the Src biosensor before and after EGF (50 ng mL-1) stimulation at various time
periods as indicated in A) RMCs or B) SMCs. C) Averaged basal level of the ECFP/Citrine
emission ratio of the Src biosensor before EGF stimulation in RMCs (cell number = 71) and
SMCs (cell number=43). D) Time courses of normalized ECFP/Citrine emission ratio (mean
+SEM) of the Src biosensor in RMCs (cell number=7) and SMCs (cell number=5). The *
represents a statistically significant difference between RMCs and SMCs at the indicated
time point. Scale bars: 40 pm.
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Figure4.

Role of Src in mediating the microenvironmental effect on the FRET response of the RhoA
biosensor. A,B) Time courses of normalized Venus/ECFP emission ratio (mean £ SEM) of
the RhoA biosensor in response to EGF in A) RMCs and B) SMCs pretreated with (“PP1”)
(the cell numbers for RMC and SMC are 4 and 6, respectively) or without PP1 (“Control”)
(the cell numbers for RMC and SMC are 9 and 6, respectively), as indicated.
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Figureb5.

Role of actomyosin in mediating the microenvironmental effect on the FRET response of the
RhoA biosensor. A,B) Time courses of normalized Venus/ECFP emission ratio (mean
+SEM) of the RhoA biosensor in response to EGFin A) RMCsand SMCs pretreated with
(“Cyto D”) (the cell numbers for RMC and SMC are 4 and 6, respectively) or without
cytochalasin D (“Control™) (the cell numbers for RMC and SMC are 9 and 6, respectively),
and in B) RMCs pretreated with ML-7 (“*ML-7"; cell number=5) or blebbistatin (“Bleb”;
cell number=5), as indicated. C) Bar graph representing the averaged basal level of the
Venus/ECFP emission ratio (mean+SEM) of the RhoA biosensor before EGF stimulation in
SMCs (cell number = 31), or in RMCs (cell number = 30) with or without pretreatment by
the inhibitors cytochalasin D (Cyto D), ML-7, or blebbistatin (Bleb). The * represents a
statistically significant difference between the indicated group (the control RMCs without
inhibitor treatment) and all the other groups (SMCs, and the RMCs treated with different
inhibitors).
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