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SUMMARY

Cancer cell migration through and away from tumors is driven in part by migration along aligned 

extracellular matrix, a process known as contact guidance (CG). To concurrently study the 

influence of architectural and mechanical regulators of CG sensing, we developed a set of CG 

platforms. Using flat and nanotextured substrates with variable architectures and stiffness, we 

show that CG sensing is regulated by substrate stiffness and define a mechanical role for 

microtubules and actomyosin-microtubule interactions during CG sensing. Furthermore, we show 

that Arp2/3-dependent lamellipodia dynamics can compete with aligned protrusions to diminish 

the CG response and define Arp2/3- and Formins-dependent actin architectures that regulate 

microtu-bule-dependent protrusions, which promote the CG response. Thus, our work represents a 

comprehen-sive examination of the physical mechanisms influ-encing CG sensing.

In Brief

Aligned extracellular matrix architectures in tumors direct migration of invasive cancer cells. 

Tabdanov et al. show that the mechanical properties of aligned extracellular matrix environments 
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influence invasive cell behavior and define a mechanical role for microtubules and actomyosin-

microtubule interactions during sensing of contact guidance cues that arise from aligned 

extracellular matrix.

Graphical Abstract

INTRODUCTION

Sensing contact guidance cues and subsequent directed cell migration are essential 

phenomena that govern numerous processes such as morphogenesis (Daley and Yamada, 

2013), immune cell migration (Friedl and Bröcker, 2000), and metastatic dissemination 

(Conklin et al., 2011; Patsialou et al., 2013; Provenzano et al., 2006). However, despite 

progress toward understanding the principles of cell-extracellular matrix (ECM) architecture 

sensing, contradictory paradigms have emerged. For example, actomyosin contractility has 

been reported to be both dispensable or necessary for fibroblast contact guidance (CG) along 

one-dimensional (1D) cues (Doyle et al., 2009, 2012; Guetta-Terrier et al., 2015), while 

carcinoma cell contractility is essential for ECM alignment (Carey et al., 2013; Proven-zano 

et al., 2008), but dispensable for migration through prealigned ECM (Provenzano et al., 

2008). Thus, both cell and ECM mechanics may influence the 1D, 2D, or 3D CG response 

(Carey et al., 2015; Chang et al., 2013; Doyle et al., 2009; Provenzano et al., 2006, 2008; 

Ray et al., 2017). However, surprisingly opposite trends in CG behavior have been reported 

depending on whether traction is modulated intrinsically (by targeting myosin) or 

extrinsically (by changing substrate stiffness) (Nuhn et al., 2018). As such, questions remain 

regarding the influence of effective traction during CG sensing. Therefore, novel platforms 

are needed that allow for concurrent control of both mechanical rigidity and ECM 

architecture across multiple scales to parse out complex CG sensing behavior.

Regulation of CG-directed cell migration has been attributed to lamellipodia along 

protrusive edges, as well as filopodia, pseudopodia, and invadopodia (Albuschies and Vogel, 
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2013; Doyle et al., 2009, 2012; Jacquemet et al., 2015; Teixeira et al., 2003). In sum, 

resultant cell orientation can be attributed to competitive dynamics between multidirectional 

lamellipodia spreading featuring Arp2/3-branched F-actin with circular con-tractile 

transverse arcs and more directed protrusions featuring Formins-driven radially directed 

ventral and dorsal stress fibers (SFs) (Hotulainen and Lappalainen, 2006; Oakes et al., 

2012), suggesting that concurrent counterbalancing cytoskeleton dynamics could regulate 

the robustness of the CG response, consistent with transverse lamellipodia spreading across 

densely arrayed lines that can compete with the directed CG response (Ramirez-San Juan et 

al., 2017; Romsey et al., 2014). A similar interference has also been suggested to influence 

CG along nanogrooves (Lee et al., 2016; Ray et al., 2017; Teixeira et al., 2003). However, 

the mechanisms governing cell conformity to CG topography are poorly understood. 

Intriguingly, reports relate microtubules (MTs) to topography sensing (Lee et al., 2016; 

Oakley and Brunette, 1995), cell conformity to fibrillar 3D network (Bouchet and 

Akhmanova, 2017; Rhee et al., 2007), and compression resistance in cell leading edge of 

contracting cells (Brangwynne et al., 2006), suggesting that increased understanding of the 

structural and mechanical roles of MTs during CG may increase our understanding of 

directed motility. Thus, here using engineered CG platforms, we address fundamental 

questions regarding competitive protrusion behavior and elucidate the physical and 

molecular mechanisms governing lamellipodia- and MT-regulated CG sensing.

RESULTS

Engineering Multiscale Mechano-structural Contact Guidance Cues

The current paradigm of CG from 2D flat or textured surfaces links cell alignment (and 

directed migration) to alignment of focal adhesions (FAs), SFs, and directed cell protrusions 

(Doyle et al., 2009; Ramirez-San Juan et al., 2017; Ray et al., 2017; Romsey et al., 2014). 

However, the impact of mechanosensitivity during CG-directed cell alignment is far less 

explored due to challenges engineering environments with nanoscale and/or microscale CG 

cues of variable stiffness. As such, we designed platforms with type I collagen CG cues of 

defined mechanical rigidities and oriented architectures (i.e., dense quasi-2D nanolines, 1D 

microlines, and ‘‘2.5D’’ topographic CG cues: Figure 1; see STAR Methods for full 

platforms descriptions) to study CG sensing, and in particular, competitive dynamics 

between CG-directed protrusions versus non-oriented multidirectional spreading. 

Furthermore, the topographic features of nanotextured CG cues are sterically interactive at 

the nanoscale but can also allow multidirectional lamellipodial protrusions on the microscale 

(Ray et al., 2017), allowing us to capture mechanical and structural mechanisms of 

competition between distinct cell protrusion behaviors during CG sensing.

Lamellipodia and MT Dynamics Regulate Cell Alignment to Nanoline CG Cues

We first examined the relationship between FA and SF morphologies and cell alignment on 

compliant (2.3-kPa) and stiff (50-kPa) nanolines, and examined the roles of MTs and 

lamellipodial dynamics by pretreating cells with nocodazole (MT disruption) or CK666 

(Arp2/3 inhibition), respectively. Control data (+DMSO) show that densely spaced nanolines 

induce multidirectional lamellipodia (Figure 2A). On compliant nanolines, cells undergo cell 

linearization into rod-shaped structures with distal lamellipodial patches (LPs) at the ends 
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(i.e., an LP-dipole), where the contractile LP regions contain small FAs and poorly aligned 

F-actin in contrast to no detectable FAs and aligned F-actin in the rod regions (Figures 2A, 

2C, and 2D; Video S1). Note that the cell tilt likely results from competitive dynamics 

between more random nascent FAs and more aligned mature FA (Figure S1; Video S2). 

Alternatively, stiff nanolines induce circular lamellipodia around each cell yet possess robust 

FAs and aligned F-actin along the CG cues (Figures 2A, 2C, and 2D; Video S3), suggesting 

that regional contractile cytoskeleton alignment is not the sole deter-mining factor that 

governs cell alignment to CG architectures.

On both compliant and stiff nanolines, SFs and FAs in MT-disrupted cells remain 

predominantly co-aligned to nanolines and retain significantly larger FAs on stiffer 

nanolines (Figures 2A, 2C, and 2D). However, nocodazole-treated cells largely respond the 

same to both compliant and stiff nanolines, where cells on soft CG cues now behave similar 

to cells on stiff cues (Figure 2A). Indeed, morphology averaging reveals circular spreading 

across all three cases of linearization loss (Figure 2B), despite alignment of mature FAs and 

SFs. Interestingly, MT stabilization with Taxol also produces a circular cell morphology, 

with mature FAs, for both stiffnesses (Figure S3A), suggesting that inactive, stabi-lized, 

MTs are also insufficient for cell linearization. Furthermore, suppression of actomyosin 

contractility induces a redistribution of Taxol-stabilized MTs without significantly changing 

cell morphology, pointing toward physical interactions between contractile actomyosin and 

MT networks (Gardel et al., 2008; Picone et al., 2010). Thus, we conclude that MTs are 

required for guidance on soft nanolines and that, without proper MTs dynamics and MT-

actin interactions, a mechanism of multidirectional lamellipodia protrusion drives strong cell 

circularities irrespective of FA and SF alignments.

In contrast to cell behavior after altering MTs, suppression of lamellipodia through 

inhibition of the Arp2/3 complex transformed cells into the rod phenotype, but with distal 

microspiked structures featuring small FAs instead of LPs (thus precluding actin analysis in 

lamellipodia regions), on both compliant and stiff nanolines (Figure 2A). Thus, our data 

suggest that MTs regulate single-cell axis alignment and that flat, densely spaced, nanolines 

allow protrusions to distribute across multiple nanolines, in contrast to more directed 

protrusions on nanotextures (Ray et al., 2017), with cells undergoing robust multidirectional 

lamellipodia-driven spreading, even when FA and actin are predominantly aligned to the 

nanolines, revealing a competing balance between CG-directed and multidirectional cell 

spreading.

The MT Network Acts as an Intracellular Mechano-structural Scaffold

Previous studies highlight potential structural (Picone et al., 2010; Rhee et al., 2007) and, to 

date, largely hypothesized mechanical (Lee et al., 2015; Rhee et al., 2007) roles of MTs 

during protrusion alignment to anisotropic ECMs. To further explore the MT-actin-myosin 

relationship, we perturbed MTs in concert with myosin-regulated traction forces or F-actin 

branching, without observing any adverse effects on cell viability (Figures 3, S3, and S4). In 

all linearization cases (+DMSO, 2.3 kPa; +CK666, 2.3 and 50 kPa), dense parallelized MT-

bundles are a core structural element in the rod regions, in contrast to stiff control conditions 

(+DMSO, 50 kPa) that result in a circular cell phenotype with isotropic radi-ally dispersed 
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MTs (Figures 3A–3C and S3). Likewise, MT disrup-tion with nocodazole results in loss of 

cell linearization in favor of predominantly circular cells (Figures 3A and 3B). Notably, 

findings that MT bundling within contractile actomyosin networks can lead to mechanical 

rigidification of sarcomeric structures (Robison et al., 2016), axons (Burnette et al., 2008), 

and cell protrusions (Bouchet and Akhmanova, 2017), and reported MT-actomyosin 

interactions (Dugina et al., 2016), are in agreement with our observed decompaction of 

Taxol-stabilized MTs after contractility inhibition (Figure S3C). Thus, in this context, we 

suggest that actomyosin-dependent MT parallelization and bundling results in a rigid ‘‘rod’’ 

section that mechanically separate, yet link, distal LPs into a symmetric ‘‘tug-of-war’’ 

configuration, influencing the CG response. We confronted this hypothesis by inhibiting 

myosin II-driven contractility (+Blebb), and we observe MT-actomyosin unbundling into 

incoherent, MT-positive, den-dritic protrusions that are not aligned to CG cues (Figures 3A 

and 3B). Likewise, switching F-actin structure from the predominantly ventral and dorsal 

and/or ventral SF phenotype (termed dorsal and/or ventral SF here) to a predominantly 

transverse arcs phenotype (termed transverse arcs here) through inhibition of Formins results 

in loss of MT bundling in favor of a more random MT network constrained within the 

transverse arcs (Figure 3C). Thus, these collective findings suggest that MT networks serve 

as an intracellular mechanical scaffold that can mechanically compete for actomyosin 

contractile energy. As such, when FA-SF tractions are understimulated due to relatively soft 

nanolines, the actomyosin cytoskeleton can collapse onto the MT network. Therefore, we 

suggest mechanically driven actomyosin-MT compaction as a well-suited mechanism for 

cell linearization on compliant nanolines.

To further explore mechanical and structural cytoskeleton dynamics during CG, we 

examined and perturbed MTs and contractility in cells on 1D microlines, which can mimic 

key aspects of single 3D ECM fibers (Doyle et al., 2009). Sparse microlines do not allow 

multidirectional lamellipodia protrusions and thus allow us to explore MT-actomyosin 

behavior that is constrained along the CG cues. To establish a metric of effective actomyosin 

tension along cell axis, we measured nuclei deformation, where nucleus lateral compression 

results from cell tension alignment (Versaevel et al., 2012). Analysis of 1D protrusion and 

nuclei deformation in cells across both stiffnesses and contractility states (2.3 versus 50 kPa; 

±Blebb) shows that protrusion activity is not dependent of effective traction (Figures 3D–

3G). Alternatively, following MTs disruption (+Nocodazole) or MTs stabilization (+Taxol), 

or simultaneous disruption of contractility and MTs (Figures 3D–3F and S3A), 1D cell 

protrusion along lamellipodia-restricted microlines is significantly reduced, suggesting both 

MT-actomyosin compensation and cooperation. Thus, we conclude that there is a physical 

MT-ac-tomyosin link where actomyosin-generated forces are mechanically adsorbed by both 

an MT intracellular scaffold and ECM (Figure 3H), resulting in the LP-dipole phenotype on 

compliant CG cues and a circular phenotype on stiff, flat CG cues (Figure 3I).

MT Scaffolds Regulate Steric Interactions with Nanotopographic CG Cues

To further define the role of MTs in CG-directed protrusions, we perturbed MT structure in 

cells responding to nanotextured substrates that induce robust cell orientation without the 

lateral constraints imposed by 1D microlines. Extrapolating from our data on flat quasi-2D 

nanolines and 1D microlines, the MT mechanical scaffold hypothesis suggests that MT-
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actomyosin interactions may help guide and mechanically enforce cell steric conformity to 

nanotextured CG cues and directed protrusion.

In response to nanotexture, MDA-MB-231 cells align and elongate along CG cues, 

consistent with our previous findings (Ray et al., 2017), with MT conformity to the 

nanogrooves (Figure 4A), a finding we confirmed in a distinct pancreatic ductal 

adenocarcinoma cell line (Figure S3F). Remarkably, we identified both ‘‘on-ridges’’ F-actin 

veils spanning atop multiple nanoridges as transverse arcs (TAs) with TA-localized MTs and 

‘‘in-grooves’’ MT-scaffolded SF-rich projections (Figures 4A, 4B, and S5), consistent with 

early MT dependence for cell alignment confor-mation to large cell-sized titanium 

micrograting textures (Oakley and Brunette, 1995). Furthermore, 3D analysis of the cell-

nanotexture interface demonstrates that highly aligned in-groove MTs emerge from the 

above on-ridge plane where the MT network is not as robustly oriented (Figure 4B). Thus, 

these collective observations suggest a regulatory role for in-groove protrusions, whereas the 

veil architectures suggest potential for a less sterically constrained CG cues sensing mode. 

Thus, we hypothesized that a dynamic MT network is being sterically trapped inside the 

nanogrooves, structurally regulating cell dentations and protrusion stability to enhance cell 

orientation and elongation along CG cues. Indeed, nocodazole effectively diminishes in-

groove MTs, resulting in smooth-edged elliptic cells with decreased aspect ratios (length 

[L]/width [W], ~3 versus ~1.5) that are dynamically steady (Figures 4C and4D; Video S4), 

unlike irregular-shaped MT-positive cells (Video S5). In addition, MT stabilization results in 

an even greater disruption to the CG response (Figure S3B). Therefore, we conclude that 

loss of dynamic in-groove MTs results in a more isotropic mode of protrusion, where cells 

are not as robustly directed by the nano-texture CG cues.

Competition between Arp2/3- and Formins-Dependent Actin Architectures Regulate MT-
Dependent Protrusions that Promote the CG Response

Analysis of the actin and MT cytoskeletons in cells responding to nanotextured CG cues 

demonstrates that MTs are sterically trapped in nanogrooves with in-groove actin that 

extends into the on-ridge regions (Figures 4A, 4E, S4C, and S4D). Thus, our collective data 

(Figures 2, 3, and 4) suggest a model for competition between in-groove dentations that are 

sterically guided into unidirectional cytoskeletal protrusion dynamics and the layer atop of 

the nanotexture that is not sterically constrained and therefore can feature more isotropic MT 

and actomyosin spreading dynamics (Figure 4F). Indeed, further analysis of the in-groove 

and on-ridge layers shows FAs located both on ridges and in grooves, but distinct actin and 

MTs architectures at each level (Figures 4G–4I). Aligned F-actin and MTs are clearly 

colocalized in-grooves, while on-ridge actin is organized as TAs that bound a more isotropic 

MT network (Figures 4G–4K). Thus, we suggest a physical mechanism that governs 

cytoskeleton alignment in nanogrooves, where the nanotextured CG cues sterically trap and 

laterally constrain MT+actin-rich protrusions while cell thinning in protrusion regions 

constrains them in the Z axis.

While our data provide a physical mechanism that governs directionality of MT-dependent 

in-groove protrusions, the question of what processes may actively guide the MTs inside the 

nanogrooves along the Z axis warrants further investigation. Thus, we sought to identify 
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molecular regulators of the distinct cytoskeleton structures (i.e., aligned in-groove SFs 

versus on-ridge TAs) that may regulate competition between highly directed cell protrusions 

along CG cues and less directional lamellipodial protrusions. Suppression of intrinsic cell 

traction (+Blebb) decreases multidirectional lamellipodia and induces cell elongation and 

long, thin protrusions (Figures 5A and5B), reminiscent of blebbistatin-induced ‘‘dendrites’’ 

observed on quasi-2D nanolines (Figure 3A). The increase of cell ‘‘width’’ results from long 

protrusions that are not well aligned to CG cues, consistent with decreased directed 

migration along nanotextured CG cues following blebbistatin treatment (Ray et al., 2017). 

Nevertheless, protrusions and blebbistatin-induced dendrites largely retain small MT-rich 

protrusions that sterically align to the nanogrooves (Figures S3G, S4C, and S4D). To 

confirm this finding, we developed compliant and stiff nanotextured polyacrylamide (PAA)-

based substrates to facilitate overall lower effective traction forces across FAs via the softer 

substrates (Figure 5C). Notably, MT-rich in-groove protrusions are present for both 

stiffnesses. However, analysis of cell protrusions indeed display modulation of on-ridge 

lamellipodial spreading, with cells on stiff substrates developing greater on-ridge 

lamellipodia both along and transverse to the nanogrooves, while cells on the compliant 

nanotextures demonstrate less on-ridge lamellipodia spreading, particularly along the cell 

body (Figures 5C and5D), which is consistent with our findings on flat nanolines, and in 1D 

protrusion where scaffolding MTs render protrusions insensitive to external CG cue rigidity. 

Thus, the decrease in on-ridge spreading and maintenance of MT-positive in-groove 

protrusions demonstrates that decreasing cell contractility disrupts multidirectional on-ridge 

lamellipodia dynamics but is not required for MT-positive in-groove protrusions. Therefore, 

we hypothesized that signaling pathways that robustly shift the balance between dorsal 

and/or ventral SFs and on-ridge TAs drive a signaling-structure-function relationship where 

actin cytoskeleton architecture governs MT dynamics.

Altering actin cytoskeleton structure by manipulating Arp2/3 and Formins signaling does 

indeed regulate MT dynamics that promote the sensing of CG cues. Targeting Arp2/3 

decreases TAs in favor of increasing aligned in-groove SFs and MT (Figure S5). This change 

in lamellipodia dynamics results in robust cell alignment along CG cues for both contractile 

and low traction cells (i.e., ±Blebb) and loss of blebbistatin-induced dendritic protrusions 

following Arp2/3 inhibition (Figures 5A, 5B, and S4). Indeed, Arp2/3 suppression of on-

ridge lamellipodia dynamics leads to cell linearization similar to findings on quasi-2D nano-

lines (Figures 2 and 3), whereas nocodazole-treatment results in no principal shift in cell 

architecture (i.e., cells remain elliptic) between contractile and blebbistatin-treated cells 

(Figures 5A and5B). Similar to the cell phenotype after MT disruption, inhibition of 

Formins, which converts the actin cytoskeleton to the TAs architecture (Figure S5B), 

profoundly decreases the CG response (Figures 5A, 5B, and S4C). Notably, this shift in 

actin architecture largely results in loss of in-groove MT protrusions (Figures S4D and S5). 

In fact, quantification of in-groove versus on-ridge protrusions across +SMIFH2;+DMSO;

+CK666 treat-ments (Figure 5E) clearly demonstrates a shift from on-ridge to in-groove 

behavior that results from altering actin architecture (Figure S5B), which regulates in-groove 

MT dynamics (Figure S5C). Thus, we suggest that aligned in-groove MT scaffolds are a key 

regulator of the CG sensing response and that MT localization to nanogrooves is regulated 
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by the Arp2/3- or For-min dependent balance between SF and TA architectures associated 

with more directed versus multidirectional protrusions.

DISCUSSION

Here, we determined that MTs are structurally and mechanically involved in regulation of 

CG sensing on both flat (quasi-2D and 1D) and sterically active (nanotopography) CG cues. 

On 2D nanolines, MTs influence cell shape through biomechanical competition for 

actomyosin contractile energy with the integ-rin-ECM mechanical system. We show that this 

competition can be described in terms of a balance between multidirectional lamellipodia 

spreading, promoted by stiff substrates, and acto-myosin compaction (i.e., collapse) of MT-

scaffolded bundles into rods (i.e., linearization) on compliant CG substrates, which induce 

lower traction forces and thus understimulated actomy-osin traction to allow compaction. 

Likewise, non-pharmacolog-ical suppression of multidirectional lamellipodia via CG 

architec-tures (1D microlines) or pharmacologic lamellipodia suppression (+CK666) leads 

to structural convergence of actomyosin and MTs, enhancing their mechanical and 

architectural cooperation. Likewise, MTs also serve as active intracellular scaffolds during 

steric interactions with nanotopographic features (i.e., ECM nanolandscapes can laterally 

trap MTs and reinforce them inside nanogrooves, consistent with laterally reinforced MTs 

bearing load [Brangwynne et al., 2006]) where the balance between Arp2/3-dependent on-

ridge TAs and Formins-dependent in-groove dorsal and/or ventral SFs that appear to actively 

guide MTs inside the nanotextures. Indeed, during competitive on-ridge lamellipodia 

spreading, F-actin translocation to the on-ridge layer consequently disables MT-nanogrooves 

steric interactions, as shown with SMIFH2-induced F-actin transition toward an on-ridge 

TA-dominated architecture. Conversely, suppression of on-ridge multidirectional 

lamellipodia dynamics enhances in-groove F-actin SF-like structures that promote sterically 

guided MTs and greater cell-CG alignment. Thus, we identified a regulatory balance 

between TA and dorsal and/or ventral SF actin architectures (Hotulainen and Lappalainen, 

2006; Oakes et al., 2012), as their balance determines MT-dependent sensing of topographic 

CG cues. As such, the collective data presented here add considerable insight into the 

mechanisms governing sensing of aligned collagen matrices, which are known to direct 

breast carcinoma cell invasion (Conklin et al., 2011; Patsialou et al., 2013; Provenzano et al., 

2006), and suggest that, in addition to their well-established roles in targeting proliferation, 

MT targeting agents likely impact carcinoma cell sensing of CG cues. Furthermore, these 

data suggest that targeting distinct Formins may provide a rational strategy for disrupting 

metastatic behavior.
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Paolo Provenzano (pprovenz@umn.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental models—Human breast (MDA-MB-231: Female human breast 

adenocarcinoma cell line, ATCC® HTB-26) and pancreatic (MIA-Paca-2: Male Human 

Pancreatic Adenocarcinoma cell line ATCC® CRL-1420), were freshly obtained from the 

ATCC cell bank, where they were validated, at the start of these studies and were used 

within 10 passages from initial cultures, with no deviation in phenotype, while remain-ing 

free of Mycoplasma, for all experiments. Both lines were maintained in DMEM with 4.5 g/L 

D-glucose, L-glutamine,110 mg/L sodium pyruvate (Corning Cellgro® , USA) and 10% 

heat-inactivated FBS (HyClone® , USA) at 37C in 5% CO2. All cell work was approved by 

the University of Minnesota Institutional Biosafety Committee and followed institutional 

and NIH guidelines.

METHOD DETAILS

Principles of high precision patterning—Fabrication of elastic collagen nano- and 

micro-patterns is a challenging task due to the susceptibility of type-I collagen to undergo 

rapid gelation, and van-der-waals and capillary interactions between the nano-stamp and the 

printed surface that provoke a collapse of the soft PDMS nano-stamps onto the glass surface. 

To address these issues and achieve high precision micro- and nano-patterns on elastic 

platforms we (i) substituted regular PDMS nano-stamps with composite stamps, veneered 

with a submillimeter-thick hard PDMS (hPDMS) for non-collapsing high-definition printing 

surfaces (Schmid and Michel, 2000; Tabdanov et al., 2015), and (ii) substituted collagen 

with a-collagen-1 rabbit pAb (AbCam, Cambridge, UK), conjugated with biotin and a 

fluorescent tag, to ensure cross-linking of the antibody to PAA gels and for fluorescence 

visibility, respectively. For hPDMS we mixed 3.4g of VDT-731 (Gelest, Inc.), 18mL of Pt 

catalyst (Platinum(0)-2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane complex 

solution) (Sigma-Aldrich) and one drop of cross-linking modulator (2,4,6,8-

Tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane) (Sigma-Aldrich). Next, immediately 

before use, we added 1g of HMS-301 (Gelest, Inc.) and thoroughly mixed it for 30sec on 

vortex mixer (Odom et al., 2002).

Stamp-casting for nano/micro-matrices—In order to cast the nano-printing surface, 

we used commercially manufactured polyurethane nano-surfaces as the casting matrices 

(NanoSurface Biomedical, Seattle, WA). Clean textured nano-surface (NanoSurface 

Biomedical, Seattle, WA) disks were glued onto the glass platform with SuperGlue® 

(Loctite, USA), silanized with silanizing solution-I as per the commercial protocol (Sigma 

Aldrich), coated with ≤ 0.5mm hPDMS by gentle spreading with soft Parafilm-made spatula 

(Hach, USA), cured at 70° C for 30 minutes and subsequently cast with regular PDMS to the 

layer final thickness of 8mm (rPDMS; 1:5 curing agent/base ratio, Sylgard-184, Dow 

Corning). Cured (at 70° C for ~1 hour) composite nano-stamps were peeled, and cut into 

5×5mm or 1×1cm pieces and used as the ready-to-use nano-stamps. For microprinting 1D 
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microlines, the casting matrix for 1μm-wide and 15μm-pitched microline patterns was 

designed and commercially manufactured using customized UV photolithography (UMN 

NanoCenter, MN, USA).

Coating and labeling nano/micro-stamps—Anti-collagen-1 rabbit pAb (AbCam, 

Cambridge, UK) was prelabeled with a fluorescent tag and a biotin group to ensure both its 

fluorescent visibility in nanopatterns and cross-linking to the streptavidin-functionalized 

PAA gels, respectively. Briefly, 20μL of 1mg/mL antibody sample was incubated for 1 hour 

with 5μL of ((+)-biotin N-hydroxysuccinimide ester, Sigma-Aldrich; as per the commercial 

protocol) and 5μL of fluorescent tag kit (Alexa Fluor® succinimidyl esters, Invitrogen, 

Molecular Probes ; as per the commercial protocol). Labeled protein then was dialysed 

overnight in Slide-A-Lyzer MINI Dialysis Device, 7K MWCO (Thermo Fisher) overnight at 

4° C in cold PBS, then stored at 4° C in the darkness. 10μL droplets of 0.1mg/mL labeled 

antibody solution were then placed atop of the 5×5mm or 1×1cm square micro- or nano-

stamps. To ensure a proper coverage and effective stamp surface coating with labeled α-

collagen-1 antibody, the antibody solution droplet was ‘‘sandwiched’’ between the stamp’s 

printing surface and 15mm round glass coverslip (Carolina, USA), which had been baked in 

the furnace for 5–10 hours at 450° C.

PAA elastic gels premixes—We chose to control PAA mechanical rigidity via 

modulation of concentration for both 40% acrylamide (40% AA) base (BioRad) and its 

cross-linking molecular chain, 2% bis-AA (BioRad) as described elsewhere (Fischer et al., 

2012; Plotnikov et al., 2014). Additionally, streptavidin-acrylamide (Thermo Fisher) was 

added to the final concentration of 0.133mg/mL to enable PAA gels cross-linking with 

biotinylated proteins of interest. Briefly, for preparation of 50μL of G’ = 2.3 and 50kPa PAA 

gel premixes, respectively, the following components were mixed: 40% AA: 9.33 and 15μL; 

2% bis-AA: 1.88 and 14.40μL; 2mg/mL streptavidin-AA: 3.33 and 3.33μL; 10X PBS: 5 and 

5μL; deionized milli-Q water: 30 and 11.17μL; TEMED: 0.1 and 0.1μL; 10% APS: 1 and 

1μL. The premix solutions were degassed and stored at 4° C before use.

Micro- and nano-contact printing—Using the micro- and nano-stamps, we first printed 

α-collagen-1 Ab patterns onto the ‘‘intermediate’’ surface (Tang et al., 2012), which then 

were cross-linked to polymerizing PAA gels by their biotin tags to streptavidin-conjugated 

polyacrylamide (Streptavidin-acrylamide, Thermo Fisher). For that 7–10μL of PAA was 

polymerized in the ‘‘sandwich’’ fashion between an ‘‘intermediate’’ patterned surface and 

glass-bottom 35mm Petri dishes (MatTek Corp., Ashland, MA), activated with 3-

(trimethoxysilyl)propyl methacrylate (Sigma-Aldrich) in ethyl alcohol (Pharmco-Aaper) and 

acetic acid (Fisher Chemical) as per the commercial protocol. 3-(trimethoxysilyl)propyl 

methacrylate-functionalized glass surface establishes covalent bonds with the PAA gel upon 

its curing. Polymerized PAA ‘‘sandwiches’’ then were subjected to hypotonic reversible 

swelling in deionized water (overnight) for a gentle coverglass release from PAA gel. The 

resultant fluorescent PAA-nanopatterns of α-collagen-1 were incubated overnight with 

1mg/mL rat monomeric collagen type-I (Corning, NY) in cold PBS (GIBCO) at 4° C, 

rinsed, and used for experiments.
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Preparation of elastic nanotextured CG cues—Similar to the nano-patterning 

method, nanotextures were cast from PAA gel premixes of chosen shear modulus (G’) with 

optimizing modifications. As the nanotexture casting master mold we used texturized nano-

surfaces (NanoSurface Biomedical, Seattle, WA), cut in 1×1cm squares by diamond pencil 

scribbling (on the reverse side of nano-surface) and precoated with biotinylated and 

fluorescent tag-labeled α-collagen-1 rabbit pAb (0.1mg/mL PBS solution, 4° C, overnight). 

Streptavidin-conjugated polyacrylamide premix of volumes not greater than 0.5 mL was 

degassed in a vacuum chamber or in an ultrasonication water bath for 1 hour. In order to 

prevent TEMED evaporation during the procedure, TEMED is added after the degassing 

session. 7–10μL of PAA was polymerized in the ‘‘sandwich’’ fashion between α-collagen-1 

Ab-coated nano-surface and glass-bottom 35 mm Petri dishes (MatTek Corp., Ashland, 

MA), activated with 3-(trimethoxysilyl)propyl methacrylate (Sigma-Aldrich) in ethyl 

alcohol (Pharmco-Aaper) and acetic acid (Fisher Chemical) in a vacuum chamber. After 

PAA curing the resultant textured patterned elastic chip was placed overnight into cold 

deionized water for PAA reversible hypotonic ‘‘swelling.’’ Then the casting surface was 

gently peeled from the polymerized PAA surface. For a better release of the sterically 

interactive nano-mold, hypotonically treated PAA ‘‘sandwiches’’ were optionally 

ultrasonicated in the water bath for 10 s. Prepared elastic PAA nanotextures then were 

incubated with 1mg/mL rat monomeric collagen type-I (Corning, USA) in cold PBS (4° C, 

overnight), rinsed, and used for the cell adhesion and contact guidance assays.

Cell Contact Guidance Assays—We utilized the human breast adenocarcinoma cell 

line MDA-MB-231 (ATCC® HTB-26) as a model system that features an epithelial-to-

mesenchymal phenotype, is invasive and metastatic, and does not express E-cadherin. 

Similarly, the MIA-PaCa-2 (ATCC® CRL-1420) human pancreatic ductal adenocarcinoma 

cell line, which possesses the cardinal oncogene and tumor suppressor gene mutations 

frequently observed in pancreatic cancer, was also tested to examine sensing of CG cues and 

confirm key findings from experiments with MDA-MB-231 cells. For cell culture and 

experiments, cells were maintained in DMEM with 4.5 g/L D-glucose, L-glutamine,110 

mg/L sodium pyruvate (Corning Cellgro® , USA) and 10% heat-inactivated FBS 

(HyClone® , USA). Pharmacological inhibitors were administered 5–10 minutes prior to cell 

interactions with contact guidance cue substrates, and were maintained throughout the 

course of the experiments. Similarly, control groups were pretreated and then incubated with 

corresponding amounts of vehicle solvent (e.g., DMSO). All drugs concentrations were 

optimized to the following values: (−)-Blebbistatin (Sigma-Aldrich, 50 mM), Nocodazole 

(AbCam, 0.1 μM), CK666 (Tocris, 50 μM), SMIFH2 (AbCam, 50μM), Taxol (Paclitaxel) 

(Sigma-Aldrich, 50 nM) and their mixtures with identical corresponding individual 

concentrations, and are consistent with concentrations utilized in numerous reports, 

particularly for transformed cells. Before utilization, final concentration, drug culture 

medium solutions were incubated for 20 minutes in a 37° C water bath to ensure that they 

were fully dissolved and then the solutions were filtered through a 0.22 μm Millex® GP 

(Millipore, Carrigtwohill, Co, Cork, Ireland). Each cell protrusion assay run was conducted 

over ~1 hour at 37° C in 5% CO2. As such, cell viability during exposure to each drug was 

evaluated in this time domain using the TC20 Automated Cell Counter (BioRad, USA). 

Samples then were fixed with cold methanol for MT visualization (−20° C, 5 minutes) or 
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cold DMEM with 4% PFA, followed by 0.1% Triton X-100 in 1% BSA PBS. F-actin was 

stained with fluorescent phalloidin (Alexa Fluor phalloidin conjugates, Thermo Fisher 

Scientific; 10 U/mL in 1% BSA PBS) after PFA fixation, or with anti-β-Actin antibody at 5 

μg/mL (Sigma-Aldrich, USA) for 1 hour in 1% BSA PBS after methanol fixation. 

Chromatin was labeled with 1:1000 Hoechst solution (Tocris, USA), paxillin was 

immunostained with mouse mAb (BD Biosciences; 5 μg/mL in 1% BSA PBS, 1 hour 

incubation), MTs were stained with either Alexa Fluor™ -conjugated rat anti-tubulin mAb 

or an unlabeled version of the same mAb clone YL1/2 (AbCam; 5 μg/mL in 1% BSA PBS, 

1 hour incubation). All Alexa Fluor™ fluorescent secondary antibodies (Thermo Fisher) 

labelings were performed at their final concentration of 5μg/mL for 1 hour in 1% BSA PBS. 

To characterize actin architectures we evaluated ventral and dorsal SFs and TAs. We termed 

the predominantly ventral and dorsal and/or ventral SF phenotype as ‘‘dorsal and/or ventral 

SFs’’ and the predominantly TAs phenotype as ‘‘transverse arcs.’’ Cell spreading/protrusion 

lengths and widths along and across anisotropic micro- and nano-scale CG cues were 

measured from end-to-end along each direction (inscribing into the rectangle).

Imaging—High resolution 2D and 3D imaging for cell morphometric analysis was 

performed on a Nikon TiE stand with an A1Rsi Confocal scan head, powered by NIS-

Elements Confocal software (Nikon, Japan). Objectives used were PlanApo VC 20x/0.75 

NA and PlanApo VC 60xWI/1.20NA and excitation was provided sequentially using 405 

nm, 488 nm and 561nm lasers. Fluorescence was collected through a 1.2 AU pinhole using 

emission filters of 425–475nm, 500–550nm, and 570–620nm. Pixel size was adjusted to 

Nyquist sampling (voxel size x,y,z for the 20x objective, j,k,l for the 60x objective). 

Morphometric analysis was performed by utilizing the built-in ‘‘measurement’’ toolbox in 

NIS-Elements Advanced Research software (Nikon, Japan) as an integral part of the data 

analysis stream-line ‘‘microscopy-to-measurement-to-analysis.’’ Video-sequences were also 

cut, assembled and converted into movies utilizing ‘‘stacks’’ toolbox in ImageJ (NIH, USA). 

Additionally, live cell imaging microscopy experiments were performed in microclimate-

controlled stage top incubator (Tokai Hit, Japan) at 37° C in 5% CO2, utilizing PFS (perfect 

focus system) as an integral part of A1Rsi Confocal scan head, powered by NIS-Elements 

Confocal software (Nikon, Japan). Composite 2D/3D cells plus micropattern images were 

reconstructed and assembled using NIS-Elements AR and linear image parametric 

adjustments. Figures were composed using unmodified NIS-Elements AR-generated TIFF 

images with Adobe Illustrator CC 2017 (Adobe Systems, Inc.). Average cells and nuclei 

shapes and their heatmaps were produced by superpositioning of the corresponding images 

into the TIFF stacks and averaging them with ‘‘Image→ Stacks→ Z Project→ Average 

Intensity’’ function in ImageJ (NIH, USA). The resultant averaged images were analyzed 

with ‘‘Analyze→3D Surface Plot’’ function of ImageJ (NIH, USA) utilizing ‘‘heat map.’’

Cell traction forces analysis—For tracking deformation in polyacrylamide (PAA) gels 

(Polio and Smith, 2014; Ray et al., 2017) during traction force microscopy (TFM) analysis, 

we modified patterned PAA platforms by adding well-ultrasonicated 0.2mm fluorescent 

nanobeads (Polysciences) into PAA solutions (1:1000 dilution) before gel polymerization. 

‘‘Before’’ and ‘‘after’’ cell removal images of the PAA micropatterns were taken with live 

confocal laser scanning at the interface planes between cells and the adhesion ligands 
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patterns. Cell removal was performed by adding SDS detergent (Fisher Bioreagents, USA) 

to the final concentration of 0.5% (w/vol). Live cell imaging was performed in a 

microclimate-controlled stage top incubator (Tokai Hit, Japan) at 37° C in 5% CO2. Bead 

displacements and corresponding traction forces fields were calculated using an iterative 

particle image velocimetry (PIV) algorithm and an unconstrained Fourier transform traction 

cytometry algorithm, respectively (ImageJ plugins)(Tseng et al., 2012).

Statistical Analysis—Multiple groups were compared by ANOVA, followed by the 

Tukey post hoc analysis. Pairwise comparisons were analyzed using a t test. Figure legends 

indicate which statistical test was performed for the data. Statistical analysis was performed 

using either KaleidaGraph 4.5.3 (Synergy Software) or Prism 7b (GraphPad Software, Inc). 

Sample size N for each comparison is reported in the corresponding plots (i.e., for FA size 

measurements ‘‘N’’ reflects the number of measured individual FAs across 5–10 randomly 

chosen cells). For overall cell morphology measurements, e.g., cell lengths, widths or 

averaging of the cell shapes, N represents the number of measured cells. Data are shown as 

mean ± s.d.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Lamellipodia and microtubule dynamics regulate contact guidance from flat 

nanolines

• The microtubule network acts as an intracellular mechano-structural scaffold

• Microtubule scaffolds regulate steric interactions with nanotopographic 

guidance cues

• Arp2/3 and Formins-dependent actin architectures compete to regulate 

contact guidance
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Figure 1. Engineered Platforms to Induce Distinct Contact Guidance Responses
(A and B) Schematic (A) and 3D microscopy views (B) of MDA-MB-231 cell alignment in 

response to 1D (sparse type I collagen microlines), quasi-2D (dense collagen nanolines), and 

topographic (nanotextured collagen) CG cues.

(C) Shear moduli of the CG mechanical platforms.
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Figure 2. Mechano-regulated Cell Alignment to Collagen Nanoline CG Cues Is Regulated by 
Intact Microtubules and Arp2/3.
(A) MDA-MB-231 cells on compliant (2.3-kPa, top row) and stiff (50-kPa, bottom row) 

collagen nanoline substrates in control conditions (+DMSO), with disrupted MTs 

(+Nocodazole), and during Arp2/3 inhibition (+CK666). Enlarged F-actin and paxillin 

channels are shown below each 3D composite image.

(B) Average configuration (phalloidin brightness, density heatmaps) of N circular-shaped 

carcinoma cells.

(C) Morphometric analysis of alignment of (1) the cell (analysis of length and width) and (2) 

subcellular structures in lamellipodia (F-actin fiber alignment angle relative to nanolines).

(D) Focal adhesion area distribution. Plot widths represent frequency of a FA area. Data in 

bi-axial cell spreading plots are mean ± SD; **p < 0.001 (unpaired t tests)
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Figure 3. Cell Protrusion Alignment to Compliant and Stiff Nanolines and 1D Microlines 
Depends on Intact MTs and Cell Contractility
(A) Cell recognition and alignment to compliant and stiff nanolines in control conditions 

(+DMSO) and during actomyosin traction suppression (+Blebb), MTs disruption 

(+Nocodazole), and Arp2/3 suppression (+CK666). See Figure S4 for individual channels.

(B) Corresponding lengths and widths distributions for the conditions outlined in (A).

(C) Cell architectures on compliant and stiff nanolines in control (left, +DMSO) and in the 

presence of Formins inhibitor (right, +SMIFH2). Note the transition from dorsal and/or 

ventral stress fibers aligned to collagen nanolines to circular transverse arcs under Formins 
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inhibition. (D) The cellular response to 1D collagen microlines under control conditions 

(+DMSO), contractility suppression (+Blebb), MTs disruption (+Nocodazole), and 

combined nocodazole-plus-blebbistatin treatment.

(E) Corresponding 1D cell lengths distributions for the conditions outlined in (D). (F) 

Density heatmaps of averaged nuclei L/W aspect ratios on 1D CG cues.

(G) Summary of the cell responses to either intrinsic or external modulation of effective 

traction.

(H) Overview of the MT-actomyosin-ECM mechanical system on polyacrylamide gels 

(PAAGs). (Left) Actomyosin-cytoskeleton interacts with the ECM via FAs and with MTs via 

steric and molecular adaptor-mediated interactions (i.e., actomyosin-MT entanglement). 

(Right) Actomyosin-generated forces are mechanically adsorbed by both the MT 

intracellular scaffold and ECM.

(I) MT-actomyosin interactions lead to MT bundling and consequent cell linearization (i.e 

LP-dipole) on soft collagen. Stiff ECM induces, predominantly, adsorption of actomyosin 

forces by the ECM via FA complexes and consequently multidirectional protrusion (i.e., 

circular morphology) with dispersed MTs. Data are mean ± SD; ns, no significant 

difference; *p < 0.05, **p < 0.001 (ANOVA with Tukey post hoc analysis).
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Figure 4. MTs Regulate Sterically Trapped Nanogroove Protrusions to Promote the CG 
Response
(A) Aligned in-groove MTs in multiple apices (arrowheads) at the cell front.

(B) On-ridge and in-groove cell layers with aligned F-actin and MTs confined in 

nanogrooves and on-ridge F-actin transverse arcs constraining less organized MTs.

(C) Disruption of MTs (+Nocodazole) suppresses in-groove apical protrusions, resulting in 

elliptic cells with decreased CG response.

(D) DIC capture, time average (180 min), and heatmap analysis of live-cell shape during 

nocodazole treatment.
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(E) 3D stereometric view and vertical cross-section (dashed line) of the cell leading edge 

interacting with nanotexture CG cues. Note that MTs and actin indented into the 

nanogrooves (arrowhead).

(F) Schematic of hypothesized competitive dynamics between in-groove SF-MT-regulated 

guidance and on-ridge lamellipodia spreading.

(G) F-actin, paxillin, and MTs structures in the on-ridge (green) and in-groove (red) layers. 

Note that the transverse arcs within the on-ridge layer (dashed line).

(H) F-actin+paxillin, MT+paxillin, and MT+F-actin signals within in-groove and on-ridge 

layers (dashed line, transverse arcs).

(I) 3D reconstructions and X0Z and Y0Z cross-sections (along dashed lines) reveals 

progressive cell thinning and ‘‘sinking’’ from the on-ridge-plus-in-groove structures (1 and 

2) to the in-groove (1) protrusions at the cell periphery. Note the dorsal and/or ventral SFs 

(1) located inside the nanogrooves.

(J) Schematic view of on-ridge transverse arcs and in-groove dorsal and/or ventral SFs that 

trap MTs in the corresponding layers.

(K) 3D cell reconstruction visualizing in-groove and on-ridge MTs. Note the on-ridge MTs 

(white arrowhead) can interact with transverse arcs (dashed line).

Tabdanov et al. Page 25

Cell Rep. Author manuscript; available in PMC 2018 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Arp2/3- and Formins-Dependent Actin Architectures Regulate MT-Dependent 
Protrusions that Promote the CG Response
(A) Contractile (+DMSO) and actomyosin contraction inhibited (+Blebb) cells under control 

conditions (top row), Arp2/3 inhibition (+CK666), MTs disruption (+Nocodazole) or 

Formins inhibition (+SMIFH2). See Figure S4 for individual channels and cross-sections of 

protrusions into nanogrooves.

(B) Population views and mean values for lengths along and widths across nanolines for the 

conditions outlined in (A).
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(C) (Top) 3D reconstructions of cell protrusion along compliant (2.3kPa) and stiff (50kPa) 

collagen-coated PAA nanogroove substrates. (Bottom) Stereometric view.

(D) Lengths and widths for conditions in (C). Note that cells on both stiffnesses produce 

MT-rich in-groove protrusions, while on stiff substrates on-ridge lamellipodial protrusions 

are more robust.

(E) Schematic and plot of metrics capturing in-groove protrusive invasiveness that decreases 

from Formins inhibition and increases from Arp2/3-inhibition, where Formins and Arp2/3 

regulate the transition between ventral and/or dorsal SFs and transverse arcs to regulate in-

groove MTs that promote directed protrusion and the response to CG (see Figure S5).

(F) Schematic of competitive dynamics between on-ridge lamellipodial and in-groove MT-

driven apical nanogroove-guided protrusions. Data are mean ± SD; ns, no significant 

difference; *p < 0.05, **p < 0.001
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