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Abstract

To understand how cells form tissues, we need to understand how the tyrosine kinases are involved 

in controlling cell mechanics, whether they act directly as parts of mechanosensing machines or 

indirectly. Cells test the critical parameter of matrix rigidity by locally contracting (“pinching”) 

matrices and measuring forces, and the depletion of contractile units causes transformation. We 

report here that knocking down the receptor tyrosine kinases (RTKs), AXL, and ROR2, alters 

rigidity sensing and increases the magnitude or duration of local contraction events, respectively. 

Phospho-AXL and ROR2 localize to contraction units and bind major contractile components, 

tropomyosin 2.1 (AXL), myosin IIA (AXL), and filamin A (ROR2). At a molecular level, 

phosphorylated AXL localizes to active myosin filaments and phosphorylates tropomyosin at a 

tyrosine critical for adhesion formation. ROR2 binding of ligand is unnecessary, but binding 

filamin A helps function. Thus, AXL and ROR2 alter rigidity sensing and consequently 

morphogenic processes by directly controlling local mechanosensory contractions without ligands.
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There is considerable evidence from genetic studies that tissue morphogenesis, cell 

migration, and polarization are controlled by receptor tyrosine kinase (RTK) activity in 

normal and disease states.1,2 Many neoplastically transformed cells can ignore the softness 

of their microenvironment,3 and RTK alterations may play a significant role in these defects. 

However, the links between the mechanosensory systems and the RTKs are still unknown.

The ability of cells to exert contractile forces on the matrixadhesion sites was recognized in 

pioneering work4 that triggered the development of various approaches that made it possible 

to quantitatively assess these forces.5–10 The recent development of submicrometer 

elastomeric pillar arrays enabled measurement of the local contractile activity at the 

periphery of spreading cells with high spatial resolution and linked those contractions to the 

rigidity sensing of the matrix.11,12

In particular, neighboring pillars located close to the cell leading edge often bend toward 

each other, revealing previously overlooked “pinching” activity.11 It is hypothesized that 

local contractile units (CUs), resembling muscle sarcomeres, mediate these 

contractions.11,13,14 Indeed, microscopy reveals that α-actinin is localized close to the 

pillars’ tips, while myosin-II appears in between the neighboring pillars, in agreement with a 

predicted sarcomere-like organization.12 This raises the question of whether such 

“sarcomere-like” local pinching activity during the initial spreading stage is related to a cell 

adhesion-dependent mechanosensing process.

In experiments with cells lacking the receptor-like protein tyrosine phosphatase alpha 

(RPTPα), local contractions did not form,11 and cells were unable to sense substrate 

rigidity.15 A screen of the effects of depletion of each of the 85 human RTKs on rigidity 

sensing identified about 16 RTKs that were needed for normal rigidity sensing.16 This raised 

the possibility that the tyrosine kinases might be involved in the pinching process. We have 

focused on two, AXL and ROR2, since cells lacking these kinases developed elongated 

adhesions and stress fibers on both rigid (2 MPa) and soft (5 kPa) surfaces.16 In addition, 

alterations of AXL are often involved in neoplastic transformation, invasion, and 

metastasis.17–19 On the other hand, ROR2, a Wnt5A receptor in the noncanonical Wnt 

signaling pathway, is required for limb formation and establishment of planar cell polarity in 

embryos.20,21 Plus, it is involved in the epithelial-to-mesenchymal transition, invasion, and 

metastasis in neoplastic development.20,22
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To further elucidate the relationship between local contractility and adhesion-mediated 

mechanosensing, we examine here the local pinching activity of cells lacking two receptor 

tyrosine kinases, AXL and ROR2.16 Previous studies indicate that the overall cell 

contractility response to substrate rigidity is not affected by these knockdowns: both AXL 

and ROR2 knockdown cells exert greater global traction (measured as “net contractile 

moment”6) on stiff than on soft substrates, like control cells.16 Surprisingly, AXL or ROR2 

depletion alters the local mechanical steps in rigidity sensing by increasing either magnitude 

or duration of elementary contractile events at the periphery of early spreading cells, 

indicating that these kinases regulate local rather than global contractions.

From several studies of cell spreading on the submicrometer pillar arrays, a working model 

of rigidity sensing has emerged.11–13 Basically, sarcomere-like contractile units contract to a 

constant displacement of ~120 nm for ~30 s, and if contractile force exceeds a threshold of 

∼25 pN, then nascent matrix adhesions will transition to mature adhesions.11–14,23 In a 

similar way, we sense the rigidity of a material by pinching it to roughly measure the force 

needed to produce a pinch of constant displacement. Our finding that rigidity-related kinases 

affect the mechanical parameters of the pinching process and modify sarcomere components 

strongly supports this working model.

Fibroblasts Develop Standard Pinches for Rigidity Sensing

Human foreskin fibroblasts (HFFs) spread normally on the tops of cylindrical fibronectin-

coated PDMS pillars (500 nm diameter and 1 μm center-to-center) as on fibronectin-coated 

glass (ref 11 and Figure 1A). The local forces exerted by HFF cells on the pillars at the early 

stage of spreading (10–30 min after plating) were analyzed by examining the dynamics of 

pillar deflections for pillars covered during cell spreading (Figure 1B). Three different 

heights of the pillars (750, 1500, and 2000 nm) were used, and the effective stiffness of the 

pillar substrates were calculated24 to be 125, 16, and 7 kPa, respectively. In agreement with 

previous studies,11,12 the displacements of the neighboring pillars were often directed 

toward each other (Figure 1A) and highly correlated in time (Figure 1B), indicating that a 

single contractile unit bent both pillars.

For further analysis, each pillar from a contractile pair was characterized by two values: the 

magnitude of the maximal peak deflection during the period of observation, Dmax, and the 

duration of the maximal peak of deflection, T50 (the full width at half-maximum value, 

fwhm) (see Figure 1B and ref 11). We computed the distribution and median values of these 

parameters for each cell separately. In the final statistics, we characterized each type of 

treatment by pooling the median data obtained for the similarly treated cells.

We found that the displacements of local paired contractions of control HFF cells were 

similar (Dmax around 60 nm for a single pillar) irrespective of the pillars’ height (Figure 1C), 

indicating that cells exerted higher forces on shorter, more rigid pillars. The average 

deflection time was also similar (T50 around 30 s) for the three heights of pillars (Figure 

1D). The noise levels for reference pillars far away from the cells were Dmax ≈ 13 nm and 

T50 ≈ 5 s, which were significantly lower than for cellular pulls (Supplementary Figure 1A, 

B, and C). Thus, paired pillars were contracted toward each other by an average of 60 nm for 
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a deflection time of 30 s, and this was consistent with previously published studies on mouse 

embryo fibroblasts.11,12

We analyzed the effect of knockdown of two protein tyrosine kinases, AXL and ROR2, on 

the local contractility assessed by pillar deflections. These kinases were shown to be 

involved in adhesion-mediated mechanosensing.16 On the soft substrate (Young modulus E 
= 5 kPa), control HFF cells were rounder (lower aspect ratio) and had a reduced focal 

adhesion area, as compared to the rigid substrate (E ≥ 100 kPa).16 In contrast, the AXL- or 

ROR2-depleted cells had similar shapes, aspect ratios, and focal adhesion areas on the stiff 

and soft substrates (Figure 1E, Supplementary Figure 1D, and ref 16). Thus, the depleted 

cells were able to respond to soft surfaces as if they were rigid.

Knockdown of AXL and ROR2 Alters Rigidity Sensing Displacement and 

Time Scale, Respectively

After AXL siRNA transfection, cells had significantly reduced AXL protein levels (Figure 

2A) and produced significantly greater maximum deflections (Dmax) (Figure 2B and C). 

However, the duration of deflection (T50) was the same as control cells on both stiff and soft 

pillars (compare the histograms in Figure 1C,D with those in Figure 2C and D, respectively, 

and Supplementary Figure 2). The expression of GFP-fused mouse AXL, which was not 

targeted by the siRNA, rescued the normal contractions (Figures 2E and F). This indicated 

that the change in cell contractility was not a result of off-target effects of the siRNA. Thus, 

AXL depletion caused a significant increase in Dmax but no change in the duration of 

deflection.

We next tested if AXL kinase activity was involved in regulating the pillar deflection using 

the AXL chemical inhibitor R42825 and the AXL-ligand, Gas 6, known to activate AXL in 

several cell types.26 The R428 inhibitor caused a significant increase in Dmax (Figure 2E and 

F), similar to the AXL knockdown. Stimulation with Gas 6 before and during cell spreading 

reduced the Dmax values (Figure 2E and F) and broadened the Dmax distribution. Thus, 

inhibiting AXL activity caused an increase in deflection of both soft and rigid pillars, while 

activation of AXL by Gas 6 caused a slight decrease.

ROR2 depletion by siRNA also altered the local contractile activity (Figure 3A and B). 

ROR2 knockdown cells exhibited a normal maximal pillar deflection (Dmax) (Figure 3C and 

Supplementary Figure 3). However, the duration of the deflection (T50) was significantly 

increased on both rigid and soft pillars, (∼50 s, as compared to ∼30 s in control cells) 

(Figure 3C–F). This difference was not due to siRNA off-target effects, since transfection of 

ROR2 depleted cells with a GFP-fused mouse ROR2 construct restored the normal T50 value 

(Figure 3E and F). Thus, ROR2 depletion increased the duration of local cell contractions.

Depletion of AXL by 70% using siRNA in HFF cells did not affect endogenous ROR2 

expression level significantly (Supplementary Figure 4). This suggested that these two 

kinases did not have any functional interaction with each other.

Yang et al. Page 4

Nano Lett. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AXL Regulated Rigidity Sensing Threshold

Previous investigations12 indicated that rigidity sensing occurred early in the contraction 

process, when there was a 1–2 s pause at roughly 25 pN of force on the pillars that 

corresponded with a dramatic increase in the accumulation of α-actinin at the pillars. To 

more carefully examine contractile pillar displacement, we also tracked pillar movements 

using continuous bright field imaging at an imaging rate of 100 Hz.12 A higher accuracy (<1 

nm) was obtained by filtering pillar displacement data with a 15-point median filter (Figure 

4A and B gray line). After a step-detection algorithm detected discrete elementary steps 

(Figure 4A and B black line), we observed on rigid substrates (8.4 pN/nm) that the average 

number of steps before the first pause was 4, whereas on the soft substrate (1.6 pN/nm) this 

number increased to 11 with control cells (Figure 4B and Supplementary Figure 5A), 

consistent with previous observations.12 Surprisingly, after AXL depletion, the force 

generated before the pause was higher because of more steps on both stiff and soft pillars, as 

compared with the control group (Figure 4C and Supplementary Figure 5B). AXL 

knockdown cells made 11 steps before the first pause on stiff pillars (Figure 4E) and 19 

steps on soft pillars (Figure 4F). At the same time, ROR2 silencing did not cause any change 

in the step number before the first pause on either soft or stiff pillars (Figure 4D–F and 

Supplementary Figure 5C). Thus, the early rigidity sensing pause threshold was increased by 

AXL depletion consistent with the increased magnitude of contraction.

AXL and ROR2 Bind Different Components of Rigidity Sensing Complexes

Previous studies reported that local contraction units (CUs) had a sarcomere-like structure, 

with α-actinin concentrated around the edges of the pillars and myosin II located in between 

the contracted pillars.11,12 To investigate whether AXL and ROR2 were associated with the 

CUs, we analyzed if they colocalized with α-actinin after 15 min spreading on the pillars. 

Immunofluorescence revealed that phospho-AXL staining indeed overlapped with α-actinin-

staining around the pillars at the cell periphery (Figure 5A and Supplementary Figure 6A). 

Staining of ROR2 also demonstrated some colocalization with α-actinin (Figure 5E and 

Supplementary Figure 6B), even though the ROR2-staining was also prominent in the 

central part of the cell. Thus, it appeared that AXL, and to some extent ROR2, was 

associated with local contraction units of spreading cells.

To identify binding partners of AXL and ROR2 in the local contraction units, we performed 

a series of coimmunoprecipitation experiments. After GFP nanotrap beads pulled down GFP 

or GFP-fused proteins from lysates of transfected HFF cells, we probed for proteins of 

interest with specific antibodies. GFP-AXL, but not GFP alone, pulled down the endogenous 

myosin IIA heavy chain in HFF cells (Figure 5C). As a further test for this interaction, we 

immunoprecipitated AXL with GFP-myosin IIA (Supplementary Figure 7A). Previously, an 

interaction of AXL with the heavy chain of myosin IIB was also detected.27 In addition, 

YFP-Tpm 2.1 pulled down endogenous AXL from the lysate of control, but not from AXL-

knockdown HFF cells (Figure 5D). In parallel experiments, interactions of ROR2 with either 

myosin-II or Tpm 2.1 were not detected (Supplementary Figure 7C and D). Instead, in a 

similar assay, ROR2 bound with filamin A (in agreement with previous publications28), 

while AXL did not (Figure 5F and Supplementary Figure 7B). Neither AXL nor ROR2 
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interacted with nonmuscle α-actinins 1 or 4 (Supplementary Figure 7E and F), indicating 

that they were not generally associated with actin-binding proteins. Altogether, these results 

showed that AXL and ROR2 specifically interacted with components of the local contraction 

unit complex.

Using Bayesian localization superresolution microscopy,29 we found a colocalization of 

phospho-AXL with active myosin II visualized by an antibody to phosphorylated myosin 

light chain (phospho-MLC). Phospho-AXL staining overlapped with ∼60% of myosin-II 

mini-filaments at the cell periphery (Figure 5B and Supplementary Figure 6C and D). These 

observations indicated that tyrosine kinases could locally modify the mechanosensory 

contractile units.

AXL Phosphorylates Tropomyosin 2.1 in Early Spreading

Many anchorage-independent cancer cells, for example, MDA-MB-231 cells, exhibited a 

very low expression level of Tpm 2.1.30,31 In previous pillar measurements,12 the MDA-

MB-231 cell line was a good model to examine Tpm 2.1 roles in early rigidity sensing 

activity. To further investigate the relationship between AXL and Tpm 2.1, we transfected 

YFP-Tpm 2.1 or GFP in MDA-MB-231 and used GFP nanotrap beads to pull down proteins 

from cell lysates. YFP-Tpm 2.1 tyrosine phosphorylation in MDA-MB-231 cells was 

inhibited by the AXL inhibitor, R428, during initial spreading (Figure 6A and B). As a 

control, cells transfected with GFP-myosin IIA were treated similarly, and the level of p-Tyr 

reactivity was not inhibited by R428 (Supplementary Figure 8). This indicated that Tpm 2.1 

was a target of AXL tyrosine phosphorylation during early spreading. Further, as previously 

reported,12 MDA-MB-231 cells produced a larger Dmax value (84 nm) compared with 

normal fibroblasts, and the density of contractile pairs was about fifty-fold lower than after 

expression of YFP-Tpm 2.1 (Supplementary Figure 9A). In addition to restoring the density 

of contractile pairs, YFP-Tpm 2.1 transfection restored normal contraction displacements in 

MDA-MB-231 cells (51 nm) (Figure 6C black groups). Interestingly, inhibition of AXL by 

R428 caused a dramatic increase in Dmax versus controls in YFP-Tpm 2.1 transfected groups 

(an increment of 47 nm) but not in nontransfected groups (an increment of 5 nm) (Figure 6F 

and Supplementary Figure 9B). Thus, Tpm 2.1 was phosphorylated by AXL and AXL 

kinase activity was needed for normal contractility in the initial spreading stage of MDA-

MB-231 cells expressing Tpm 2.1.

To better understand the function of Tpm 2.1 tyrosine phosphorylation in rigidity sensing, 

we mutated all of the possible tyrosine phosphorylation sites within Tpm 2.1. After 

reintroducing different tyrosine mutants of Tpm 2.1 in MDA-MB-231 cells, the tyrosine 

phosphorylation of only the Y214F mutant was unaffected by R428 inhibition (Figure 6D 

and E). In addition, different from Tpm 2.1 transfected groups, Dmax values of Tpm 2.1 -

Y214F transfected MDA-MB-231 cells did not change significantly after R428 treatment 

(70–72 nm with R428, Figure 6F). (Compare the black box with the orange box on the left 

or right side, respectively). Finally, Tpm 2.1-Y214F did not restore normal adhesions as 

Tpm 2.1 did on fibronectin-coated glass (Supplementary Figure 10A, B, and C), whereas the 

phosphorylation-mimicking mutant of Tpm plasmid, Tpm 2.1-Y214E, partially restored the 

size of adhesions in MDA-MB231 cells (Supplementary Figure 10D). Thus, Tpm 2.1-Y214F 
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was not able to rebuild normal contractility or adhesions, and it was not phosphorylated by 

AXL.

To determine which domain of ROR2 was required for its function in regulating contraction 

unit time scale, we examined three different ROR2 mutants that were reported before;28 (1) 

ΔCRD lacking the Wnt-5a binding site, (2) ΔC lacking the filamin A binding site PRD 

domain, and (3) Tc lacking both the kinase domain and PRD domain in ROR2 silenced HFF 

cells. ROR2-ΔCRD transfection restored the normal T50 value of 30 s as did ROR2-wt (wild 

type) transfection of ROR2 silenced HFF cells. On the other hand, ROR2-ΔC transfection 

gave a larger T50 value (37 s). In addition, the ROR2-Tc transfection showed no change in 

T50 value compared with ROR2 depleted cells (Figure 6G). Thus, the ROR2 kinase and 

filamin A binding domains but not ligand binding domain were important for its function in 

sarcomere unit regulation in early rigidity sensing.

In this study, we find that local contractions for matrix rigidity sensing are controlled by the 

RTKs, AXL and ROR2, in the absence of ligands. The alterations induced by knockdowns 

of AXL and ROR2 in local contractile activities are different. AXL knockdown significantly 

increases the amplitude of pillar deflections Dmax as well as the number of steps before a 

pause to reinforce the adhesions but does not affect the deflection time T50. In contrast, 

ROR2 knockdown does not affect Dmax or steps before pausing but significantly increases 

T50. These alterations in the contractile activity correlate with localization of these kinases 

to peripheral sarcomeric structures (more prominent for AXL), and physical association of 

AXL and ROR2 with specific sarcomeric proteins (myosin II and tropomyosin-2.1 for AXL 

and filamin A for ROR2). The interaction of AXL with endogenous myosin-IIA is supported 

both biochemically and by super-resolution imaging. The association with Tpm 2.1 is 

especially interesting because alterations in both AXL18,19 and Tpm 2.130,31 are related to 

disruption of adhesion-dependent signaling in the course of neoplastic transformation. 

Further, since the pause in the contraction correlates with reinforcement of the adhesion, the 

increase in the number of steps and consequently in the force before pausing could explain 

why softer surfaces are perceived as rigid in the AXL knockdown cells. Although the exact 

role of Tpm 2.1 in the control of the length of contractions is not clear, there is a definite 

correlation between the phosphorylation of Tpm 2.1 on tyrosine 214 by AXL and the 

regulation of contraction length. In addition, mutation of tyrosine 214 to phenylalanine 

causes dramatic changes in the adhesion size. Thus, we suggest that mechanosensing of 

rigidity by the contractile units involves a mechanical feedback between the AXL kinase, 

myosin II filaments and Tpm 2.1.

In the case of ROR2, its binding partner, filamin A, also has mechanosensory functions32,33 

and has been linked to the relaxation of contractions.34 We understand less about the 

relaxation process than contraction; however, the rate of relaxation appears remarkably 

similar to the contraction rate. Filamin A helps to organize contractile networks in the 

cytoplasm and to link the microtubule-rich endoplasm with the peripheral ectoplasm. As a 

cross-linker in filament networks, filamin A could be an important site for regulation of the 

network tension. Thus, ROR2 could also cause a secondary relaxation of the local 

contractions through an indirect effect on contractile units or on signals from the network 

that would inhibit myosin and produce relaxation.
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Even though the effects of AXL and ROR2 knockdown on force generation are different, 

these knockdowns produce similar effects on the focal adhesion response to substrate 

rigidity. Since AXL-knockdown cells generate larger pillar deflections than control cells, 

they apply greater force on the nascent integrin adhesion; similarly, ROR2-knockdown cells 

generate longer deflections and therefore exert force on nascent adhesions for longer periods 

of time than control cells. Thus, we suggest that, even on soft substrates, the integral of 

contractile force over time for these knockdown cells is higher than threshold values needed 

to activate growth and maturation of the nascent adhesions.

In conclusion, (i) there is a pronounced effect of AXL and ROR2 knockdowns on local 

contractile activity; (ii) these kinases colocalize with local contractile units; (iii) they 

associate with mechanosensory sarcomeric proteins, and (iv) AXL kinase phosphorylation 

of Tpm 2.1 on tyrosine 214 is needed for activity. Thus, we suggest that these kinases are 

directly involved in controlling the contractile pinching activity at the cell periphery. Further, 

localization near the contractile units plays a decisive role in the regulation of adhesion-

dependent mechanosensing by these protein tyrosine kinases. This is important for cell 

viability since the local contraction units are needed for cell apoptosis on soft surfaces and 

the depletion of the contraction units by either Tpm 2.1 or α-actinin 4 depletion causes 

growth on soft surfaces (transformation).12,23 One surprising aspect of RTK involvement in 

contractility is that neither the ligand of AXL nor ROR2 is present in the assay of the control 

cell contractions, indicating that the kinase roles in mechanosensing are independent of 

ligand. Further, the inhibition of AXL kinase in the absence of ligand decreases Tpm 2.1 

phosphorylation, and the ligand-binding domain of ROR2 is not needed to restore normal 

activity. This is consistent with reports of EGF receptor activity being involved in cell 

mechanosensing in the absence of ligand.35 Obviously, other potential regulatory factors, 

such as other RTKs,16 phosphatases,1,36 or chemical species37 could affect similar or other 

characteristics of the sarcomeric contractile units. Further definition of how RTKs function 

in mechanosensing is important for understanding how mechanical factors interplay with 

cell biochemical pathways to control organ form and mechanics.

Supplementary Material
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Figure 1. 
HFF cells pull to a maximum displacement of 60 nm over a 30 s period regardless of the 

pillar rigidity. (A) Displacements (red arrows) of pillars that show several contractile pairs 

(marked with yellow ovals) at the periphery of a spreading HFF cell (cell edge marked with 

yellow line; scale bar, 1 μm). (B) Displacements as a function of time of two opposing 

pillars showing peak displacement (Dmax) and time of contraction above half-maximal 

displacement (T50). (C) Histogram plots of Dmax for normal HFF cells spreading on pillars 

of different heights. Black represents 750 nm high pillars, red for 1500 nm high pillars, and 

blue for 2000 nm high pillars. Error bars represent SDs of the fractions from analyses of 10 
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different cells in 3 independent experiments. The gray line highlights the histogram peak at 

Dmax = 60 nm. (D) Distributions of T50 for normal HFF cells spreading on pillars of 

different heights. Gray line highlights the histogram peak at T50 = 30 s. (E) Staining for 

actin (red) and paxillin (green) in control cells (left column) and cells with AXL (middle 

column) or ROR2 (right column) knockdown on hard (upper panel) and soft (lower panel) 

PDMS surfaces after 6 h plating.
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Figure 2. 
Knockdown of AXL increases the displacement. (A) AXL level is knocked down in Western 

blots of control siRNA vs AXL siRNA transfected cells. (B) Displacement vs time of a 

single pillar in a contractile unit under an AXL knockdown cell. (C) Histograms of Dmax 

values for AXL knockdown cells spreading on pillars of different heights. Black represents 

750 nm high pillars, red for 1500 nm high pillars, and blue for 2000 nm high pillars. Error 

bars denote SDs of the percentages from 10 different cells in 3 independent experiments. 

The gray line highlights the control histogram peak at Dmax = 60 nm. The red arrow 

indicates the shifting of AXL knockdown histogram distribution. (D) Histograms of T50 

Yang et al. Page 13

Nano Lett. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



values for AXL knockdown cells spreading on pillars of different heights. (E and F) Box-

and-whisker plots of median values of Dmax for similarly treated cells on rigid pillars (E) 

and soft pillars (F) (n = 10 in each case; ***p < 0.001).
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Figure 3. 
ROR2 silencing increases the duration of contractions, not length. (A) ROR2 level is 

knocked down in Western blot of ROR2 siRNA vs control siRNA transfected cells. (B) 

Typical displacement vs time of a single pillar under a ROR2 knockdown cell. (C) 

Histogram plots of Dmax values for ROR2 knockdown cells spreading on pillars of three 

different heights. (D) Histogram plots of T50 values for ROR2 knockdown cells spreading on 

pillars of three different heights. Black represents 750 nm high pillars, red for 1500 nm high 

pillars, and blue for 2000 nm high pillars. Error bars denote SDs of the percentages from 10 
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different cells in 3 independent experiments. (E and F) Box-and-whisker plots of median 

values of T50 distributions for similarly treated cells on rigid pillars (E) and soft pillars (F) (n 
= 10 in each case; ***p < 0.001).
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Figure 4. 
Depletion of AXL raises the force threshold for rigidity sensing. (A) Typical single pillar 

displacement in a contractile pair. The gray line is the median filtered data. The black line is 

the step-filtered curve. (B) A zoom-in graph of a typical pause during very early stage of 

pillar displacement. The red line highlighted the first force cycle. (C) A typical pause 

example of a single pillar under a AXL knockdown cell spreading on a stiff pillar surface. 

(D) A typical pause example of a single pillar under a ROR2 knockdown cell spreading on a 

stiff surface. (E and F) Bar plot of average ± SEM number of steps during first force cycle 

on stiff (E) and soft (F) pillar surface (n = 20 in each case; ***p < 0.001).
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Figure 5. 
AXL and ROR2 associate with components of contraction units. (A) Phospho-AXL (green) 

colocalized around pillars together with α-actinin (red) at the cell periphery during initial 

spreading (15 min; scale bar 5 μm). (B) Phospho-AXL (green) overlaps p-MLC (red) in 

super-resolution images (3B analysis) in contractile regions at cell edges. (C) GFP-AXL 

transfected HFF cell lysates were immunoprecipitated with GFP nanotrap beads, followed 

by immunoblotting with anti-Myosin IIA antibody. (D) YFP-Tpm 2.1 transfected normal 

HFF cell or AXL knockdown cell lysates were immunoprecipitated with GFP nanotrap 

beads, followed by immunoblotting with anti-AXL antibody. (E) ROR2 (green) overlaps 

with α-actinin around the pillars at the cell periphery during initial spreading time (15 min; 
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scale bar 5 μm). (F) GFP-ROR2 transfected HFF cell lysate was immunoprecipitated with 

GFP nanotrap beads, followed by immunoblotting with antifilamin A antibody.
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Figure 6. 
Tpm 2.1 is a downstream target of AXL during early spreading. The ROR2 ligand binding 

domain is not necessary for sarcomere pinching activity regulation. (A) GFP or YFP-Tpm 

2.1 transfected MDA-MB-231 cells lysates were immunoprecipitated with GFP nanotrap 

beads, followed immunoblotting with anti-phosphotyrosine antibody under control or R428 

treated conditions. (B) Relative intensity analysis of the blot. Black represents the control 

group, orange for R428 treated group; (n = 3 in each case; ***p < 0.001. (C) Box-and-

whisker plots of median values of Dmax distributions for nontransfected or YFP-Tpm 2.1 
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transfected cells under control (black) or R428 (orange) treatment on 750 nm high pillars. 

(D) YFP-Tpm 2.1 or YFP-Tpm 2.1-Y214F transfected MDA-MB-231 cells lysates were 

immunoprecipitated with GFP nanotrap beads, followed by immunoblotting with 

antiiphosphotyrosine antibody under control or R428 treated conditions. (E) Relative 

intensity analysis of the blot (black for control group; orange for R428 treated group). (F) 

Box-and-whisker plots of median values of Dmax distributions for YFP-Tpm 2.1 or YFP-

Tpm 2.1-Y214F transfected MDA-MB-231 cells under control (black) or R428 (orange) 

treatment on 750 nm high pillars. (G) Box-and-whisker plots of median values of T50 

distributions for ROR2 silenced cells rescued with different mutants on 750 nm high pillars 

(***p < 0.001; **p < 0.01). (H) Cartoon model of the structure of a typical contraction unit 

with the relevant molecular components.
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