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 11 
Abstract :  12 

Cell migration in confining microenvironments is limited by the ability of the stiff nucleus to 13 
deform through pores when migration paths are pre-existing and elastic, but how cells generate 14 
such paths remains unclear. Here, we reveal a mechanism by which the nucleus mechanically 15 
generates migration paths for mesenchymal stem cells (MSCs) in confining microenvironments. 16 
MSCs migrate robustly in nanoporous, confining hydrogels that are viscoelastic and plastic, but not 17 
in hydrogels that are more elastic. In order to migrate, MSCs first extend thin protrusions that widen 18 
over time due to a nuclear piston, thus opening up a migration path in the confining matrix. 19 
Theoretical modeling and experiments indicate that the nucleus pushing into the protrusion 20 
activates mechanosensitive ion channels, leading to an influx of ions that increases osmotic 21 
pressure, which outcompetes hydrostatic pressure to drive protrusion expansion. Thus, instead of 22 
limiting migration, the nucleus powers migration by generating migration paths. 23 

 24 
One Sentence Summary :  25 
The nuclear piston activates mechanosensitive ion channels to expand protrusions and generate 26 
migration paths in confining matrices. 27 
 28 
 29 
MAIN TEXT 30 
 31 
Introduction 32 
 33 
Cell migration in 3D microenvironments plays a critical role in development, immune cell trafficking, tissue 34 

regeneration, and metastasis. During healing of bone fractures, MSC migration to the fracture sites through 35 

3D microenvironments is critical for bone regeneration(Fig. 1A) (1, 2). MSC migration is also essential for 36 

stem cell therapies involving the delivery of MSCs in biomaterial carriers(3, 4). Interestingly, the 3D 37 

microenvironments in which MSCs migrate in vivo, including bone marrow and fracture hematomas, are 38 
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confining and are viscoelastic, exhibiting time dependent mechanical responses such as stress relaxation in 39 

response to deformation (5, 6). Although many studies have examined the impact of matrix viscoelasticity 40 

on MSC spreading and differentiation(5, 7–11), little is known about the physical process of how MSCs 41 

generate migration paths and migrate in confining and viscoelastic matrices.  42 

 43 

The nucleus plays a complex role in 3D cell migration in confining matrices. The widely-held view is that 44 

the stiff nucleus limits the ability of cells to squeeze through nanometer-scale pores in confining extracellular 45 

matrix (ECM)(12, 13). However, a set of studies showed that the nucleus can act as piston to generate 46 

increased hydrostatic pressure in lobopodial protrusions in fibroblasts and protease-inhibited tumor cells in 47 

reconstituted collagen gels (14, 15). The piston was found to mediate lobopodial 3D migration, though the 48 

mechanism remains unclear, as the increase in hydrostatic pressure in the protrusion would be expected to 49 

drive water out of the protrusion. Further, a recent study revealed that the nucleus acts as a mechanical gauge 50 

in identifying the microchannel of least resistance in immune cells (16).  Importantly, most studies of 51 

confined cell migration involve contexts in which migration paths or holes are pre-existing and elastic, or in 52 

which cells use proteases to degrade a migration path (17–25). While mechanisms by which cells utilize 53 

proteases to generate migration paths for nuclear translocation in ECM are now well understood(20, 26, 27), 54 

the use of protease-independent mechanisms in generating migration paths are largely unclear, and the 55 

functional role of the nuclear piston in cell migration is unknown. Only recently was it found that cancer 56 

cells can use mechanical force to open up a migration path in confining ECM only when the ECM exhibited 57 

sufficient mechanical plasticity, but the role of the nucleus was not described (28). Here, we reveal a 58 

previously undescribed role of the nucleus in migration, in which MSCs use a nuclear piston to open up a 59 

migration path through confining viscoelastic microenvironments. 60 
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Results  61 
 62 
MSCs migrate in viscoelastic and plastic matrices by mechanically generating a migration path 63 

Here we examine MSC migration in 3D in engineered alginate hydrogels, used as models of a fracture 64 

hematoma and biomaterial-based stem cell delivery carriers. Alginate hydrogels are nanoporous and cannot 65 

be degraded by mammalian enzymes, serving as a model confining microenvironment and facilitating 66 

discovery of protease-independent mechanisms of migration(5, 29). While alginate itself is inert to cell 67 

adhesion, RGD was coupled to the alginate to promote integrin-mediated cell adhesion to the gels. Alginate 68 

hydrogel viscoelasticity and mechanical plasticity, as respectively assessed by stress relaxation tests and 69 

creep-recovery tests, can be modulated independent of degradability, pore size, and initial modulus by 70 

varying alginate molecular weight and crosslinking density(5, 28, 30). Alginate hydrogels formed low 71 

molecular weight alginate showed fast stress relaxation (t1/2, or the time for stress to be relaxed to half its 72 

original value in shear, was ~80s), similar to that of a fracture hematoma, and were mechanically plastic 73 

(Permanent deformation of ~30 % in a 1h creep/1.7h recovery test, also in shear), while those formed from 74 

high molecular weight alginate were more elastic, exhibiting slow stress relaxation (t1/2 was ~19,000s) and 75 

lower mechanical plasticity (Permanent deformation, ~25%) (5, 31) (Fig. 1B-C, fig. S1A-D). Crosslinking 76 

density was tuned so that both exhibited similar initial elastic moduli of ~19kPa, previously reported as the 77 

optimal modulus to promote osteogenesis (5, 32) (fig. S1E). Thus, the alginate hydrogels provide a confining 78 

microenvironment with independently tunable viscoelasticity/plasticity and ligand density for 3D culture.   79 

 80 

Next, 3D migration of MSCs in the hydrogels was studied. To visualize MSC migration in the hydrogels, 81 

MSCs were stained with a membrane dye prior to encapsulation in the hydrogels, and then time-lapse 82 

confocal fluorescence microscopy was performed. Strikingly, MSCs were able to migrate in fast relaxing 83 

and plastic hydrogels, while MSCs maintained rounded cell morphology and did not migrate in the more 84 

elastic hydrogels (Fig. 1E, Movie S1 and 2). Cell tracking analysis indicates that cells in fast relaxing and 85 

plastic hydrogels migrate with greater speed and persistence than those in the more elastic hydrogels (Fig. 86 
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1F-H). Together these data establish that matrix viscoelasticity and plasticity are critical for migration of 87 

MSCs in 3D matrices that are confining and not susceptible to degradation by proteases.  88 

 89 

We next investigated the mechanism by which the MSCs build the migration paths to migrate in the 90 

confining gels that were fast relaxing and exhibited mechanical plasticity. MSCs initially extend long 91 

shallow protrusions into the fast relaxing and plastic hydrogels, which then widened over time, eventually 92 

allowing migration to occur (Fig. 2A, B). This widening process was accompanied by volume expansion in 93 

the protrusion (fig. S2A, B). More protrusive cells, as indicated by a lower sphericity, exhibited larger 94 

volumes than rounded cells (fig. S2C). When body and protrusion volume were separately analyzed, the 95 

body volume was found to be similar before and after protrusion expansion, while the protrusion volume 96 

increased significantly (Fig. 2C, D). These data indicate that total volume of single cell increases due to 97 

volume expansion in the protrusion and not the body. The 3D volume measurements were conducted by 98 

reconstructing 3D cell volume from a 2D stack of confocal microscope images; we previously confirmed 99 

that the volumes measured using this method matches that measured using super-resolution microscopy (10).  100 

Since alginate hydrogels are not susceptible to degradation by proteases(33) and are nanoporous, it is 101 

expected that the expanding protrusion must physically open a channel in the hydrogels. To confirm this 102 

expectation and visualize the associated matrix deformation, matrix displacements were assessed using 103 

fluorescent microbeads embedding in the hydrogels. During protrusion expansion, microbeads adjacent to 104 

the protrusion moved away from the protrusion, indicating outward force generation by the protrusion (Fig. 105 

2E, F, Movie S3). Further, when MSCs were cultured in fluorescently labelled alginate hydrogels, alginate 106 

accumulated around the length of the protrusion, confirming that protrusion expansion opened a hole in 107 

hydrogels (Fig. 2G, H). These observations indicate that MSCs expand protrusions mechanically in 108 

viscoelastic matrices in order to create channels to subsequently migrate through.  109 

 110 

A nuclear piston drives protrusion expansion  111 

After finding that expansion of the protrusion generates force to open a migration path in the viscoelastic 112 

and plastic hydrogels, we sought to identify the mechanisms driving protrusion volume expansion. 113 

Interestingly, prior to the expansion of the protrusion, it was consistently observed that the nucleus moves 114 
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towards and into the narrow entrance of the thin protrusions (Fig. 3A, Movie S4). A previous study found 115 

that during lobopodial-based migration, the nucleus physically compartmentalizes the cytoplasm and can be 116 

pulled towards the front compartment of the cell, functioning as a piston to cause an increase the hydrostatic 117 

pressure in that compartment(14, 15). These observations implicate a potential mechanism driving 118 

protrusion expansion: entry of the nucleus into the narrow protrusion increases hydrostatic pressure in the 119 

protrusion and causes expansion of the protrusion. This potential mechanism was investigated. Blebs, which 120 

occur when increased intracellular pressure drives delamination of the membrane from the actin 121 

cytoskeleton(34), were often observed at the cell membrane in protrusions following entry of the nucleus 122 

into the protrusion indicating enhanced pressure in the protrusion (Fig. 3A, Movie S5). Actomyosin 123 

contractility along with the intermediate filament protein vimentin and the nucleoskeleton-intermediate 124 

filament linker protein nesprin-3 were previously found to be involved in pulling the nucleus forward and 125 

pressurizing the front of the cell(15). Thus, the roles of vimentin and nesprin3 in protrusion expansion and 126 

migration were first tested using small interfering RNA (siRNA) to reduce expression (fig. S3A). Nuclear 127 

location in the cell body was polarized toward the entrance of the protrusion in control cells and cells with 128 

reduced expression of nesprin-3, but not in cells with reduced expression of vimentin (Fig. 3B, C, fig. S3B, 129 

C). In addition, the loss of nuclear movements toward the protrusion with reduction of vimentin was 130 

accompanied by diminished protrusion expansion and consequently inhibited the migration of the cells, 131 

establishing the role of vimentin in the nuclear piston (Fig. 3D, E, H-J, fig. S3D, E). Vimentin is connected 132 

to lamin A/C of the nucleus(35) and lamin A/C is also a key element regulating nuclear shape and rigidity 133 

during 3D migration(13, 36). The role of lamin A/C in protrusion expansion and migration via the nuclear 134 

piston was examined using siRNA. Decreased lamin A/C expression in cells diminished protrusion 135 

expansion and migratory behaviors of cells (Fig. 3F-J, fig.S3A). Since nuclear movements are facilitated by 136 

both actomyosin contractility(14) and microtubules(15, 34), we also examined whether these actively 137 

participate in the nuclear piston behavior observed here. Inhibition of microtubule polymerization, with 138 

nocodazole, and actomyosin contractility, with myosin inhibitor ML-7, induced the loss of nuclear 139 

polarization (Fig. 4A-C). Further, each inhibition significantly reduced the migration of cells in 3D 140 

microenvironments (Fig. 4E-F). Real-time inhibition of microtubule formation or actomyosin contractility 141 

in protruding cells resulted in an immediate relaxation of nucleus position from the entrance of the protrusion 142 
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towards the center of the cell and simultaneously decreased the width of protrusion (Fig. 4G-J). Together, 143 

these results establish that a nuclear piston, mediated by actomyosin contractility, microtubules, vimentin 144 

and lamin A/C, drives increased pressure in protrusions and subsequent protrusion expansion for migration 145 

in confining and plastic microenvironments.  146 

 147 

Nuclear piston activates ion channels to induce ion influx into protrusions 148 

We next sought to elucidate the molecular mechanisms connecting the nuclear piston to volume expansion 149 

of the protrusion. A simple nuclear piston mechanism could be expected to lead to water efflux from the 150 

protrusion due to the increased hydrostatic pressure. This is the opposite of what is observed, suggesting a 151 

more complex picture. It is known that cell volume can be altered by osmotic pressure, which is driven by 152 

the difference of ions concentrations between the inside and outside of the cell membrane(37). Therefore, 153 

ion concentrations were analyzed in expanding protrusions. Sodium and calcium imaging revealed that both 154 

sodium and calcium ion concentrations increased along the length of the protrusion, with the highest 155 

concentrations found at the tip of protrusion (Fig. 5A-D). Live-cell calcium imaging revealed that 156 

intracellular calcium ion concentration at the tip of the protrusion increased over time (Fig. 5E, F). These 157 

implicate that influx of calcium and sodium ions at the protrusion tip increases the concentration of ions 158 

within the protrusion over time. To determine the underlying mediators of differences in ions along the 159 

protrusion, we looked at the distribution of sodium and calcium channels. Since previous studies have shown 160 

that the polarized distribution of intracellular sodium ions can be driven by polarized distribution of the 161 

sodium hydrogen exchanger-1(NHE)(18), the distribution of NHE-1 ion channels along a protrusion was 162 

examined. The NHE-1 ion channels are more densely distributed at the tip of protrusion, similar to the 163 

distribution of intracellular sodium ion along the protrusion (fig. S4A, B). Next, the distribution of transient 164 

receptor potential vanilloid-4 (TRPV4) calcium ion channels was investigated, since we previously found 165 

that mechanosensitive TRPV4 ion channels regulate MSCs volume and work as a molecular sensor of matrix 166 

viscoelasticity in MSCs(10). TRPV4 calcium ion channels were evenly distributed along the protrusions, 167 

even though intracellular calcium ions showed a concentration gradient (fig. 4C, D). However, ß1 integrin 168 

membrane receptors, which can interact with and activate TRPV4 ion channels(38), exhibited a polarized 169 

distribution along the protrusion similarly to that of intracellular calcium ions (fig. S4C, D). To directly 170 
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assess the role of NHE-1 and TRPV4 ion channels in mediating an ion concentration gradient along the 171 

protrusion, small molecule inhibitors EIPA and GSK205 were applied to inhibit the function of NHE-1 and 172 

TRPV4, respectively. When the function of NHE-1 ion channels was inhibited, the polarized distribution of 173 

NHE-1 ion channels along the protrusion disappeared and the distribution profile of sodium ions was 174 

reversed (Fig. 5G, H, fig. S5A-C). Sodium ions were relatively high at the beginning and low at the end of 175 

the protrusion. Similarly, TRPV4 inhibitors also inverted the concentration profile of calcium ions, 176 

decreasing the calcium ion concentration at the leading edge of protrusion (Fig. 5I, J). These reversed 177 

concentration profiles of calcium ions and sodium ions by each inhibition might be due to the diffusion of 178 

ions from the cell body, which have relatively higher concentrations of ions adjacent to the nucleus.   Further, 179 

the impact of the function of NHE-1 and TRPV4 ion channels on migration in 3D microenvironments was 180 

analyzed with siRNA knockdowns. Cell tracking analysis indicates that both cells in fast relaxing and plastic 181 

hydrogels migrate with slower speed and less persistence when NHE-1 or TRPV4 are knocked down, relative 182 

to control cells (Fig. 5K-N). Together, these results indicate that calcium and sodium ions flow in through 183 

NHE-1 and TRPV4 ion channels to drive protrusion expansion for migration in 3D confining environments.  184 

 185 

We next hypothesized that the nuclear piston, or movement of the nucleus into the protrusion, serves as the 186 

key driver of ion flow into the protrusion. It is known that TRPV4 ion channels are mechanosensitive and 187 

the movement of the nucleus into the protrusion is expected to push cytoplasmic fluid into the protrusion, 188 

which pressurizes the protrusion, as indicated by the blebs, and potentially stretches the membrane. Further, 189 

it was consistently observed that movement of the nucleus into the protrusion was highly correlated with 190 

both protrusion expansion and calcium ion accumulation at the tip of the protrusion (Fig. 6A, fig. S6A, B, 191 

C). To assess our hypothesis, the distribution of intracellular calcium ion along the protrusion was analyzed 192 

in the vimentin and nesprin-3 knockdown cells. In vimentin knockdown cells, which exhibited loss of 193 

nuclear piston and diminished protrusion expansion, the distribution profile of calcium ions was reversed 194 

compared to control cells, with the calcium ion concentration at the leading edge of protrusion in cells 195 

decreasing (Fig. 6B, C).  No change in calcium ion concentration in nesprin-3 knockdown cells, which 196 

exhibited normal nuclear piston and protrusion expansion, relative to control cells was observed (fig. S7A, 197 

B). Taken together, these results suggest that the nuclear piston movement increases intracellular pressure 198 
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in the protrusion, which activates mechanosensitive ion channels to flow ions in the end of protrusion, 199 

driving the protrusion expansion. 200 

 201 

Theoretical modeling and experiments show that increased osmotic pressure outcompetes hydrostatic 202 

pressure to drive protrusion expansion 203 

To better understand the underlying physics of the nucleus-driven expansion of protrusion, and the 204 

competition between increased hydrostatic pressure in the protrusion, which would promote water efflux, 205 

and increased osmotic pressure in the protrusion, which would promote water influx, we developed a 206 

theoretical model (Fig. 6D). With the nuclear movement, the fluid in front of the nucleus is pushed into the 207 

protrusion in a piston-like manner. Subsequently, the hydrostatic pressure in the protrusion, , increases 208 

and the protrusion membrane is stretched which in turn activates stretch-mediated ion channels on the 209 

protrusion membrane (Fig. 6D, E). With the opening of the mechanosensitive channels, ions can flow in and 210 

out of the protrusion in the direction of the ion concentration gradient across the membrane (Fig. 6D, E). 211 

The ion flux rate (  is determined by the difference between the osmotic pressures outside  and 212 

inside  of the protrusion (Fig. 6D, E). On the other hand, the protrusion expansion rate (213 

) is determined by the influx and efflux of fluid where , , and  are respectively 214 

governed by (i) the rate of fluid transport to the protrusion by the nuclear movement, (ii) the hydrostatic 215 

pressure difference across the membrane, and (iii) the osmotic pressure difference across the membrane (Fig. 216 

6D, E). Note that the ion flux rate and the protrusion expansion rate are mutually dependent (see Methods).  217 

 218 

With this model of the nuclear piston that incorporates fluid transport due to the piston, hydrostatic pressure, 219 

and osmotic pressure, we ran the model and validated the model with experiments (Fig. 7A). The model 220 

predicts that the activation of mechanosensitive ion channels, upon pressurizing the protrusion by the nuclear 221 

piston, allows an influx of ions into the protrusion which in turn increases osmotic pressure in the protrusion 222 

to oppose the efflux of fluid (fig. S8B-F, H-L). This leads to a positive net amount of fluid flow into the 223 

protrusion (fig. S8G, M) and subsequently an expansion of the protrusion which is in excellent agreement 224 

with our experimental observation (Fig. 7B, C). Further, the model predicted that in the absence of protrusion 225 

ion channels, cell protrusions cannot expand as the fluid influx | | is almost equal to the fluid efflux |226 
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|. This prediction is consistent with experimental observations where inhibition of the ion channels or 227 

chelating of intracellular calcium ions prevents the expansion of protrusion (Fig. 7B-D, fig. S8B-F, H-L). It 228 

should be noted that while protrusion expansion, as well as cell migration speed and track length, were 229 

decreased by inhibiting ion channels or chelating intracellular ions (Fig. 7E, fig. S9), protrusion lengthening 230 

was not impeded, indicating that other mechanisms regulate the initial extension of the thin protrusion (Fig. 231 

7F).  232 

 233 

Next, the model predicted the anticipated results of real-time inhibitions of mechanosensitive ion channels 234 

and actomyosin contractility (Fig. 7G, fig. S10A-G). After the initial expansion of the protrusion due to the 235 

forward movement of the nucleus, the model predicts that the inhibition of mechanosensitive ion channels 236 

reduces the osmotic pressure in the protrusion (fig. S10F), so that the radius of the protrusion mildly 237 

decreases (Fig. 7H). Also, the model predicts that the nucleus continues its forward movement (Fig. 7I) as 238 

the posterior hydrostatic pressure remains higher than the hydrostatic pressure in the protrusion (fig. S10E). 239 

Likewise, the experimental observations exhibited that TRPV4 inhibition in real-time did not impact nuclear 240 

movements but did prevent the influx of ions. As a result, the radius of the protrusion decreased over time, 241 

indicating the nuclear piston to be upstream of ion channel activation (Fig. 7H-J). On the other hand, the 242 

model predicted that real-time inhibition of the contractility led to a significant drop in the posterior 243 

hydrostatic pressure (fig. S10E), thus the nucleus moved backward (Fig. 7I) and the protrusion width 244 

decreased (Fig. 7K). These predictions were both in agreement with the experimental observations (Fig. 7H, 245 

I, K). Thus, the model and the experimental results elucidate how the nuclear movement, the influx/efflux 246 

of ions, and intracellular fluid work in concert to control the protrusion volume through balancing the 247 

hydrostatic and osmotic differences across the membrane. 248 

 249 
Discussion  250 
 251 

Together, our data from experiments and simulations reveal the physical mechanisms of how stem cells 252 

generate paths to migrate in confining viscoelastic and plastic matrices, which have no pre-existing migration 253 

path (Fig. 8). MSCs initially generate shallow protrusions into the matrices. Then, the nucleus is pushed into 254 

the protrusion like a piston, increasing intracellular pressure in the protrusion. Actomyosin contractility, 255 
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vimentin, and microtubules are involved in the nuclear piston, which activates mechanosensitive ion 256 

channels to flow ions in the end of protrusion, balancing the osmotic pressure between inside and outside of 257 

protrusion. Finally, the increased osmotic pressure in the protrusion reduces water efflux, promoting the 258 

expansion of the protrusion, which physically opens up a migration path in the confining viscoelastic and 259 

plastic microenvironments.  260 

Here we found that cells migrate in viscoelastic and plastic matrices that are nanoporous, but not in 261 

matrices that were more elastic. Most natural ECMs are viscoelastic, exhibiting some degree of fluid-like 262 

behaviors and stress relaxation in response to a deformation, and viscoplastic, exhibiting irreversible 263 

deformations in response to mechanical stress or strain (5, 39, 40). In the type-1 rich collagen networks that 264 

provide mechanical support to many soft tissues, unbinding of weak bonds between fibers or between fibrils 265 

within a fiber, followed by matrix flow or sliding of fibrils and then rebinding of weak bonds, represent two 266 

sources of viscoelasticity and viscoplasticity, though many other mechanisms likely contribute (41–43). 267 

Covalent crosslinks act to diminish viscoelasticity and plasticity. We have previously shown that matrix 268 

viscoelasticity and plasticity in 3D regulates processes that involve shape or volume change such as mediate 269 

cell volume expansion, matrix deposition, cell-cycle progression and mitosis, matrix remodeling, and 270 

migration of cancer cells(5, 10, 28, 30, 40, 44, 45). Particularly relevant to this study, we previously showed 271 

that matrix mechanical plasticity regulated the probability of protrusion formation and extension, and cell 272 

migration, with a sufficient level of matrix mechanical plasticity enabling protrusion formation, protrusion 273 

extension, and migration (28). Consistent with this idea, here we show that matrix viscoelasticity and 274 

viscoplasticity regulate the migration of stem cells.  275 

Our finding that MSCs use the nuclear piston to generate a migration path in confining matrices 276 

adds a fresh new insight into our current understanding of migration path generation. For rigid pore sizes 277 

with a diameter below ~ 3 µm, it is known that cancer cells and fibroblasts are unable to squeeze their stiff 278 

nucleus through the pore (12, 13). For immune cells, the minimum pore size for migration is lower, but the 279 

same principle applies. Thus, extracellular matrices with smaller pore sizes are considered to be confining 280 

with cells having to generate a micron-size path in order to migrate. Smaller pore sizes are likely to be 281 

relevant to many, if not most, extracellular matrices. However, the topic of migration path generation has 282 

been largely avoided in previous studies of confined cell migration, which often utilize microfabricated 283 
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channels where migration paths are pre-defined (16–18, 21–25, 46–48). In matrices that are degradable, cells 284 

can secrete MMPs or other proteases to biochemically degrade the matrix and help form migration paths, 285 

and much is known about these mechanisms (12, 19, 20, 26, 27). We previously found that cancer cells can 286 

migrate through nanoporous matrices that exhibit sufficient mechanical plasticity (28). Here we show that 287 

the nuclear piston is used to expand protrusions and generate migration paths in viscoelastic and viscoplastic 288 

matrices, independent of protease activity. From the mechanism of nuclear translocation, we found that 289 

nuclear piston movements generate a migration path by increasing pressure in the shallow protrusion. 290 

Membrane blebs, and an increase in calcium concentration in the protrusion through mechanically activated 291 

ion channels, are associated with the forward movement of the nucleus and indirectly indicate the increase 292 

of pressure in the protrusion due to the nuclear piston. Further, the alginate accumulation and the dislocations 293 

of embedded microbeads around the expanding protrusion directly show that protrusion expansion generates 294 

a migration path. As biological matrices are both susceptible to degradation and are viscoelastic/viscoplastic, 295 

it is possible that the nuclear piston mechanism acts synergistically with known protease-dependent modes 296 

of migration path generation.    297 

Mechanistically, we find some distinctions between the nuclear piston used by MSCs in confining 298 

hydrogels, and the nuclear piston mechanism described previously. Previous studies demonstrated that 299 

vimentin and nesprin-3, one of LINC proteins, are important components that mediate nuclear piston 300 

movement during lobopodial-based migration by cancer cells and fibroblasts in microporous collagen gels 301 

(14, 15). Surprisingly, we found that nesprin-3 is not directly involved in the nuclear piston movements for 302 

MSCs in nanoporous alginate hydrogels. The nesprin family is composed of four nesprins, so it is possible 303 

that another nesprin might be involved in the nuclear piston in MSCs. We do find that lamin A/C proteins 304 

are necessary for protrusion expansion and the nuclear piston mechanism. Since the lamin A/C proteins 305 

serve as a key link between the LINC complex and the nucleus, these findings are suggestive of force 306 

transmission through the nucleus during this process. In addition, while previous studies implicated 307 

actomyosin contraction at the anterior part of the cell (i.e. protrusion) as the main mechanism pulling the 308 

nucleus into the protrusion (14, 15), our results indicate that actomyosin in the posterior part of the cell may 309 

be more activated than actomyosin in the anterior part. Similar to our observation, a recent study showed 310 

that elevated contractility at the cell posterior for cancer cells in confining channels locally increases 311 
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cytoplasmic pressure and promotes nuclear translocation and bleb formation(49). Collectively, these results 312 

indicate that the nuclear piston mechanism for generating the migration paths may have various different 313 

flavors, which might be dependent on cell type and whether the microenvironment is fully confining, 314 

microporous, or channel-like. 315 

In addition, the identification of mechanosensitive ion channels in cell migration adds the known 316 

list of key molecular players driving the nuclear piston and involved in cell migration generally. It was 317 

known that the nuclear piston mechanism involved actomyosin contractility, vimentin, and nesprin-3 to pull 318 

the nucleus forward and pressurize the front of the cell (14, 15). We show that mechanosensitive ions 319 

subsequently play a critical role in driving the osmotic pressure changes that overcome the increase in 320 

hydrostatic pressure in the protrusion to drive protrusion expansion. While we focused on TRPV4 and NHE-321 

1,  a recent study found that the mechanosensitive ion channel TRPM7 plays a central role in how cancer 322 

cells sense hydraulic pressure and cross sectional area in microfabricated microchannels (24).  This suggests 323 

that other mechanosensitive ion channels could also be involved in regulating the nuclear piston. Together, 324 

these findings highlight the important, and previously underappreciated, role of mechanosensitive ion 325 

channels in cell migration.   326 

Finally, our finding that matrix viscoelasticity and plasticity facilitate the migration of stem cells 327 

has broad implications for the design of biomaterials in clinical applications. Various applications in 328 

regenerative medicine involve the delivery of stem cells, or recruitment of local host cells (50). Further, the 329 

emerging field of biomaterials-based immunoengineering often involves the use of biomaterials to recruit, 330 

infiltrate, and program immune cells (51).  Thus, our findings point towards hydrogel viscoelasticity and 331 

viscoplasticity as a critical design parameter that can be modulated to optimize performance in such 332 

applications. 333 

  334 
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Materials and Methods 335 
Alginate preparation  336 

Sodium alginate (average molecular weight; 280 kDa, high-MW, Protanal LF 20/40, FMC Biopolymer) was 337 

used directly for the high-MW alginate gels. This alginate was also modified by irradiation with a 8 Mrad 338 

cobalt source to produce low molecular weight (low-MW) alginates (average molecular weight; 35 kDa)(52). 339 

RGD oligopeptides coupled to the alginates using standard carbodiimide chemistry(52). The alginates were 340 

reconstituted at 1% wt/vol in 0.1M MES buffer. Sulfo-NHS (ThermoFisher Scientific), N-(3 341 

dimethylaminopropyl)-N′-ethylcarbodiimide (EDC, Sigma-Aldrich) and RGD oligopeptide (GGGGRGDSP, 342 

peptide 2.0) were sequentially added in the alginate solution, and then the reaction continued for 20 hours 343 

until adding hydroxylamine hydrochloride (Sigma) to quench. The alginate was dialyzed in deionized water 344 

for 2~3 days, purified with activated charcoal, sterile-filtered, lyophilized, and stored in a -20C freezer until 345 

it was used. For cell encapsulation, alginate was reconstituted at 3% wt/vol in serum-free Dulbecco's 346 

modified Eagle's medium (DMEM, Life Technologies). The final concentration of RGD peptide in the 2% 347 

w/v alginate hydrogels was 1500 µM. For preparation of fluorescent alginates, fluorescein amine isomer 348 

(Acros Organics) was coupled to RGD coupled alginate using carbodiimide chemistry at a concentration of 349 

37.74 µM as described above. 350 

 351 

Mechanical characterization  352 

Unconfined compression tests were made with an Instron 5848 mechanical tester (Instron)(30). Alginate 353 

hydrogels and PEG hydrogels for compression characterization were prepared with disk shaped hydrogels 354 

(6-mm in diameter and 2-mm thick). The disks of hydrogels were incubated overnight in Dulbecco’s 355 

Modified Eagles Medium (DMEM, Invitrogen). The samples were compressed with a rate of 1 mm/min 356 

until 15% strain and held constant. Stress and strain of the hydrogels was recorded over time. The initial 357 

modulus of the hydrogel was calculated with the slope of stress–strain curve between 5 and 10% strain. The 358 

time of stress relaxation of each alginate (τ1/2) was measured as the time for which the initial stress at 15% 359 

strain decreased to half of its original value. The stress relaxation profile of a human fracture hematoma in 360 

Fig. 1C was obtained from previously published work(5). Since volume of the gels or fluid flow out of the 361 

gel does not occur in shear, shear relaxation tests were conducted with an AR-G2 rheometer to show 362 
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differences in stress relaxation only due to ionic crosslinker unbinding and polymer flow, and not the fluid 363 

flow out of the samples(30). For sample preparation, the mixtures of alginate hydrogels were directly 364 

deposited between two plates of the rheometer as soon as mixing. After fully gelling the alginate mixtures 365 

indicated by reaching an equilibrium of both loss and storage modulus, a constant shear strain of 15% strain 366 

were then applied for 10,000s and measure stress relaxation property of hydrogels. 367 

Mechanical plasticity of the hydrogels was characterized using creep-recovery tests in a rheometer(40). 368 

Hydrogel samples for plasticity tests were prepared by directly depositing alginate solutions between two 369 

plate of the rheometer immediately after mixing, prior to gelation. To prevent the dehydration of hydrogel, 370 

mineral oil (Sigma) was applied to the surface of the gel disk at the edge of plates. Gelation was tracked by 371 

periodically recording the storage and loss modulus. After the storage modulus reached an equilibrium value, 372 

this time sweep was followed by a creep-recovery test. First, a constant shear stress (150 Pa) was applied 373 

for 3600s and then unloaded (0 Pa) for 6400 s (1.7 h) to recover the samples from the absence of stress.  The 374 

strain derived from loading and unloading stress was recorded as a function of time. The plasticity of each 375 

hydrogel was measured with the ratio of strain after recovery test to the maximum strain at the end of loading.  376 

 377 

Encapsulation cells in hydrogels  378 

D1 MSCs (CRL-12424, ATCC) were cultured to 70% confluency and encapsulated in alginate hydrogels. 379 

Cells were trypsinized with 0.05% trypsin/EDTA, washed with DPBS, centrifuged, and resuspended in 380 

growth medium containing 10% fetal bovine serum (FBS, GE Healthcare). The number of cells was counted 381 

using a Vi-Cell Coulter counter (Beckman Coulter). Cells were homogeneously mixed with the alginate 382 

solution prior to adding calcium crosslinkers (CaSO4). The final cell concentration was 10 million cells/mL 383 

in the cell-laden mixture. The mixture was then deposited between two glass plates spaced a 1mm apart. The 384 

hydrogels were allowed to gel for 45mins, and then disks of hydrogel were punched our using a biopsy 385 

punch. The hydrogel disks containing cells were then cultured in gels for 1 to 2 days in induction medium 386 

containing 50 µg/ml L-ascorbic acid (MilliporeSigma), 10 mM β-glycerophosphate (MilliporeSigma), and 387 

0.1 µM dexamethasone (MilliporeSigma). After one day, bright field microscopy was used to capture cell 388 

morphologies. For visualizing displacement of hydrogels, fluorescent alginates were used, instead of normal 389 

alginate or fluorescent microbeads (Thermofisher, Cat# F8811) were added into the cell-alginate mixture.  390 
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 391 

Live cell imaging  392 

For live-cell studies using D1 MSCs in alginate, samples were prepared with a procedure similar to above. 393 

For migration studies, the membranes of MSCs were labelled with octadecyl rhodamine B chloride (1:1000 394 

dilution, R18, ThermoFisher Scientific) prior to encapsulating cells in alginate. The stained cell-laden 395 

alginate hydrogels were punched out, transferred into the wells of a chambered coverglass (LabTek), and 396 

covered with low-melting-temperature agarose (Cat# 50302, Lonza, Swiss) to prevent the hydrogel from 397 

floating. Induction medium was added in wells with vehicle alone or inhibitor. After hydrogels were fully 398 

swelled for 6 hours in an incubator, MSCs were imaged in an incubated chamber (37 °C and 5% CO2) at 15 399 

min or 30 min intervals with a confocal microscope (Leica CM1950 20/0.40 NA objective) overnight. For 400 

imaging nucleus, a similar procedure was followed and cells in hydrogels were incubated for 1 hour with 401 

nucleus dye (Hoechst 33342, Invitrogen), washed three times with DMEM, and the hydrogels were covered 402 

with agarose for live cell imaging.  403 

For live inhibition studies, the chambers were covered with plastic wrap to prevent dehydration of medium. 404 

Individual cells with nuclei positioned at the entrance of protrusion were marked using the mark-and-find 405 

feature of the Leica software. Small molecule inhibitors were then delivered to each wells and image multiple 406 

cells at every time point. Specific drug concentrations were described at the section of inhibition tests. 407 

 408 

Intracellular ions imaging  409 

For imaging intracellular ions in MSCs, both Fura-red AM (33 µM, ThermoFisher Scientific) and Fluo-3 410 

AM (20 µM, ThermoFisher Scientific) were applied for imaging intracellular calcium(53, 54) and cytosolic 411 

Na+ indicator (25 µM, ION NaTRIUM Green™-2 AM, ab142802, Abcam) were used for imaging 412 

intracellular sodium ions(55). Cells encapsulated in alginates hydrogels were incubated with each indicator 413 

for 1 h and washed three times with DPBS and incubated in the induction medium before live cell imaging. 414 

Intracellular ions were live imaged at 15 min or 30 min intervals with a confocal microscope (Leica CM1950 415 

20/0.8 NA objective) overnight. Sodium ion concentration in cells were measured with the intensity of 416 

sodium indicator and calcium ion concentration was measured using the ratio of the Fluo-3 intensity to the 417 

Fura-red intensity(53–55). 418 
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 419 

Immunohistochemistry 420 

For immunohistochemical staining, the cell-laden hydrogel samples were taken out of media, washed in PBS 421 

containing calcium (cPBS, GE), and fixed with 4% paraformaldehyde (Alfa Aesar) in DMEM at room 422 

temperature for 45-60 min. Then, the samples were washed three times in PBS containing calcium, incubated 423 

in 30% sucrose (Fisher Scientific)  in cPBS overnight, and then placed in OCT-sucrose mixture, containing 424 

50% OCT (Tissue-Tek, Sakura) and the other 50% of a 30% sucrose solution, for 4 h. The samples were 425 

then embedded in OCT and frozen. The gels were then sectioned with a thickness of 30-60 µm using a 426 

cryostat (Leica CM1950), and the staining processed using standard immunohistochemistry protocols.  427 

The following antibodies and reagents were applied for immunohistochemistry: anti-NHE-1 (1:200; 428 

ab67314, Abcam), anti-TRPV4 (1:200; ab39260, Abcam), anti-β1 integrin (1:300; ab24693, Abcam),  anti-429 

Vimentin (1:200; ab92547, Abcam), anti-Nesprin3 (1:200; ab74261, Abcam), anti-Alpha tubulin (1:200; 430 

DM1A, Cell signaling), and Phospho Myosin Light Chain (1:200; ab3381, Millipore Sigma). DAPI(1:1000, 431 

Invitrogen) and AF-488 Phalloidin (1:80, Invitrogen) were used to stain the nucleus and the actin 432 

cytoskeleton, respectively. The following secondary antibodies were used: Goat anti-Rabbit IgG AF 647 433 

(Invitrogen), Goat anti-Mouse IgG AF 647 (Invitrogen), Goat anti-Rabbit IgG AF 555(Invitrogen) and Goat 434 

anti-Mouse IgG AF 555(Invitrogen). Prolong Gold antifade reagent (Life Technologies) was applied to 435 

prevent photobleaching. 436 

 437 

Inhibition/siRNA knockdown tests 438 

For inhibition the function of TRPV4 and NHE ion-channels, GSK205 (10 µM(10, 56), Calbiochem) and 439 

EIPA (20 µM(18), R&D system) were applied, respectively. Bapta-AM (10 µM(24, 57), ThermoFisher) was 440 

used to chelate intracellular calcium ions in MSCs. For inhibition microtubule polymerization and myosin 441 

activity, Nocodazole (10 µM(15, 16), Tocris Bioscience) and ML-7 (25 µM(5, 10), Tocris Bioscience) were 442 

applied to the induction media, respectively. Inhibitor concentrations were based on those used in previous 443 

studies.  444 

For knocking down the expression of vimentin and nesprin3, MSCs were transfected with 50 nM vimentin 445 

siRNA SMARTpool (L-061596-01-0010, Dharmacon), 50 nM Syne3 siRNA SMARTpool (L-052180-01-446 
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0010, Dharmacon), 50nM NHE-1 siRNA SMARTpool (L-048336-01-0020, Dharmacon), 50nM TRPV4 447 

siRNA SMARTpool (L-040742-00-0020, Dharmacon), and 50nM Lamin A/C siRNA SMARTpool (L-448 

040758-00-0020, Dharmacon),  respectively. Control cells was transfected with ON-TARGETplus Non-449 

Targeting Control Pool (D-001810-10-20,  Dharmacon). All cells were transfected for 3 days using 450 

DharmaFECT Transfection Reagent (T-2001-01, Dharmacon) and knockdown efficiency was analyzed by 451 

Western blotting. 452 

 453 

Western blot 454 

siRNA transfected cells were extracted and centrifuged. Cell pellets were lysed in Pierce RIPA buffer (89900, 455 

ThermoFisher) with Protease Inhibitor Cocktail Tablets (11836170001, Roche) and PhosSTOP Phosphatase 456 

Inhibitor Cocktail Tablets (04906845001, Roche). The protein concentration in each sample was measured 457 

using the Pierce BCA Protein Assay Kit (23227, Thermo Fisher). Laemmli Sample Buffer (1610747, Bio-458 

Rad) was used to dilute samples to 3.5 µg/µl. 35 µg of total protein was added in each lane of a 4-15%, 15-459 

well gradient gels (4561086, Bio-Rad). The gels were run for 35 min and the proteins were transferred to 460 

nitrocellulose (Bio- Rad) at 100V for 45 mins. The membrane was blocked in 5% milk for 1 h, incubated 461 

overnight in primary antibodies against Vimentin (ab92547, Abcam, 1:1000), Nesprin3 (ab74261, Abcam, 462 

1:500), Lamin A/C (2032S, Cell Signaling, 1:1000), NHE-1 (SC-136239, Santa Cruz Biotechnology, 463 

1:1000), TRPV4(ab39260, Abcam, 1:1000), P38 (SC-535, Santa Cruz Biotechnology, 1:1000) and GAPDH 464 

(ab181602, Abcam, 1:1000). Blots were incubated with secondary antibodies against the primary for 1hour 465 

and imaged using a Licor Odyssey imaging system (LI-COR Biotechnology). 466 

 467 

3D image analysis  468 

To measure cell volume and sphericity, cells in hydrogels were fixed with 4% paraformaldehyde and stained 469 

with R18 and DAPI. 3D image stacks were taken using a confocal microscope (Leica SP8, PL APO 63X/1.4 470 

NA oil immersion objective) with a 0.5µm z-axis interval(10). The image stacks were visualized using a 471 

constant threshold for each experiment. Cell volumes and sphericity were automatically calculated using 472 

Imaris software(10). 473 
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Cell body and protrusion were distinguished by following procedure: first, we found the maximum width of 474 

the entire cell and drew the largest ellipsoid which is located inside the cell and has the center at the middle 475 

of the maximum width. The ellipsoid was regarded as cell body and the rest of the cells was considered to 476 

be a protrusion.  477 

Body volume was calculated with 3D image stack at which the body area was marked by hand-tracing in 478 

each slice. Protrusion volume was measured by subtracting the body volume from entire volume.  479 

To compare protrusion volume to width, the identical image stacks were used to measure the protrusion 480 

volume and width. The 3D image stacks were converted into a 2D image by accumulating all images. The 481 

protrusion width was then measured at the middle of the protrusion with the accumulated 2D images and the 482 

protrusion length was measured with a line following the protrusion from leading edge of protrusion to the 483 

edge of body part. 484 

For live cell images to take 3D stacks, labeled cells in hydrogels were imaged using confocal microscope 485 

(Leica SP8, A 20X/0.8 NA dry objective). The 3D stacks for live cell imaging were taken with 1µm z-axis 486 

interval by considering pixel distance of x–y plane.  487 

To measure track length and speed of migration in 3D hydrogels, 3D stack images were recorded with 5-488 

10µm z-axis interval for 20 hours and the cell centroids in the 3D stack images were tracked using Imaris 489 

software. Track length and speed of migration were automatically calculated by Imaris software. Migration 490 

trajectories were reconstructed with a custom MATLAB code. 491 

 492 

2D image analysis  493 

For measuring the distribution of intracellular ion and proteins, ImageJ was used with the 2D image 494 

accumulating all slices of 3D stack images. The distribution profiles were obtained by measuring signal 495 

intensity profile of each targets. Along the protrusion, the intensity profiles were measured 3 times with a 496 

line following the protrusion from leading edge of protrusion to the edge of body part. 497 

Nuclear location in the cell body was measured using ImageJ with DAPI and phalloidin signals. As described 498 

above, body area in entire single cell was found with the ellipsoid and the center of the ellipsoid was regarded 499 

as the center of the body. The centroid of nucleus was found with DAPI signal. A vector was then obtained 500 

from the center of cell body to the center of nucleus. Another vector was obtained from the center of cell 501 
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body to the middle of protrusion entrance. Polarization of nuclear location in cell body was calculated as the 502 

angle between these two vectors.  503 

For mapping the displacement of matrix, drift of fluorescent microbeads image was corrected using ImageJ 504 

and microbeads embedded in hydrogels in images were tracked with a particle image velocimetry (PIV) 505 

plugin in ImageJ (PIVlab; MATLAB) using three cross-correlation windows (128 × 128, 64 × 64 and 32 × 32 506 

pixel-size interrogation window). The mesh sizes of the windows were manually chosen accordingly for the 507 

local bead concentration. The results from this PIV analysis provided a vector field of matrix displacements 508 

and a heat map. The control was quantified by measuring the dislocation of beads located at the 30 µm away 509 

from each cell. 510 

The accumulation of matrix was measured as the ratio intensity of fluorescent alginate within 2 µm of the 511 

border of protrusion to the intensity of the background hydrogel at 30 µm away from each cell. The control 512 

was quantified as the ratio intensity of fluorescent alginate within 10 µm of the cell border to the background 513 

intensity of the hydrogel. 514 

 515 

Statistical analysis 516 

GraphPad prism was used for all statistical analyses. Specific method of statistics, P values, and sample 517 

numbers of each comparisons are reported in figure legends. All quantifications for statistical analysis were 518 

from at least three independent experiments with two biological replicates per experiment. 519 

 520 
 521 

522 
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Figures 724 

 725 
Fig. 1. Mesenchymal stem cells (MSCs) migrate in confining viscoelastic matrices, but not in 726 
more elastic matrices. (A) Schematics of MSC migration in a fracture hematoma and in 727 
transplanted hydrogels applied for MSCs delivery for bone regeneration. (B) Schematics of alginate 728 
hydrogels composed of different molecular weights of alginate. (C) Representative stress relaxation 729 
profiles of hydrogels with fast and slow stress relaxation. The relaxation profiles of a covalently 730 
crosslinked PEG hydrogel and a human fracture hematoma(5) are shown for comparison. (D) 731 
Representative plasticity test profiles of hydrogels with fast and slow stress relaxation. (E) 732 
Representative time-lapse image of MSC migration over time in fast relaxing hydrogel (Fast) and 733 
in slow relaxing hydrogel (Slow), respectively. Maximum intensity projections of R18 cell 734 
membrane dye signal are shown. (F) Representative 3D track reconstructions for cell migration in 735 
fast relaxing hydrogels and slow relaxing hydrogels. Grid size = 10 µm. (G) Mean speeds for 736 
migrating cells in fast and slow relaxing hydrogels. (n > 200 single cells) (H) Track length of 737 
migrating cells in each hydrogels. (n > 200 single cells) **** p<0.0001 by Student’s t-test. All scale 738 
bars = 10 µm. All data are shown as mean ± s.e.m.  739 
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 741 
Fig. 2. MSCs physically open up a migration path through expansion of protrusions. (A) 742 
Representative time lapse images of cells migrating. Widening protrusions are shown in white 743 
dotted box. (B) Tracings of protrusion widths for migrating cells. (n > 20). Red dotted line indicates 744 
the average width of protrusion when cells start to migrate in the direction of the protrusion. (C) 745 
Representative 3D renderings of a single cell before and after protruding. (D) Quantification of 746 
altered total volume, altered volume of body part and altered volume of protrusion part before (t = 747 
0) and after cell protrusion (n > 10 single cells). (E) Bead displacements obtained from a single z-748 
plane before and after widening protrusion were used to model the matrix displacement field 749 
illustrating a heat map with displacement magnitudes and directions. (F) Maximum bead 750 
displacements via cell protrusion around cells. (n > 30 beads) (G) Densification of fluorescein-751 
conjugated alginate around protrusions. (H) Densified matrix were quantified as intensity and 752 
compared with control. (n = 15 images ) *** p<0.001  and **** p<0.0001 by Student’s t-test. All 753 
experiments in figure are from fast relaxing hydrogels. All scale bars = 10 µm. All data are shown 754 
as mean ± s.e.m.  755 
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 758 
Fig. 3. A nuclear piston mediated by vimentin and lamins induces protrusion expansion. (A) 759 
Representative time lapse images of the nucleus in a cell as protrusion expands. Blebs indicated by 760 
black arrows. (B) Representative images of a protruding MSC transfected with control (siCNTR) 761 
or vimentin (siVimentin) siRNA. Area of cell body is indicated by white dotted line. (C) Polar 762 
distribution of relative location of nucleus in cell body (n > 50 single cells) (D) Representative time 763 
lapse images of protruding MSCs.  The protrusions are indicated by white arrows. (E) Tracings of 764 
protrusion width for a protruding MSC. (n > 15 single cells) (F) Representative time lapse images 765 
(bright field images) of a protruding MSC transfected with control or lamin (siLMNA) siRNA. The 766 
protrusion of cell is indicated by white arrows. (G) Tracings of protrusion widths for a protruding 767 
MSC. (n > 15 single cells) **** p<0.0001 by student t-test. (H-J) Representative 3D track 768 
reconstructions (H), track lengths (I), and mean speeds (J) for migration of MSCs. (n > 200 single 769 
cells). All Scale bars, 10 µm. *** p<0.001 and ****p<0.0001 by student t-test and by one-way 770 
ANOVA test for I and J. All data are shown as mean ± s.e.m.  771 
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773 
Fig. 4. Nuclear piston movements are mediated by microtubules and myosin contractions. 774 
(A-B) Representative immunofluorescence images for F-actin, a-tubulin, phospho-myosin light 775 
chain (pMLC), and nucleus of a protruding MSC with treatment of Nocodazole (-MT), ML-7 (-776 
MLCK) or vehicle-alone control (CNTR). (C) Polar distribution of relative location of cell nucleus 777 
in cell body of MSCs. (n > 50 single cells) (D) Representative 3D track reconstructions for 778 
migration of MSC. (E) Track length of migrating cells treated with each inhibitors or vehicle-alone 779 
control. (n > 200 single cells) (F) Mean speeds for migrating cells treated with each inhibitors or 780 
vehicle-alone control. (n > 200 single cells) (G) Schematic of inhibition test. After finding a 781 
protruding cell with the nucleus located at the base of protrusion, inhibitors are delivered and the 782 
movement of cell nucleus is monitored. (H) Representative time lapse images showing nuclear 783 
movements over time in cell body. (I-J) Quantification of nuclear movements (I) and of relative 784 
width of protrusion (J) after 1 hour of treatment (n > 15 single cells). All Scale bars, 10 µm. *** 785 
p<0.001 and ****p<0.0001 by student t-test and by one-way ANOVA test respectively. All data 786 
are shown as mean ± s.e.m.  787 
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 789 
Fig. 5. Ion influx at protrusion mediated by NHE and TRPV4 ion channels. (A) Intracellular 790 
sodium ion imaging in cell protrusion (white dotted box). (B) Distribution profile of intracellular 791 
sodium ions along protrusion. (n>45 single cells) (C) Intracellular calcium ion imaging in cell 792 
protrusion (white dotted box). (D) Distribution profile of intracellular calcium ions along 793 
protrusion. (n>45 single cells) (E) Time-lapse images of a cell merged with heatmaps of calcium 794 
ion concentration. Scale bar, 5 µm. (F) Evolution intracellular calcium ion concentration at end of 795 
protrusion. (n>45 single cells) (G-H) Representative images and profiles of intracellular sodium 796 
ions with NHE inhibition. (n>45 single cells). (I-J) Representative images and profiles of 797 
intracellular calcium ions with TRPV4 inhibition. (n>45 single cells). (K) Western blot analysis of 798 
NHE-1 and TRPV4 protein expression in MSCs with siRNA of NHE-1 (siNHE), TRPV4 799 
(siTRPV4), or control (siCNTR) . (L–N) Representative 3D track reconstructions (L), track 800 
lengths(M), and mean speeds (N) for migration of MSCs.  (n>200 single cells) Scale bars are 10 801 
µm unless otherwise indicated. *** p<0.001  and **** p<0.0001 by one-way ANOVA test. All 802 
data are shown as mean ± s.e.m, including profile graphs.   803 
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805 
Fig. 6. Theoretical model and experiments suggest that nuclear piston activates ion channels, 806 
which allow an influx of ions into the protrusion. (A) Representative time lapse images of nuclear 807 
movements and calcium ions at the tip of the protrusion in one cell over a 80 min timeframe. Heat 808 
maps for relative calcium ion concentration at the protrusion are shown merged with bright field 809 
images. Scale bar, 10 µm. Graph on the right shows the change in protrusion width, nuclear 810 
displacement, and the concentration of intracellular calcium ions of the cell shown on the left. (B-811 
C) Representative images and profiles of intracellular calcium ions in the protrusion of MSCs 812 
transfected with vimentin siRNA or control siRNA. . (n > 45 single cells) (D) Schematics and 813 
equations for the theoretical model of the nuclear piston and protrusion expansion. (E) Theoretical 814 
model predictions of hydrostatic pressure, membrane tension, the number of intracellular ion, 815 
osmotic pressure, and net flow of fluid in the protrusion over time when nucleus move toward 816 
protrusion. Scale bar, 10 µm. Heat maps indicates relative calcium ion concentration. *** p<0.001  817 
and **** p<0.0001 by one-way ANOVA test. All data are shown as mean ± s.e.m. In profile graphs, 818 
mean and s.e.m are indicated by solid lines and dotted lines, respectively. 819 
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 821 
Fig. 7. Theoretical model and experiments show that influx of ions into protrusion increases 822 
osmotic pressure sufficiently to outcompete hydrostatic pressure and expand protrusions. (A) 823 
Schematic of ion channel inhibition in model. (B) Representative time lapse images of protruding 824 
cells in the presence of the indicated inhibitor. (C-D) Comparison of theoretical results to 825 
experimental measurements of protrusion widths in the presence of vehicle-alone control (C) or 826 
each inhibitor (D). (E) Mean speeds of migrating cells in the presence of each inhibitors or vehicle-827 
alone control. (n>230)  (F) Maximum length of protrusions with each inhibitor or the vehicle-alone 828 
control. (G) Schematic of real-time inhibition of ion channels or actomyosin contractility in model. 829 
(H) Representative time-lapse images of nucleus and calcium ion concentrations in MSC with 830 
treatment of each inhibitor or vehicle-alone control. Scale bar, 10 µm. (I) Comparison of theoretical 831 
results to experimental measurements after 1 hour of treatment. (n>15) (J-K) Theoretical and 832 
experimental tracings of protrusion widths for a protruding MSC with treatment of TRPV4 inhibitor 833 
(J), MLCK inhibitor (K), or vehicle-alone control. (n>25) * p<0.05, *** p<0.001, and **** 834 
p<0.0001 by one-way ANOVA test. All data are shown as mean ± s.e.m, including in tracing 835 
graphs. 836 
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 838 
Fig. 8. The nuclear piston generates migration paths in viscoelastic and plastic matrices. 839 
Schematic of proposed mechanism explaining how MSCs generate a migration path in viscoelastic 840 
matrix using the nuclear piston. 841 
  842 

Force
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Supplementary Text 860 

Theoretical model description 861 

Here, we propose a theoretical model to explain the mechanism through which the actomyosin-based 862 

movement of the nucleus regulates the protrusion expansion and the transport of fluid and ions. To describe 863 

this mechanism, consider the movement of the nucleus in fig. S11A. With the forward movement of the 864 

nucleus, the fluid in front of the nucleus is pushed into the protrusion and expands the protrusion where the 865 

rate of expansion can be determined as follows 866 

 867 

where  is the protrusion radius,  is the radius of the cell body,  is the length of the protrusion, and  is 868 

the velocity of the nucleus which can be estimated from our experiments or can be calculated as an unknown 869 

variable in equation (11). Note that the radius of the nucleus in equation (1) is assumed to be equal to the 870 

radius of the cell body. However, we can extend the model by assuming a small gap  between the nucleus 871 

and the cell body (fig. S11A). Using the lubrication theory(15), we then relate the fluid pressure  to the 872 

fluid velocity  in the gap 873 

 874 

where  is the fluid viscosity. Applying no-slip boundary conditions (  at , and  at ), 875 

we have 876 

 877 

Using equation (3), we can determine the volume flux through the gap 878 

 879 

where  is the length of the nucleus,  is the hydrostatic pressure in the cell posterior generated by the 880 

actomyosin contractility, and  is the hydrostatic pressure in the protrusion. With  at hand, we can revise 881 

equation (1) as follows 882 

 883 
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where the sum of the two terms on the right-hand side of the equation is represented by  in Fig. 4A. In 884 

addition to , the efflux and influx of the fluid through the membrane can also change the protrusion radius 885 

. Therefore, we revise equation (5) to account for the fluid transport due to the osmotic and hydrostatic 886 

pressure gradients across the membrane as the fluid flows (i) from lower to higher osmotic pressure, and (ii) 887 

from higher to lower hydrostatic pressure(16, 17)   888 

 889 

where  represents the rate constant of fluid transport. The third term in equation (6) is represented by  in 890 

Fig. 4A and denotes the fluid transport due to the difference between the osmotic pressures outside ( ) 891 

and inside ( ) of the protrusion. Similarly, the fourth term denotes the fluid transport due to the difference 892 

between the hydrostatic pressures inside ( ) and outside ( ) of the protrusion and is represented by  in 893 

Fig. 4A. In addition to the fluid flux, ions can also flow in and out of the protrusion. As observed in our 894 

experiments, the flux of ions is regulated by mechanosensitive ion channels which are activated with 895 

stretching the membrane. With the opening of the mechanosensitive channels, ions can flow in and out of 896 

the protrusion in the direction of the ion concentration gradient across the membrane (Fig. 4A). Thus, the 897 

ion flux rate  can be calculated as a function of the difference between the osmotic pressures outside 898 

( ) and inside ( ) of the protrusion(17) 899 

 900 

where  is the rate constant of ion transport,  is the surface area of the protrusion and  represents the 901 

opening of the channel as a function of the membrane tension  (fig. S11b). The membrane tension can be 902 

related to the protrusion radius  using the following constitutive equation 903 

 904 

where  is the initial radius of the protrusion, and  is the elastic modulus of the membrane/cortex. With  905 

at hand as a function of , the hydrostatic pressures inside the protrusion ( ) can be also determined from 906 

the following equation using the force balance in the circumferential direction of the cylindrical protrusion 907 

 908 
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where  is the thickness of the membrane/cortex (Fig. 4a). The osmotic pressure inside the protrusion can 909 

be expressed in terms of the protrusion radius  and the number of ions   910 

 911 

where  is the protrusion volume,  is the absolute temperature, and  is the gas constant. Finally, the 912 

velocity of the nucleus  can be obtained from the force balance on the nucleus 913 

 914 

where the first, second, and third terms are the force on the back of the nucleus, the force on the front of the 915 

nucleus, and the shear force on the lateral surface of the nucleus, respectively. In equation (11),  is the 916 

friction coefficient which can be assumed to be inversely proportional to the protrusion radius  as smaller 917 

protrusions generate higher resistance forces against nuclear movement. The two unknown variables  and 918 

 can be obtained by solving the two coupled equations (6) and (7) where , , , and  can be expressed 919 

in terms of  and  from equations (8-11). Equations (6) and (7) need two initial conditions;  and  which 920 

are the initial radius of the protrusion and the initial number of ions, respectively. The initial radius of the 921 

protrusion is 0.75 µm ( at  0) which is estimated from our experiments. fig. S8 shows the model 922 

prediction for two different ; (i) low initial number of ions ( <  at ), and (ii) high initial number 923 

of ions ( >  at ). The model shows similar behavior for both cases which indicates that, 924 

independent of the initial number of ions , cell protrusions cannot expand in the absence of protrusion ion 925 

channels. 926 

927 
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Supplementary Figures  928 

 929 
Fig. S1. Mechanical properties of alginate hydrogels. (A) Quantification of the time scale of stress 930 
relaxation, τ1/2, for the different alginate hydrogels under compression. (B) Normalized stress relaxation 931 
profiles of alginate gels under shear. (C) Quantification of the time scale of stress relaxation, τ1/2 under shear. 932 
(D) Quantification of percentage of permanent strain (plasticity) of different alginate hydrogels from creep 933 
and recovery tests. (E) Initial elastic modulus of the different alginate hydrogels. *** p < 0.001 and **** p 934 
< 0.0001 indicate a statistically significant difference when compared to high MW alginate (HMW) 935 
condition by Student t-test. All data are shown as mean ± s.e.m, n  4 replicates per conditions.  936 
  937 
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 938 
Fig. S2. Protrusion extension and widening are accompanied by volume expansion of protrusion. (A) 939 
Top 2D view and side 3D reconstructing view of representative images of a protruding cell over time. (B) 940 
Scatter plots of the volume versus the width of cell protrusions. (n = 30 single cells) Linear regression 941 
analysis indicated a linear correlation between cell volume of protrusion and width of protrusion. (C) Scatter 942 
plot of cell volume versus sphericity of cells cultured in fast relaxing hydrogels. (n  = 175 single cells) 943 
  944 
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 945 

Fig. S3. Nuclear piston and protrusion expansion are not mediated by nesprin3. (A) Western 946 
blot analysis of vimentin and nesprin3 protein expression in MSCs transfected with vimentin 947 
siRNA, nesprin3 siRNA, lamin A/C siRNA, or control siRNA for 72 hrs. (B) Representative 948 
immunofluorescent images of a protruding MSC transfected with nesprin3 siRNA. Dotted line 949 
indicates the area of cell body. Scale bar, 10 µm. (C) Polar distribution of relative location of cell 950 
nucleus in cell body of MSCs, transfected with nesprin3 siRNA. (D) Representative time lapse 951 
images (bright field images) of a protruding MSC transfected with nesprin3 siRNA. The protrusion 952 
of cell is indicated by white arrows. Scale bar, 10 µm. (E) Tracings of protrusion widths for a 953 
protruding MSC transfected with nesprin3 siRNA or control siRNA. (n > 15 single cells) p-value 954 
> 0.05 is indicated as NS. 955 
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 957 

Fig. S4. Sodium-hydrogen exchange 1 (NHE), b1 integrins but not TRPV4 calcium ion 958 
channels exhibit higher densities at tip of protrusion. (A-B) Representative images (A) and 959 
profiles (B) of NHE along the protrusion of MSCs (white dotted box). (C-D) Representative images 960 
(C) and profiles (D) of TRPV4 calcium ion channels and b1 integrins along the protrusion of MSCs 961 
(white dotted box). Scale bar is 10 µm. n > 40 single cells. ns, p =0.3402 and **** p<0.0001 by 962 
student t-test. In profile graphs, mean and s.e.m are indicated by solid lines and dotted lines, 963 
respectively. 964 
  965 
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 966 

Fig. S5. Distribution of NHE ion channels along the protrusion of cells in the presence of NHE 967 
inhibitor (EIPA). (A-B) Representative images (A) and profiles (B) of distribution for NHE 968 
sodium ion channels along the protrusion of MSCs in the presence of NHE inhibitor (EIPA) or 969 
vehicle-alone control. Scale bar, 10 µm. (C) Quantification of intensity of NHE proteins at the end 970 
of protrusion with the treatment of NHE inhibitor (EIPA) or vehicle-alone control. ns, ***, and 971 
**** respectively indicate p = 0.8647, p < 0.001, and p < 0.0001 by student t-test. Data are shown 972 
as mean ± s.e.m. In profile graphs, mean and s.e.m are indicated by solid lines and dotted lines, 973 
respectively. 974 
  975 
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 976 

Fig. S6. Correlation between nucleus movements, altered width of protrusion, and 977 
accumulated calcium ion at the end of protrusion. (A-C) Based on image analysis with time 978 
lapse images, nucleus movements, altered width of protrusion, and accumulated calcium ions are 979 
shown as correlation plots. Red lines, regression lines. Dotted bands, 95% confidence intervals. 980 
Pearson corr indicates Pearson correlation coefficients. 981 
  982 



Science Advances                                               Manuscript Template                                                                           Page 43 of 48 
 

 983 

Fig. S7. Knockdown of nesprin3 does not impact higher concentrations of calcium ions at the 984 
tip of protrusion. (A-B) Representative images (A) and profiles (B) of intracellular calcium ions 985 
in the protrusion of MSCs transfected with Nesprin3 siRNA. Scale bar, 10 µm. n > 20 single cells. 986 
Heat map exhibits relative calcium ion concentration in the protrusion (white dotted box). ns 987 
indicates p > 0.05. 988 
  989 
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 990 

Fig. S8. Theoretical model shows the function of ion channels during protrusion expansion. 991 
(A) Schematics of simulating ion channels inhibition with theoretical model. (B-M) Theoretical 992 
model predictions of hydrostatic pressure (B, H), surface tension at the cell membrane (C, I), 993 
activated ion channels (D, J), osmotic pressure (E, K), the number of intracellular ions (F, L), and 994 
net flow of fluid (G, M) in the protrusion over time when ion channels are inhibited (red dotted 995 
line).   996 
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 997 

Fig. S9. The impact of NHE function, TRPV4 function, and intra cellular calcium ions on cell 998 
migration in hydrogels. Track length of migrating cells in the presence of each inhibitors or 999 
vehicle-alone control. ****p<0.0001 by one-way ANOVA test. n > 230 single cells. All data are 1000 
shown as mean ± s.e.m 1001 
  1002 
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 1003 

Fig. S10. Theoretical model predictions of altered nuclear location and protrusion expansion 1004 
via real-time inhibitions of mechanosensitive ion channels or actomyosin contractility. (A) 1005 
Schematics of model predictions. (B-D) Normalized fluid flux due to the nuclear movement (b), 1006 
the hydrostatic pressure difference across the membrane (B), and the osmotic pressure difference 1007 
across the membrane (D) where positive and negative values indicate influx and efflux of fluid, 1008 
respectively. (E-G) Analytical model predictions of the normalized hydrostatic pressure (E), 1009 
osmotic pressure (F), and number of ions (G) in the protrusion as functions of time (minute). 1010 
  1011 
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 1012 

Fig. S11. Theoretical model of cells in which the movement of the nucleus regulates opening 1013 
of ion channels and the protrusion expansion by the transport of fluid. (A) Schematics of the 1014 
cell body which has a protrusion and a nucleus (blue rectangle). (B) Theoretical model of 1015 
mechanosensitive ion channel activation by surface tension at the cell membrane. 1016 

 1017 
  1018 

A
` 

B 
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Supplementary Movies  1019 

Movie S1. MSCs migrate in fast relaxing hydrogels. Cell membrane and nucleus are indicated 1020 
by green and blue fluorescence, respectively. The surrounding matrix is indicated by red fluorescent 1021 
microbeads embedded in hydrogels. Scale bar, 50 µm. 1022 

 1023 

Movie S2. MSCs maintain rounded cell morphology and do not migrate in the slow relaxing 1024 
hydrogels. Cell membrane and nucleus are indicated by green and blue fluorescence, respectively. 1025 
For mapping the displacement of matrix, red fluorescent microbeads are embedded in hydrogels. 1026 
Scale bar, 50 µm. 1027 

 1028 

Movie S3. Protrusion expansion generates force to open the hole in hydrogels. Cell morphology 1029 
and surrounding matrix are indicated by bright field image and red fluorescent beads. Red 1030 
microbeads adjacent to the protrusion in yellow box are moved away from the protrusion when the 1031 
protrusion is expanding. Scale bar, 10 µm. 1032 

 1033 

Movie S4. Protrusion is expanded by movement of the nucleus towards and into the narrow 1034 
entrance of the thin protrusions. Cell morphology and nucleus are indicated by bright field image 1035 
and red fluorescence. Scale bar, 10 µm. 1036 

 1037 

Movie S5. Blebs are observed at the cell membrane in protrusions following entry of the 1038 
nucleus into the protrusion. Cell morphology and nucleus are indicated by bright field image and 1039 
red fluorescence. Scale bar, 10 µm. 1040 
 1041 
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 1043 
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