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Introduction

The movement of single cells through 3D material is essential 

for normal wound healing, but can become lethal in metastatic 

disease (Singer and Clark, 1999; Valastyan and Weinberg, 

2011). Investigating how cells move through 3D ECM has re-

vealed a multitude of cell migration mechanisms (Friedl and 

Wolf, 2010; Petrie and Yamada, 2012; Charras and Sahai, 

2014). In fact, many cell types can switch between two or more 

distinct mechanisms, or modes, of movement in response to 

their environment (Wolf et al., 2003; Petrie et al., 2012; Liu et 

al., 2015; Madsen et al., 2015; Ruprecht et al., 2015). Decipher-

ing the regulation of this migratory plasticity will be required 

for comprehensive understanding of both normal and meta-

static 3D cell motility.

Adherent primary human �broblasts switch from using 

low-pressure lamellipodia to high-pressure lobopodial protru-

sions when moving through a highly cross-linked 3D matrix, 

such as those found in mammalian dermis and cell-derived ma-

trix (CDM; Petrie et al., 2012). Additionally, nonadherent �bro-

blasts can use a third distinct mode of 3D migration, termed A1 

amoeboid (Liu et al., 2015). In lobopodial �broblasts, actomyo-

sin contractility pulls the nucleus forward like a piston in a cyl-

inder to increase cytoplasmic hydraulic pressure in front of the 

nucleus (Petrie et al., 2014). It is this compartmentalized pres-

sure that drives the lobopodial membrane forward rather than 

the actin polymerization-mediated brownian ratchet associated 

with lamellipodial protrusion. This nuclear piston mechanism is 

used for the ef�cient movement of primary �broblasts through 

cross-linked 3D matrix.

Metastatic cells migrating through 3D matrix can also 

switch between distinct modes of migration (Sahai and Mar-

shall, 2003; Wolf et al., 2003; Madsen et al., 2015). For ex-

ample, adherent, elongated (mesenchymal) tumor cells use 

matrix metalloproteinases (MMPs) to enlarge the pore size of 

3D collagen gels to move their bulky nucleus through con�ned 

environments (Yu et al., 2012; Wolf et al., 2013; Davidson et al., 

2014; Harada et al., 2014; Denais et al., 2016). When protease 

activity is reduced, these cells increase actomyosin contractility 

and become round (amoeboid) and less adherent (Wolf et al., 

2003; Bergert et al., 2015; Madsen et al., 2015). This increase 

in actomyosin contractility initiates bleb-based 3D migration 

and allows the rounded cells to use rapid, adhesion-indepen-

dent motility to move through the intact 3D matrix (Lämmer-

mann et al., 2008; Liu et al., 2015; Ruprecht et al., 2015). This 

amoeboid–mesenchymal switch was �rst identi�ed in HT1080 

cells stably expressing MT1-MMP (HT1080/MT1) (Wolf et al., 

2003), but it can occur in a variety of cell types (Sanz-Moreno 

et al., 2008; Ruprecht et al., 2015).

Although it is clear that primary �broblasts and tumor 

cells can switch between distinct modes of migration, it is un-

clear if they switch between the same modes or their migratory 

plasticity is regulated by similar mechanisms. To test the hy-

pothesis that the migratory plasticity of primary �broblasts and 
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their malignant counterpart differ, we searched for the �broblast 

nuclear piston mechanism in polarized HT1080 �brosarcoma 

cells moving through 3D CDM. Speci�cally, we compared the 

intracellular pressure in front of and behind the nucleus in these 

cells. We �nd that the nuclear piston mechanism is normally in-

active in �brosarcoma cells, but it can be activated in elongated, 

polarized tumor cells by inhibiting MMP activity.

Results and discussion

To establish if single, migrating tumor cells can use the nuclear 

piston mechanism to generate high-pressure lobopodial pro-

trusions, we �rst measured the pressure in polarized HT1080/

MT1 cells in linearly elastic 3D CDM. Importantly, CDM is 

the same material that triggers the nuclear piston mechanism in 

primary �broblasts, intestinal myo�broblasts, and dedifferen-

tiated chondrocytes (Petrie et al., 2014). In 3D CDM, the ma-

jority (76 ± 3%; N = 3) of HT1080/MT1 cells are polarized, 

with a uniaxial morphology (averaging 54 ± 3 µm in length;  

n = 45), a rounded trailing edge, and a tapering anterior protru-

sion (Fig. 1 A). In contrast to primary �broblasts in the identical 

ECM (Petrie et al., 2014), intracellular pressure was relatively 

low and uniform in these cells (Fig.  1 B), indicating that the 

nuclear piston mechanism was not active.

Because �broblasts do not use high-pressure lobopodia 

in protease-treated CDM (Petrie et al., 2012), we hypothesized 

that cellular protease activity could be modifying local matrix 

structure to prevent the activation of the nuclear piston mech-

anism in the HT1080/MT1 cells. To test this hypothesis, we 

treated HT1080/MT1 cells migrating through 3D CDM with a 

mixture of protease inhibitors shown to be effective with this 

cell type (Wolf et al., 2003). Upon protease inhibition, the nu-

clear piston appeared to become active in polarized cells be-

cause there was a signi�cant increase in intracellular pressure in 

front of the nucleus compared with behind (Fig. 1 C). Despite 

this increase in pressure, there was no signi�cant decrease in 

the length of the polarized HT1080/MT1 cells toward an amoe-

boid phenotype (54 ± 3 vs. 65 ± 4 µm in control and treated 

cells, respectively; n = 45). In contrast, protease inhibition did 

not affect the intracellular pressure of these cells moving on 2D 

glass (Fig. 1 D). We then determined if the pressure generation 

response was restricted to the HT1080 cells expressing MT1-

MMP. We found the broad-spectrum MMP inhibitor GM6001 

(Wolf et al., 2013) was suf�cient to induce the increase in com-

partmentalized pressure in control HT1080 cells (HT1080/neo), 

HT1080 cells obtained directly from American Type Culture 

Collection (HT1080/ATCC), as well as the human �brosarcoma 

cell line SW684 (Fig. S1). Interestingly, control MDA-MB-231 

(breast adenocarcinoma) cells generate compartmentalized 

pressure like primary �broblasts, whereas the pressure in A549 

(lung adenocarcinoma) and SK-MEL-28 (melanoma) cells does 

not change in response to GM6001. Together, this demonstrates 

that MMP inhibition is capable of activating the nuclear pis-

ton mechanism in multiple �brosarcoma tumor cell lines, spe-

ci�cally in a 3D matrix.

To con�rm that protease inhibition was activating the nu-

clear piston in HT1080/MT1 cells, we compared the motions 

of the nucleus and trailing edge within individual cells. In pri-

mary �broblasts using the nuclear piston mechanism, the nu-

cleus moves independently of the trailing edge, consistent with 

it being pulled forward rather than pushed by myosin II activity 

(Petrie et al., 2014; Wu et al., 2014). HT1080/MT1 cells were 

transfected with GFP–myosin light chain 2 (MLC2) and RFP-

NLS to highlight the trailing edge and nucleus, respectively 

(Fig. 2, A and B; and Videos 1 and 2). In control cells mov-

ing through 3D CDM, the nucleus and trailing edge tended to 

move simultaneously. Upon protease inhibition, however, the 

nucleus and trailing edge moved independently of one another, 

consistent with the nucleus being pulled forward by the nuclear 

piston mechanism (Petrie et al., 2014). This was con�rmed by 

plotting the instantaneous velocities of the nucleus and trailing 

Figure 1. Protease inhibition selectively increases anterior pressure in fibrosarcoma cells. (A) The majority of HT1080/MT1 cells migrating in 3D CDM 
adopt a polarized morphology with a clear leading and trailing edge of varying lengths (n = 45, N = 3). Bars, 10 µm. (B) Polarized HT1080/MT1 cells 
migrating in 3D CDM have low and uniform intracellular pressure (Pic, measured in Pascals [Pa]) in control cells compared with the compartmentalized 
pressure in primary human fibroblasts (n = 18, N = 3). (C) Addition of a protease inhibitor (inh.) mixture (Wolf et al., 2003; see Materials and methods) 
triggers increased intracellular pressure anterior to the nucleus in HT1080/MT1 cells (n = 20, N = 3). (D) HT1080/MT1 cells migrating on 2D glass 
fail to respond to protease inhibition by raising or compartmentalizing their intracellular pressure (n = 20, N = 3; P = 0.7). Error bars indicate SEM.  
*, P < 0.01 versus the anterior compartment.
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edge and determining the Pearson’s correlation coef�cient of 

their motion (Fig. 2, C and D). This quanti�cation established 

that protease inhibition triggered independent movement of the 

nucleus relative to the trailing edge, which, together with the 

compartmentalized pressure data (Fig. 1 C), shows that protease 

inhibition of HT1080/MT1 cells is suf�cient to activate the nu-

clear piston and trigger high-pressure, polarized �brosarcoma 

cell 3D migration. Importantly, HT1080/MT1 velocity through 

3D CDM was reduced signi�cantly upon activation of the nu-

clear piston mechanism by protease inhibition (Fig. 2 E). This 

reduction in cell velocity suggests that restoring a normal cell 

migration phenotype in �brosarcoma cells can change meta-

static cell behavior in 3D environments.

To establish whether pressure differences could distin-

guish mesenchymal (elongated) and amoeboid (rounded) tumor 

cells, we measured the intracellular pressures of HT1080/ATCC 

cells in a 3D type I collagen matrix (Fig. 3 A). Interestingly, in-

tracellular pressure was low regardless of cell shape (Fig. 3 B) 

or measurement location (Fig. S2 A). Upon MMP inhibition, 

however, pressure speci�cally increased in the mesenchymal 

cells, as well as primary �broblasts (Fig. S2 B). To test if the 

nuclear piston is an alternative to collagen proteolysis to move 

the nucleus through a con�ning 3D matrix, we compared the re-

sponse of HT1080/ATCC cells to MMP inhibition in low-poros-

ity 1.7 mg/ml rat tail and high-porosity bovine dermal collagen 

(Fig. 3, C and G; Wolf et al., 2013). MMP inhibition resulted in 

higher compartmentalized pressure and reduced cell velocity in 

rat tail collagen (Fig. 3, D and E; and Video 3) and not in bovine 

collagen (Fig. 3, H and I; and Video 4). Intriguingly, myosin IIB 

was polarized in ∼50% of control and treated cells in both types 

of collagen (Fig. 3, F and J; n = 15, N = 3; P = 0.85). Together, 

these data show the level of intracellular pressure does not dis-

tinguish mesenchymal and amoeboid tumor cells, but that pro-

tease inhibition increases the pressure in front of the nucleus 

of mesenchymal cells, consistent with activation of the nuclear 

piston mechanism. This response in elongated, polarized cells 

requires a low-porosity 3D matrix and does not occur on 2D 

glass. These results suggest the nuclear piston is an alternative 

mechanism to move the bulky nucleus through con�ning 3D 

matrices (Wolf et al., 2013; Petrie et al., 2014).

HT1080 cells are known to switch between protease- 

dependent and -independent migration mechanisms (Wolf et al., 

2003). However, protease-independent motility is characterized 

by relatively low cell-matrix adhesion (Bergert et al., 2015) and 

elevated actomyosin contractility (Sahai and Marshall, 2003; 

Madsen et al., 2015) to allow rounded cells to squeeze through 

3D ECM (Lämmermann and Sixt, 2009). In contrast, we found 

that protease inhibition triggered the nuclear piston mechanism 

in elongated, polarized HT1080 cells to generate high-pres-

sure protrusions. We therefore hypothesized this high-pressure 

HT1080 phenotype was consistent with adherent, lobopodial 

�broblasts (Petrie et al., 2012, 2014), rather than less adherent, 

round amoeboid cancer cells. To con�rm the similarities between 

the high-pressure polarized HT1080/MT1 cells after protease 

inhibition and primary �broblasts, we directly compared their 

requirements for integrin-mediated cell-matrix adhesion and 

actomyosin contractility to generate compartmentalized pres-

sure in 3D CDM. Although control lobopodial �broblasts used 

the nuclear piston mechanism, moderate inhibition of αVβ3 

and β1 integrins abolished compartmentalized pressure with-

out affecting mean cell length (90 ± 4 vs. 96 ± 6 µm in control 

and treated cells, respectively; n = 45; Fig. 4, A and B). These 

Figure 2. Protease inhibition activates the nuclear piston and slows cell velocity. (A) HT1080/MT1 cells were transfected with GFP-MLC2 and RFP-NLS to 
highlight the trailing edge (TE) and nucleus (N), respectively. Bar, 5 µm. (B) Kymographs of live-cell imaging sequences showing that in control cells, the 
nucleus (VN, velocity nucleus) moves synchronously with the trailing edge (VTE, velocity trailing edge; left panels), whereas in protease inhibitor–treated cells, 
the nucleus can undergo acceleration away from the trailing edge (right panels). Bars, 5 µM. (C) Examples of instantaneous velocity plots of the nucleus 
(red) versus the trailing edge (green) showing the independent movement of the nucleus in response to protease inhibition (inh.; bottom) compared with a 
control cell (top). (D) Pearson’s correlation coefficients between the velocity of the nucleus and trailing edge (n = 12, N = 3). *, P < 0.05 versus control 
cells. (E) The velocity of HT1080/MT1 tumor cells is reduced upon protease inhibition and activation of the nuclear piston (n = 45, N = 3). Error bars 
indicate SEM. *, P < 0.01 versus control cells.
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data indicate the nuclear piston mechanism is integrin depen-

dent. The generation of compartmentalized pressure in HT1080/

MT1 cells in response to GM6001 treatment (Fig. 4 E) required 

integrin-mediated adhesion and actomyosin contractility, sim-

ilar to the nuclear piston mechanism in lobopodial �broblasts 

(Petrie et al., 2014; Fig. 4 B). The velocity of HT1080/MT1 cells 

was signi�cantly reduced by these treatments compared with 

control cells (Fig. 4 C). Interestingly, protease inhibition can 

trigger signi�cant differences in the 3D migration mechanisms 

used by HT1080/MT1 cells without disrupting cell morphology 

(Fig. 4 D). Further, the compartmentalized pressure response 

required nesprin 3, vimentin, and lamin A (Fig. 4, F and G; and 

Fig. S3). Together, these data indicate that when protease activ-

ity is inhibited, polarized HT1080 cells require nesprin 3, acto-

myosin contractility, and integrin-mediated adhesion generate 

compartmentalized pressure, similar to lobopodial �broblasts 

Figure 3. Protease inhibition increases compartmentalized pressure in mesenchymal tumor cells in low-porosity 3D collagen. (A) HT1080/ATCC cells in 
1.7 mg/ml 3D collagen use either the mesenchymal (elongated) or amoeboid (round) modes of tumor cell migration. Bars, 10 µm. (B) Intracellular pressure 
(Pic) does not differ significantly between amoeboid and mesenchymal tumor cells moving through 3D collagen. Upon addition of 10 µM GM6001, intra-
cellular pressure specifically increases in mesenchymal tumors cells, whereas the pressure in amoeboid cells does not change (n = 30, N = 3). 1.7 mg/ml 
rat tail (C) and bovine dermal (G) collagen labeled with Alexa 647. Bars, 5 µM. MMP inhibition significantly slows the velocity (n = 45, N = 3; D) and 
increases compartmentalized pressure (n = 15, N = 3; E) of HT1080/ATCC cells moving in rat tail collagen, but not bovine dermal collagen (H and I). 
Myosin IIB localization is unaffected by GM6001 treatment in 1.7 mg/ml rat tail (F) and bovine dermal (J) collagen (n = 15, N = 3). Bars, 10 µM. Error 
bars indicate SEM. *, P < 0.01 versus control cells.
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(Petrie et al., 2014), as well as the intermediate �lament pro-

teins vimentin and lamin A.

The generation of compartmentalized pressure in 

HT1080/MT1 cells in response to GM6001 treatment sug-

gested increased MMP activity could explain the reduced in-

tracellular pressure in �brosarcoma cells relative to primary 

human �broblasts in 3D CDM. Therefore, we overexpressed 

GFP-tagged MT1-MMP (3.6 ± 1.4-fold vs. endogenous MT1-

MMP; n = 15, N = 3; Fig. 5 B) in primary dermal �broblasts 

and measured their intracellular pressure to determine if the 

nuclear piston mechanism was disrupted. GFP-MT1MMP 

was localized to intracellular vesicles and the plasma mem-

brane, as expected (Marchesin et al., 2015), and did not affect 

overall cell morphology (Fig. 5 A and Video 5). We measured 

the pressure in these cells and found that anterior pressure 

was high in the GFP control, as expected (Fig.  5  C; Petrie 

et al., 2014). In striking contrast, primary dermal �broblasts 

expressing GFP-MT1MMP had relatively low intracellular 

pressure in front of the nucleus, similar to HT1080/MT1 cells 

(Fig.  1  B). Importantly, adding the MMP inhibitor GM6001 

resulted in the rescue of compartmentalized pressure in �-

broblasts expressing GFP-MT1MMP (Fig.  5  C), without af-

fecting cell velocity (Fig. 5 D). Together, these data con�rm 

that inhibition of MMP activity is suf�cient to restore nuclear 

piston function in primary human �broblasts in 3D CDM 

expressing GFP-MT1MMP.

Figure 4. The nuclear piston mechanism re-
quires integrin-mediated, cell-matrix adhesion, 
actomyosin contractility, vimentin, nesprin 3, 
and lamin A. (A and B) Primary human dermal 
fibroblasts migrating in 3D CDM use the nu-
clear piston and compartmentalized pressure. 
Inhibition of β1 and αV integrins is sufficient 
to revert the intracellular pressure (Pic) to low 
and uniform, without completely disrupting cell 
adhesion (n = 16, N = 3). *, P < 0.001 ver-
sus control cells. Bars, 10 µm. (C) The velocity 
of HT/MT1 cells migrating in 3D CDM either 
untreated or treated with GM6001, integrin 
inhibitors (Int. Inh.), or blebbistatin in combi-
nation with GM6001 (n = 45, N = 3). *, P < 
0.001 versus control cells. (D) Cell morphology 
of the HT/MT1 cells treated as indicated. Cells 
can remain polarized with clear leading and 
trailing edges. Bars, 10 µm. (E) The increased 
compartmentalized pressure generated by 
protease inhibition is consistent with the nu-
clear piston mechanism in lobopodial primary 
human fibroblasts in that it requires β1 and αV 
integrins in combination with actomyosin con-
tractility (n = 18, N = 3). *, P < 0.001 versus 
the anterior compartment. (F) Quantification of 
the blots represented in Fig. S3 A demonstrat-
ing the specificity of siRNA-mediated knock-
down of nesprin 3, vimentin, or lamin A using 
a pool of siRNA sequences (N = 3). *, P < 
0.01 versus the control. (G) MMP inhibition 
does not increase compartmentalized pressure 
in HT1080 cells in 3D CDM after nesprin 3, 
vimentin, or lamin A siRNA-mediated protein 
knockdown (n = 15, N = 3). *, P < 0.001 
versus the anterior compartment. Error bars 
indicate SEM. MyoII inh., myosin II inhibitor. 
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Conclusions

Unlike primary dermal �broblasts, polarized �brosarcoma 

cells move through 3D CDM using low-pressure protru-

sions under control conditions. They are, however, capable 

of switching to high-pressure protrusions upon inhibition of 

MMP activity. The suppression of the nuclear piston mecha-

nism by elevated MMP activity predicts an increase in proteo-

lytic activity in HT1080 cells relative to primary �broblasts. 

In fact, such a difference has been documented previously 

(Jones and DeClerck, 1980). We speculate that the proteolytic 

degradation of the 3D ECM and the nuclear piston mecha-

nism represent two distinct, alternative strategies to help move 

the stiff, bulky nucleus through �brillar matrix environments 

(Fig. 5 E; Wolf et al., 2013; Davidson et al., 2014; Harada et 

al., 2014). Finally, these results demonstrate there can be clear 

differences between the 3D migration mechanisms of normal 

primary �broblasts and their abnormal, transformed �brosar-

coma cell counterparts. Strategies to correct such potential de-

fects in the physical mechanisms of metastatic cell motility 

may slow their movement through 3D matrices in vitro and in 

vivo (Surcel et al., 2015).

Materials and methods

Reagents, inhibitor treatments, and cell culture
The reagents used in this study are as follows: rhodamine-phalloidin 

(Thermo Fisher Scienti�c), succinimidyl Alexa 647 (Thermo Fisher 

Scienti�c), blebbistatin (EMD Millipore), BB-2516 (Sigma-Aldrich), 

E-64 (Sigma-Aldrich), pepstatin A (Sigma-Aldrich), leupeptin 

(Sigma-Aldrich, aprotinin (Sigma-Aldrich), GM6001 (EMD Mil-

lipore), αvβ3- blocking cyclic RGD peptide (Sigma-Aldrich), and 

β1-blocking antibody mAb13 (Akiyama et al., 1989). The protease 

inhibitor mixture consisted of: 100 µM BB-2516, 250 µM E-64, 5 µM 

pepstatin A, 2 µM leupeptin, and 2.2 µM aprotinin as previously de-

scribed (Wolf et al., 2003). Cyclic RGD peptide and mAb13 were used 

at 50 µM and 50 µg/ml, respectively. GM6001 was used at 10 µM, and 

blebbistatin was used at 25 µM. Cells were treated with the indicated 

inhibitors for 30 min at 37°C before the pressure measurements or the 

cell motility studies being performed in the presence of the inhibitor.

Primary human foreskin �broblasts (HFFs) were used at pas-

sages 6–20. HT1080/MT1 and HT1080/neo cell lines were generously 

provided by P.  Friedl (Radboud University Nijmegen Medical Cen-

tre, Nijmegen, Netherlands; Wolf et al., 2003). The HT1080/ATCC, 

SW684, and A549 cells lines were obtained directly from the ATCC. 

The MDA-MB-231 and SK-MEL-28 cell lines were graciously pro-

vided by E.  Sahai (The Francis Crick Institute, London, England, 

UK). All cells were maintained in phenol red–free DME (HyClone 

Laboratories, Inc.) containing 10% FBS (HyClone Laboratories, Inc.), 

4.5 g/liter glucose, 100 U/ml penicillin, 100 µg/ml streptomycin (Invi-

trogen), and 2 mM l-glutamine (Invitrogen) at 37°C and in 10% CO2. 

3D collagen gels (1.7 mg/ml) and CDM were prepared as described 

(Petrie et al., 2012). Speci�cally, 1.7 mg/ml collagen was prepared by 

adding 10× DME (Invitrogen) and 10× reconstitution buffer (0.2 M 

Hepes and 0.26  M NaHCO3) to 4.73 mg/ml rat tail type I collagen 

(Corning) or 3.2 mg/ml bovine dermal collagen (Advanced BioMa-

trix) at a 1:1:8 ratio. The pH was adjusted to 7.5, and the collagen mix-

ture was diluted to a �nal concentration of 1.7 mg/ml with medium. 

To generate CDM, primary human dermal �broblasts were plated at 

high density on gelatin-coated and glutaraldehyde-treated 35-mm (4 

× 105 cells; MatTek Corporation) or 50-mm (5.7 × 105 cells; Warner 

Instruments) glass-bottom dishes. Cell cultures were grown for 10 d, 

adding fresh media with 50 µg/ml ascorbic acid every second day. The 

cells were removed from the matrices by the addition of extraction 

buffer (20 mM NH4OH and 0.5% Triton X-100 in PBS) for 10 min at 

RT and washed with PBS.

Figure 5. Exogenous MT1-MMP expression 
abolishes compartmentalized pressure in pri-
mary human fibroblasts. (A) Morphology of 
primary human dermal fibroblasts expressing 
GFP-MT1MMP. GFP-MT1MMP is cytoplasmic 
in intracellular vesicles and at the plasma 
membrane (Video 5). Bar, 10 µm. (B) The ex-
pression of total MT1MMP in HT1080 cells 
transiently transfected with GFP-MT1MMP rel-
ative to untransfected cells (n = 15, N = 3). *, 
P < 0.0001 versus untransfected cells. (C) The 
anterior cytoplasmic intracellular pressure (Pic) 
in primary human dermal fibroblasts, either 
transfected with GFP or GFP-MT1MMP and un-
treated, or transfected with GFP-MT1MMP and 
treated with 10 µM GM6001 (n = 15, N = 3). 
*, P < 0.001 versus GFP. (D) The velocity of 
HT1080 cells transfected with either GFP or 
GFP-MT1MMP ± GM6001 treatment moving 
through CDM (n = 30, N = 3). P = 0.44. Error 
bars indicate SEM. (E) Model. Our data sug-
gest mesenchymal tumor cells use MMP activity 
to enlarge constricting pores and move the nu-
cleus through the fibrillar 3D matrix without ac-
tivating the nuclear piston mechanism. When 
MMP activity is low, either in tumor cells or pri-
mary human fibroblasts migrating through 3D 
ECM, cells rely on robust cell-matrix adhesions 
and actomyosin contractility to pull the nucleus 
forward and increase pressure in the anterior 
cytoplasmic compartment. This nuclear piston 
mechanism may represent an alternative strat-
egy to move the rigid nucleus through a confin-
ing 3D matrix. a.u., arbitrary units.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://ru

p
re

s
s
.o

rg
/jc

b
/a

rtic
le

-p
d
f/2

1
6
/1

/9
3
/1

3
7
3
0
5
2
/jc

b
_
2
0
1
6
0
5
0
9
7
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g
u
s
t 2

0
2
2



Compartmentalized pressure in tumor cells • Petrie et al. 99

siRNAs, cDNA constructs, and transfection
Knockdowns were performed using independent siRNAs: nesprin 3 

(5′-GCA UCG UCG ACG CGC AAAU-3′, 5′-UGG CAG AAU UCC CGG 

AGAA-3′, 5′-AGG CAG GUG UGG ACG AGUU-3′, and 5′-UGA AGG 

AGC UCA UCG UCUU-3′), vimentin (5′-UCA CGA UGA CCU UGA 

AUAA-3′, 5′-GAG GGA AAC UAA UCU GGAU-3′, 5′-UUA AGA CGG 

UUG AAA CUAG-3′, and 5′-GGA AAU GGC UCG UCA CCUU-3′), and 

lamin A (5′-GAA GGA GGG UGA CCU GAUA-3′, 5′-UCA CAG CAC 

GCA CGC ACUA-3′, 5′-UGA AAG CGC GCA AUA CCAA-3′, and 5′-

CGU GUG CGC UCG CUG GAAA-3′). ON-TAR GETplus SMA RTpool 

siRNAs, along with a Non-targeting siRNA control pool, were pur-

chased from GE Healthcare. The speci�cities of the siRNA pools were 

con�rmed using the following independent siRNAs (QIA GEN): Flex-

iTube nesprin 3 (5′-CGC UCA UGC UGC GCU ACA ATT-3′), vimentin 

(5′-GGC ACG UCU UGA CCU UGA ATT-3′), and lamin A (5′-GGC 

AGU CUG CUG AGA GGA ATT-3′). HFFs (2 × 105) were transfected 

with a 20-nM solution of the indicated siRNA preparation using Li-

pofectamine 2000 (Thermo Fisher Scienti�c) according to the manu-

facturer’s instructions. After 24  h, 5 × 104 siRNA-treated cells were 

replated on 3D CDM for pressure measurements the next day.

RFP-NLS and GFP-MLC2 were described previously (Petrie et 

al., 2014). GFP-MT1MMP was described previously (Liu et al., 2000). 

All cDNAs were transfected into cells using Lipofectamine 3000 

(Thermo Fisher Scienti�c) according to the manufacturer’s instructions.

Western blotting
48 h after transfection with siRNA, HT1080s were lysed in RIPA buffer (1% 

Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecylsulfate, 

150 mM NaCl, and 50 mM Tris, pH 8) plus 1× protease inhibitors without 

EDTA (Roche). Cleared lysates were combined with an equal volume of 2× 

sample buffer, heated to 95°C for 5 min, resolved by SDS-PAGE on a 4–12% 

Tris-glycine polyacrylamide gel (Thermo Fisher Scienti�c), and transferred 

to nitrocellulose (0.2-µm pores; Thermo Fisher Scienti�c). Secondary anti-

bodies used for Western blotting were: goat anti–rabbit IgG Alexa 680 and 

goat anti–mouse IgG Alexa 680 (Thermo Fisher Scienti�c). Blots were vi-

sualized on an Odyssey Scanner (LI-COR Biosciences). Western blots were 

quanti�ed by normalizing the signal intensity of nesprin 3, vimentin, or 

lamin A to the corresponding GAP DH signal and determining the change in 

expression of the siRNA-mediated protein knockdown relative to the control.

Intracellular pressure measurements
The 900A micropressure system (World Precision Instruments) was used 

to make direct measurements of intracellular pressure according to the 

manufacturer’s instructions and as described in Petrie and Koo (2014). 

A 0.5-µm micropipette (World Precision Instruments) was �lled with a 

1-M KCl solution, placed in a microelectrode holder half-cell (World 

Precision Instruments), and connected to a pressure source regulated by 

the 900A system. A calibration chamber (World Precision Instruments) 

was �lled with 0.1 M KCl and connected to the 900A system, and the 

resistance of each microelectrode was set to zero and then secured in 

a MPC-325 micromanipulator (Sutter Instrument) within an environ-

mental chamber (37°C and 10% CO2) on an Axiovert 200M microscope 

(ZEI SS). To measure intracellular pressure, the microelectrode was 

driven at a 45° angle into the cytoplasm, maintained in place for ≥5 s, 

and removed. The pressure measurement was calculated as the mean 

pressure reading during this interval of time. In individual polarized, 

elongated cells, a pressure measurement was �rst made behind the nu-

cleus, followed by a measurement in front of the nucleus in the same cell.

Antibodies and immunofluorescence imaging
The following antibodies and reagents were used: rabbit anti–nesprin 

3 (provided by D. Starr, University of California, Davis, Davis, CA); 

mouse anti–cortactin (EMD Millipore), mouse anti–GAP DH (Fitz-

gerald), mouse anti–vimentin (EMD Millipore), mouse anti–lamin A 

(EMD Millipore), mouse anti–MT1MMP (EMD Millipore), rabbit 

anti–myosin IIB (Covance), goat anti–mouse IgG Alexa 488 (Thermo 

Fisher Scienti�c), and goat anti–rabbit IgG Alexa 546 (Thermo Fisher 

Scienti�c). Cells were �xed with 4% formaldehyde in PBS, permeabi-

lized with 0.25% Triton X-100 in PBS, and blocked with 0.2% BSA 

in PBS. Rhodamine-phalloidin and primary and secondary antibodies 

were added in 0.2% BSA in PBS and washed with PBS. A protocol 

published previously was used to localize myosin IIB in HT1080 cells 

(Petrie et al., 2014). HT1080 cells embedded in 3D collagen were �xed 

with 4% formaldehyde and 0.2% glutaraldehyde in PBS for 15 min at 

RT, washed with 50 mM NH4Cl in PBS, and chilled for 2 min on ice, 

with all subsequent steps performed with prechilled solutions on ice. 

Cells were treated with buffer A (1% BSA, 50 mM NH4Cl, 0.5% sapo-

nin, and 0.005% Triton X-100 in PBS) for 45 min. Primary antibody 

was added in buffer B (1% BSA, 50 mM NH4Cl, and 0.1% saponin in 

PBS) for 1 h. Cells were washed twice with buffer C (1% BSA, 50 mM 

NH4Cl, and 0.5% saponin in PBS). Secondary antibody was applied 

in buffer B for 45 min. Cells were washed twice with buffer C and 

post�xed with 2% formaldehyde in PBS for 10 min on ice and then 5 

min at RT. Cells were washed twice in 50 mM NH4Cl in PBS and once 

in PBS before imaging. Cells were imaged using a scanning confocal 

microscope (510 NLO META Axiovert 200M; ZEI SS) with a Plan Apo-

chromat 63×, 1.4 NA oil objective. Brightness and contrast were linearly 

adjusted using ImageJ 1.47v (National Institutes of Health). An HT1080 

cell was classi�ed as amoeboid when its length was less than twice its 

width (Sanz-Moreno et al., 2008), and the trailing and leading edges 

could not be distinguished from one another based on phase imaging.

Live-cell fluorescence imaging
HFFs were transfected with RFP-NLS and GFP-MLC2 to visualize the 

nucleus and trailing edge, respectively, and imaged by spinning-disc 

confocal microscopy. Speci�cally, using an Axiovert 200M microscope 

(ZEI SS) equipped with a confocal scanning unit (CSU-X1; Yokogawa 

Electric Corporation), a Plan Apochromat 63×, 1.4 NA oil objective 

(ZEI SS), and an EM charge-coupled device camera (C9100; Hamamatsu 

Photonics). Hardware control, image acquisition, and linear brightness 

and contrast adjustments were performed using MetaMorph software 

(Molecular Devices). RFP-NLS and GFP-MLC2 were excited with 561- 

and 488-nm laser light, respectively. Images of live cotransfected cells 

were acquired every 10 s for 10 min. The JFilament plugin (Smith et 

al., 2010) was used with ImageJ to measure the instantaneous velocities 

of the trailing edge and nucleus at each time point as described (Petrie 

et al., 2014). The measured velocities were plotted, and Pearson’s cor-

relation coef�cient was calculated with Prism 6 (GraphPad Software).

Motility assays
104 HFFs were seeded in 10% FBS in DME onto CDM. The follow-

ing day, time-lapse movies were captured at 10% CO2 and 37°C using 

a 10×, 0.12 NA A-Plan objective on an Axiovert 40C microscope 

(ZEI SS) with a charge-coupled device camera (INF INI TY2; Lumen-

era). Cells were tracked every 26 min for 12 h using the Manual Track-

ing plugin (F. Cordelieres, Institut Curie, Paris, France) with ImageJ 

1.47v. Velocity was calculated from the tracking data using the ImageJ 

Chemotaxis and Migration Tool plugin (Ibidi).

Statistics
Results are presented as the mean ± SEM, with n indicating the total 

number of data points and N indicating the total number of experi-

ments for each condition or cell type. One-way analysis of variance 

with Tukey posttests were used to compare three or more variables. The 
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unpaired, two-tailed Student’s t test was used to compare two variables. 

All comparisons were performed with Prism 6 (GraphPad Software). 

Differences were considered statistically signi�cant at P < 0.05.

Online supplemental material
Fig. S1 shows the response of intracellular pressure to MMP inhibition in six 

additional cell lines. Fig. S2 con�rms the low pressure of amoeboid HT1080 

cells and the activation of the nuclear piston by MMP inhibition in primary 

human �broblasts in 3D collagen. Fig. S3 shows examples of Western blots 

of cells treated with either SMA RTpool siRNAs or an independent single 

siRNA, quanti�cation of the protein knockdown by the independent single 

siRNAs, as well as their effect on compartmentalized pressure in HT1080 

cells. Videos 1 and 2 show the movement of the nucleus and trailing edge in 

control HT1080 and GM6001-treated HT1080 cells, respectively. Videos 3 

and 4 show the effect of MMP inhibition on HT1080 movement in 1.7 mg/ml 

rat tail and bovine dermal collagen, respectively. Video 5 demonstrates the 

localization and dynamics of GFP-MT1MMP in primary �broblasts.
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