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Abstract: The mechanisms by which the mechanoresponsive actin crosslinking protein 𝛼-actinin-4
(ACTN4) regulates cell motility and invasiveness remains incompletely understood. Here we show that
in addition to regulating protrusion dynamics and focal adhesion formation, ACTN4 transcriptionally
regulates expression of non-muscle myosin IIB (NMM IIB), which is essential for mediating nuclear
translocation during 3D invasion. We further demonstrate association between NMM IIA and ACTN4 at
the cell front ensures retention of NMM IIA at the cell periphery. A protrusion-dependent model of
confined migration recapitulating experimental observations predicts a dependence of protrusion
forces on the degree of confinement and on the ratio of nucleus to matrix stiffness. Together, our results
suggest that ACTN4 is a master regulator of cancer invasion that regulates invasiveness by controlling
NMM IIB expression and NMM IIA localization.
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Introduction
Cancer metastasis, i.e., spread of cancer cells from one tissue to another, is the primary reason behind
the high mortality in cancer. Consequently, identifying molecules mediating cancer metastasis and their
mechanisms of action can provide us with useful strategies for therapeutic intervention. Most epithelial
cancers are marked by dramatic alterations in composition and organization of the extracellular matrix
(ECM)1,2. ECM stiffening, induced by excessive deposition of collagen I and its crosslinking by lysyl
oxidase reported in breast cancer, has been shown to be capable of driving cancer progression3,4. For
successful invasion through these dense matrices, cancer cells are known to upregulate expression of
matrix degrading enzymes such as matrix metalloproteinases (MMPs) for locally degrading the matrix
and creating paths for escape5–7. However, even after such localized degradation, translocation of the
nucleus, which is large and stiff, represents a rate limiting factor for confined migration 8. Nuclear
translocation is mediated through a combination of non-muscle myosin IIA (NMM IIA)-based pulling
from the cell front and NMM IIB-based squeezing of the nucleus from the rear 9.
𝛼-actinin-4 (ACTN4) is a non-muscle actin crosslinking protein whose expression has been strongly
correlated with cancer invasiveness, metastasis and therapeutic resistance across different types of
cancers10–14. These behaviors are attributed to involvement of ACTN4 with several well-known signaling
molecules including 𝛽-catenin15, NFkB16 and AKT14. Recently, ACTN4 along with filamin A, non-muscle
myosin IIA and IIB were identified as four mechanoresponsive proteins associated with the actin
cytoskeleton which were enriched at sites of localized pressure17. While these studies illustrate the
importance of ACTN4 as a central player regulating several aspects of cancer invasion, the mechanisms
by which it contributes to increased invasiveness remains incompletely understood.
In this study, we have specifically probed the role of ACTN4 in regulating cancer invasiveness. Using
TCGA18–20 database and breast cancer cell lines of varying invasiveness, we first establish a positive
correlation between ACTN4 levels and cell motility. We then use high ACTN4 expressing MDA-MB-231
breast cancer cells and HT-1080 fibrosarcoma cells to probe the functions of ACTN4 in regulating cell
migration and invasion. We show that ACTN4 knockdown leads to cell elongation, formation of smaller
focal adhesions, but reduction in protrusion-retraction dynamics. Using collagen gel invasion and
transwell pore migration experiments, we then show that ACTN4 regulates nuclear translocation by
modulating NMM IIB expression. We further show that ACTN4 directly associates with NMM IIA at the
cell front, with this association essential for peripheral localization of NMM IIA. Finally, using a
computational model, we estimate ACTN4-mediated protrusive forces at the cell front required for
confined migration. Collectively, our results suggest that ACTN4 regulates cancer invasiveness by
regulating nuclear deformation via modulation of NMM IIB expression and by stabilizing protrusions at
the cell front via its association with NMM IIA.

Materials and methods
Experiments
Cell culture: MCF-7, T-47D, ZR-75-1, MDA-MB-231, and HT-1080 cells were obtained from National
Center for Cell Science (NCCS, Pune, India) with MCF-7 cultured in MEM (Gibco, Cat #61100-061), T-47D
and ZR-75-1 were cultured in RPMI-1640 (Gibco, Ref# 31800-022), and MDA-MB-231 and HT-1080 cells
grown in high glucose DMEM (Invitrogen, Ref # 11965084). Media was also supplemented with 10%
fetal bovine serum (FBS, HiMedia, Cat # RM9952) and with non-essential amino acids (MEM-NEAA,
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Gibco, Ref# 11140-050) for MCF-7 cells. Cells were maintained at 37 °C at 5% CO2 and passaged at 70–
80% confluency using 0.25% trypsin-EDTA (HiMedia, Cat # TCL099). For all experiments, substrates were
coated with 10 μg/cm2 collagen type-I from rat tail (Sigma, Cat # C3867) overnight at 4°C.
Stable ACTN4 knockdown cell lines were generated using MISSION® Lentiviral Transduction Particles
(Cat # SHCLNV, SigmaAldrich) as per standard manufacturer’s protocol. The sequences of the constructs
are: CCGGCCTGTCACCAACCTGAACAATCTCGAGATTGTTCAGGTTGGTGACAGGTTTTTG (for shAC#1 cells)
and CCGGGCCACACTATCGGACATCAAACTCGAGTTTGATGTCCGATAGTGTGGCTTTTTG (for shAC#2 cells).
Stably transfected clones were selected by growing cells in the presence of puromycin (1.8 μg/ml for
MDA-MB-231, and 1.5 μg/ml for HT-1080). Similar transfections carried out with an empty vector
(Sigma, Cat # SHC001V), served as control. For fluorescence time-lapse studies, cells were transfected
using transfection grade Polyethylenimine (Polysciences, Cat # 23966) or lipofectamine 3000 (Thermo,
Cat # L3000001) as per standard protocol.
Preparation and characterization of Collagen gels: For fabricating collagen gels, required amounts of
rat tail collagen type-1 (Corning, Ref# 354249) stock solution was mixed with 10× PBS and complete cell
culture media, and the pH of the solution adjusted to 7.3 using 1 N NaOH solution. The collagen
solutions were then incubated in the presence/absence of cells at 37 °C for 60-90 min for forming gels.
For characterization of collagen gels, following snap freezing and fracturing of the hydrogels with an
EM-grade blade, samples were mounted on the Cryo-unit (PP3000T, Quorum) of a JSM-7600F Cryo FEGSEM. Samples were coated with a thin layer of platinum, and then images were obtained at desired
magnification. Pore size was quantified using Fiji-ImageJ.
For gel compaction assay, 2 × 104 cells were co-polymerized with 1.5 mg/ml rat tail collagen type-1
(Corning, Ref# 354249) on 48 well plates (200 µl/well) for 1 h at 37 °C and were cultured overnight in
DMEM. After 24 h of culture, collagen gels were carefully released from the edges of the wells using
sharp needles. 48 h after releasing the gels, the plate was imaged using a ChemiDoc TM imaging system
(BioRad). Gel compaction was quantified by measuring reduction in gel area calculated by the
𝑊𝑒𝑙𝑙 𝑎𝑟𝑒𝑎 −𝐺𝑒𝑙 𝑎𝑟𝑒𝑎
expression 𝐶𝑜𝑚𝑝𝑎𝑐𝑡𝑖𝑜𝑛 (%) =
× 100.
𝑊𝑒𝑙𝑙 𝑎𝑟𝑒𝑎
Single Cell Biophysics Measurements: For kymograph experiments, cells were sparsely seeded in
collagen-coated 35mm dishes (Greiner) and live cell images were captured at 5 sec intervals for 15 min
using an inverted phase-contrast microscope (Nikon Eclipse Ti, 20× objective). Protrusion and retraction
rates were analyzed from obtained images using protocols as described elsewhere21. For live-cell images
of myosin IIA dynamics, NMM IIA eGFP transfected cells were seeded on collagen-coated glass bottom
dishes and images were captured at 5 sec intervals for 20 min at 63× magnification using a scanning
probe confocal microscope (Zeiss, LSM 780). Kymographs were obtained by processing acquired images
using Fiji-ImageJ. For probing focal adhesion dynamics, mCherry Paxillin transfected cells were seeded
on collagen-coated glass bottom dishes and were imaged at 30 sec intervals for 30-45 min at 63×
magnification using a scanning probe confocal microscope (Zeiss, LSM 780). Focal adhesion lifetime was
analyzed from acquired normalized image sequences using protocols as described elsewhere22.
For 2D motility studies, cells were sparsely seeded (2000 cells/cm2) in collagen-coated 48-well plates.
12-14 h after seeding, motility videos were captured for 12 h at 15 minutes interval in a live cell imaging
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chamber (OKO Lab) using an inverted microscope (Olympus IX83). Cell trajectories and speed were
measured from obtained videos using manual tracking plugin in Fiji-Image J.
For 3D cell motility studies, cells harvested from 70% confluent cell culture dishes were mixed with precursor collagen gel solutions at a density of 18,000 cells/ml such that the final concentration of the
solution was 1.2 mg/ml for MDA-MB-231 and 1.5 mg/ml for HT-1080. 180 μl of this collagen-cell mixture
was dispensed in each well of glutaraldehyde functionalized 48-well cell culture plates and incubated at
37 °C for gel formation. After addition of media on top of the gels, cells were cultured for another 1618 h inside the collagen gels prior to imaging. For MMP inhibition experiments, media was
supplemented with 15 μM GM6001. 3D motility videos were captured and analyzed the same way as
described above for the 2D motility experiments. Cell embedded hydrogels were also imaged using
confocal reflection microscopy (CRM) at 40× magnification using Scanning Probe Confocal Microscope
(Zeiss, LSM 780).
For trans-well migration assays, 5 × 105 cells were seeded on the upper chamber of 24 well plate cell
culture inserts containing 3 μm pores (Merck, Cat # 353096) coated with rat-tail collagen I (Sigma, Cat #
C3867). For creating a gradient, the upper chamber was filled with plain media and the lower chamber
filled media was supplemented with 20% FBS. 24 h (for HT 1080) to 48 h (form MDA-MB-231) after
seeding, cells were fixed with 4% PFA. To count cell numbers, fixed cells were stained with DAPI (10
minutes). After staining, membranes were cut using a scalpel and mounted on glass slides using
mounting media. Confocal z-stack images of the fixed membranes were acquired at 20× and 63×
magnification using Scanning Probe Confocal Microscope (Zeiss, LSM 780) at identical gain and exposure
settings. Images analysis and cell counting at the top and bottom of the chamber was done using Image
#𝐶𝑒𝑙𝑙𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑜𝑡𝑡𝑜𝑚
J software. Translocation efficiency (𝜂) was calculated as 𝜂 = #𝑐𝑒𝑙𝑙 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑜𝑡𝑡𝑜𝑚 + #𝐶𝑒𝑙𝑙𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑡𝑜𝑝 × 100.
For trans-well migration rescue experiments, ACTN4 eGFP transfected knockdown cells were seeded in
the trans-well chambers. GFP positive cells were counted at the top and bottom layer along with total
cells and transfected cell ratio was calculated using the equation Normalized transfected cell ratio, (ε) =
(#𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑐𝑡𝑒𝑑 𝐶𝑒𝑙𝑙𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑜𝑡𝑡𝑜𝑚 /#𝑡𝑜𝑡𝑎𝑙 𝐶𝑒𝑙𝑙𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑏𝑜𝑡𝑡𝑜𝑚)
(#𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑐𝑡𝑒𝑑 𝐶𝑒𝑙𝑙𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑡𝑜𝑝 /#𝑡𝑜𝑡𝑎𝑙 𝐶𝑒𝑙𝑙𝑠 𝑎𝑡 𝑡ℎ𝑒 𝑡𝑜𝑝)

.

Cell cortical stiffness was measured using an MFP3D Asylum AFM mounted on a Zeiss inverted
microscope. Sparsely seeded cells were probed using a soft pyramidal cantilever with spring constant
~30 pN/nm (10 kHz, BL-TR400PB, Asylum research). Cells were probed slightly away from their center
to minimize the effect of nuclear stiffness, also only the first 0.5 – 1 µm of indentation data was fitted
to get the stiffness estimates. Obtained indentation data were fitted into the Hertz model to obtain
estimates of cortical cell stiffness23,24.
Immunostaining: For immunostaining, cells were cultured on collagen-coated coverslips for 16 – 22 h
prior to fixing with 4% paraformaldehyde. Fixed cells were permeabilized in 0.1% Triton X-100 for 8 – 12
min, blocked using 5% BSA 2 h at room temperature, and then incubated with primary antibodies (Antialpha Actinin 4 rabbit monoclonal antibody (Abcam, Cat # ab108198), anti-paxillin rabbit monoclonal
antibody (Abcam, Cat # ab32084), Anti-non-muscle Myosin IIA rabbit polyclonal antibody (Abcam, Cat
#ab75590), Anti-non-muscle Myosin IIB mouse monoclonal antibody (Abcam, Cat # ab684), anti-myosin
light chain 2 (phosphor- Ser19) rabbit monoclonal antibody (Cat #3671, Cell Signaling)) diluted in PBS
overnight at 4°C. Coverslips were then washed with PBS and were incubated for 1.5 h at room
temperature (RT) with appropriate secondary antibodies diluted in PBS. Finally, nuclei were stained with
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Hoechst 33342 (Cat# B2261, Merck) for 5 min at room temperature and coverslips were mounted using
mounting media. For, F-actin staining after secondary antibody incubation, Alexa-fluor 488 or Alexafluor 555 conjugated phalloidin (Thermo, Cat# A12379 and Cat# A12380) was added onto the coverslips
for 2 h at RT in dark condition. Mounted coverslips were imaged using a scanning probe confocal
microscope (LSM 780, Zeiss) using 63× objective. Images were processed and analyzed using Fiji-ImageJ
software. Filament number and length of was quantified from f-actin stained images using an opensource Filamentsensor software25.

Real time PCR and Western blotting: Total RNA was eluted from knockdown and control cells using the
RNeasy® Plus mini kit (Qiagen, Ref # 74134). 2 µg of total RNA was reverse transcribed using High
Capacity cDNA Reverse Transcription Kit (AppliedBiosystems, Ref. # 4368814) and was amplified using
PowerUpTM SYBR Green Master Mix (AppliedBiosystems, Ref. # A25742) in a QuantStudio 5
(AppliedBiosystems). PCR data were analyzed using comparative Ct method and Cyclophilin A
expression was used to normalize gene expression data. Primers used for RT-PCR are as follows: ACTN1Forward: 5’-CAAAGATTGATCAGCTGGAG, ACTN1-Reverse: 5’-CTCTACCTCATTGATGGTCC, ACTN4Forward: 5’-AGTATGACAAGCTGAGGAAG, ACTN4-Reverse: 5’-CTGAAAAGGCATGGTAGAAG, NMM IIAForward: 5’-GTGAAGAATGACAACTCCTC, NMM IIA-Reverse: 5’-GATAAGTCTCTCAATGTTGGCTC, NMM IIBForward: 5’-CACTGAGAAGAAGCTGAAAG, NMM IIB-Reverse: 5’-TCTGCTCTTTATACTGGTCC, Cyclophilin AForward: 5’-TGGGCCGCGTCTCCTTTGA, Cyclophilin A-Reverse: 5’-GGACTTGCCACCAGTGCCATTA.
Whole-cell lysates were prepared using RIPA buffer (Sigma, Cat # R0278) containing protease inhibitor
cocktail (Sigma, Cat # P8340) and phosphatase inhibitor cocktail (Sigma, Cat # P0044), were then
centrifuged at 14,000 rpm for 10 min and protein concentration of the collected supernatant was
determined using Bradford reagent. SDS-PAGE was performed with an equal amount (20 – 30 µg) of
protein per lane and then were transferred onto a nitrocellulose membrane (PALL Life Sciences, Cat #
66485). Following transfer, the membranes were blocked with 5% BSA prepared in TBST (10 mM TrisHCl, pH 8.0 containing 150 mM NaCl and 0.1% Tween 20) for 1 h at room temperature and were then
incubated overnight at 4 °C with following primary antibodies diluted in TBST: Anti-alpha Actinin 4 rabbit
monoclonal antibody (Abcam, Cat # ab108198), Anti-Vimentin mouse monoclonal antibody (abcam,
Cat # ab8978), anti-integrin β1 rabbit monoclonal antibody (Abcam, Cat # ab155145), GAPDH rabbit
polyclonal antibody (Abcam, Cat # ab9485), anti-Lamin A/C (phospho S392) rabbit polyclonal antibody
(Abcam, Cat # ab58528), anti-Lamin A/C (phosphor S22) rabbit polyclonal antibody (Cat# 2026, CST),
anti-Lamin A/C mouse monoclonal antibody (Abcam, Cat # ab8984, Anti-non-muscle Myosin IIA rabbit
polyclonal antibody (Abcam, Cat #ab75590), Anti-non-muscle Myosin IIB mouse monoclonal antibody
(Abcam, Cat # ab684). Blots were then washed with TBST and were incubated with one of the following
HRP-conjugated secondary antibodies for 1.5 h at room temperature: HRP-conjugated anti-rabbit IgG
(Invitrogen), HRP-conjugated anti-mouse IgG (Invitrogen). Finally, membranes were washed three times
with TBST and were developed using a chemiluminescent ECL kit (Pierce, Cat # 32106) and images were
acquired using a ChemiDocTM imaging system (BioRad).
Protein-protein interaction detection using Co-immunoprecipitation assay (Co-IP) and Proximity
ligation assay (PLA): Co-IP was performed using Protein G Immunoprecipitation Kit (Merck, Cat # IP50)
as per the manufacturer's protocol. Briefly, whole-cell lysates were incubated at 4 °C for 12 h with Antialpha Actinin 4 antibody (Abcam, Cat # ab108198) or Anti-non-muscle Myosin IIA antibody (Abcam, Cat
#ab75590). 30 μl slurry of protein G-agarose beads were added to the immunocomplexes in the IP spin
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column and incubated for 6 h at 4 °C. After 6-7 times vigorous washing in the spin column using 1× IP
buffer, pellets were eluted from the column after heating for 5 min at 95 °C with 1× Laemmli buffer.
Eluted samples along with whole-cell lysates as a control were then subjected to SDS-PAGE and Western
blot analysis using Anti-non-muscle Myosin IIA antibody, Anti-alpha Actinin 4 antibody and GAPDH
antibody (Abcam, Cat # ab9485) as described earlier.
Duolink® PLA Red Starter Kit (Merck, Cat # DUO92101), which allows for endogenous detection of
protein interactions was used to detect ACTN4/NMM IIA interaction. The kit was used as per standard
manufacturer’s protocol using rabbit anti-alpha-actinin 4 antibody (Abcam, Cat# ab108198) and antimouse non-muscle myosin IIA antibody (Novus, Cat# H00004627-M06). The PLA signals were visible as
red fluorescent spots when imaged using a confocal microscope (Zeiss, LSM 780).
Statistical analysis: Data distribution was tested using the Kolmogorov-Smirnov normality test. Based
on the outcome, either parametric or nonparametric statistical test was performed. For parametric
data, statistical analysis was performed using one-way ANOVA and Tukey’s test was used to compare
the means. Mann-Whitney test was performed for non-parametric data. Statistical analysis was
performed using Origin 9.1 (OriginLab Corporation), with p <0:05 considered to be statistically
significant.
Computational Model:
For studying the importance of ACTN4-mediated cell protrusive forces in regulating confined cell
migration, a plane strain finite element (FE) model of confined migration was created in ABAQUS using
an explicit formulation for resolving large deformations, similar to our recent publication 26. In this
model, pore entry of a 10 µm diameter cell with a 5 µm diameter nucleus was simulated through a
deformable matrix for varying pore sizes (φ = {3, 5, 8} µm) (Fig. 6A). The cell-matrix interface was
assumed to be frictionless. The components of the cell including the cell cortex (0.5 µm thick) and the
cytoplasm were modeled as Kelvin-Voigt viscoelastic elements with the viscoelastic character of each
component represented in the form of normalized creep compliance (Supp. Fig. 7A). The nucleus was
modeled as an elastic solid encircled with a viscoelastic 50 nm thick membrane mimicking the Laminrich nuclear periphery6. The surrounding tissue was also assumed to be viscoelastic in nature. A
Poisson's ratio of ν = 0.3, typical of compressible biomaterials6, was chosen for all the viscoelastic
elements and is consistent with experimental observations of cell migration through microchannels
wherein cells get polarized in the direction of migration, but the accompanying lateral deformations
are negligible2,27. All elastic material properties are listed in Supplementary Table 1.
In our model, pore entry was mediated by active protrusive forces exerted on 250 individual nodes at
the cell front such that the magnitude of the maximum force generated by the cell (FPmax) remained in
the physiologically relevant range28 (Supp. Fig. 7B). FPmax was chosen to vary between 1.25 nN/µm and
6.25 nN/µm to mimic different levels of ACTN4. In line with our experimental observations, the cortical
stiffness (𝐸𝑐𝑜𝑟𝑡𝑒𝑥 ) was also changed accordingly. The simulation was stopped once the nucleus entered
the pore completely.
Different sections of the cell and the tissue were meshed such that a smaller element size was used at
regions expected to undergo large deformations and/or coming in contact with the matrix. A total of
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30551 bilinear plane strain CPE4R elements were used in the model with a minimum element
dimension of 5 nm and a maximum of 20 µm. Mesh gradation of the entire system is shown in Fig. 6A.
The nuclear membrane, 50 nm in thickness, had 10 elements in the through-thickness direction to
mitigate the effects of excessive artificial bending stiffness.

Results
𝜶-actinin-4 (ACTN4) expression is positively correlated with cancer cell motility: As per TCGA
database18–20, higher ACTN4 expression in breast cancer cells is associated with lower overall survival as
well as lower progression-free survival (Fig. 1A). Since cancer mortality is linked to cancer metastasis, to
probe the role of ACTN4 in regulating invasiveness of breast cancer cells, ACTN4 levels and localization
were probed in MCF-7, T47D, ZR-75 and MDA-MB-231 breast cancer cell lines. Of these, MCF-7 cells are
tumorigenic but non-invasive, and MDA-MB-231 (hereafter MDA) cells are highly metastatic. In
addition, invasive HT-1080 (hereafter HT) fibrosarcoma cells were also considered. MCF-7, T47D and ZR75 cells, which possessed low ACTN4 levels (Fig. 1B), were also the least motile (Fig. 1C, D, Supp. Movie
1), with ACTN4 exhibiting a primarily cytoplasmic localization (Fig. 1E). In comparison, MDA and HT cells
that possessed highest levels of ACTN4 were 5-6 fold more motile than the above cell types. In these
invasive cells, ACTN4 was prominently localized at the cell periphery as evidenced by the clear
enrichment at the cell periphery (Fig. 1E). Higher ACTN4 expression levels also correlated with higher
expression of 𝛽1 integrins and the mesenchymal marker vimentin. Collectively, these results establish
a clear correlation between ACTN4 levels and its membrane localization with cancer motility.
ACTN4 regulates cytoskeletal organization and focal adhesion dynamics: To probe the mechanisms of
regulation of cancer invasiveness by ACTN4, stable knockdown cells (shAC#1, shAC#2) were established
in MDA and HT cells (Figs. 2A, B). ACTN1 levels were unchanged in ACTN4 knockdown cells (Fig. 2C).
Knockdown cells were found to be more elongated (i.e., less circularity) compared to control cells
(shCTL), with an increase in spreading observed in MDA cells, but not in HT cells (Supp. Figs. 1A, B).
However, these changes were not associated with alterations in the expression of epithelial to
mesenchymal (EMT) markers integrin β1 and vimentin (Figs. 2A, Supp. Fig. 1C). In line with its
crosslinking function, ACTN4 knockdown led to a marked reduction in the number of stress fibers (Supp.
Figs. 2A, B). Increase in the average filament length in knockdown cells can be attributed to the
disappearance of shorter actin filaments from the cell interior (Supp. Fig. 2C). Consistent with the
reduction in the number of F-actin filaments, cortical stiffness probed with AFM revealed that
knockdown cells were softer than controls (Supp. Figs. 2D, E).
Loss of ACTN4 led to reduced motility in both MDA and HT cells, with a more pronounced effect in MDA
cells (Figs. 2D, E, Supp. Movie 2, 3). Kymograph analysis of leading edge protrusion dynamics revealed
the presence of protrusion-retraction (P-R) cycles similar to that observed in other adherent cell types
(Fig. 2F). Both the frequency of P-R cycles as well as the protrusion/retraction distances covered in each
P-R cycle were reduced in knockdown cells, leading to reduction in both protrusion rate and retraction
rate (Fig. 2G).
Transition from end of one cycle of retraction to initiation of another protrusion cycle coincides with
formation of focal adhesions at the lamellipodia-lamellar interface29. Quantification of paxillin-positive
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focal adhesions revealed prominent reduction in both the number and size of focal adhesions in ACTN4
knockdown cells (Figs. 2H, I). Further characterization of paxillin turnover at focal adhesions revealed
that adhesion lifetime was increased in knockdown cells (Figs. 2J, K, Supp. Movie 4, 5). Together, these
results establish ACTN4 as a key molecule regulating cytoskeletal organization and adhesion dynamics,
both of which are relevant to invasion.
ACTN4 mediates cancer invasion by regulating actomyosin contractility: To next probe the importance
of ACTN4 in regulating cancer invasiveness through 3D matrices, cells were embedded in 3D collagen
gels with mean pore sizes of ~3 𝜇m for 1.2 mg/ml gels (used for MDA cells) and ~2 𝜇m for 1.5 mg/ml
gels (used for HT cells) (Fig. 3A). While long ACTN4 enriched protrusions were observed in control cells
(Supp. Fig. 3), drop in both the number of protrusions and the average protrusion length in knockdown
cells (Figs. 3B, C) led to marked reduction in cell speed of ACTN4 knockdown cells (Figs. 3D, E, Supp.
Movie 6, 7).
Nuclear deformation represents a rate limiting factor for migration in 3D matrices, particularly through
sub-nuclear sized pores8. To probe the role of ACTN4 in mediating nuclear deformation, transwell
migration experiments were performed using 3-micron size transwell pores (Fig. 3F). Comparison of the
average number of nuclei at the top surface and bottom surface of the pores allowed us to compare the
translocation efficiency of control and knockdown cells. In line with the above 3D motility findings,
comparison of the fraction of cells that successfully transited through the transwell pores, i.e.,
translocation efficiency, revealed a dramatic drop in knockdown cells (Figs. 3G, H).
Lower translocation efficiency of ACTN4 knockdown cells was associated with an increase in average
nuclear height of knockdown cells (Fig. 3I). Increased nuclear height of knockdown cells was associated
with reduced contractility of knockdown cells, as assessed with gel compaction assay (Fig. 3J).
Consistent with this, treatment of control cells with the myosin inhibitor blebbistatin (Blebb) led to drop
in motility to levels comparable to that of knockdown cells (Fig. 3K, Supp. Fig. 4). While protrusions were
still observed in Bleb-treated cells, inhibition of actin polymerization by cytochalasin D led to complete
cell rounding and near complete loss of motility. Together, these observations suggest that ACTN4
regulates invasiveness by modulating protrusion dynamics and actomyosin contractility.
ACTN4 regulates myosin IIB expression and myosin IIA localization: Efficiency of nuclear translocation
through pores is dictated by physical properties of the nucleus including size and stiffness, as well as by
the levels of non-muscle myosin IIB (NMM IIB), which plays a key role in mediating nuclear
deformation30. In line with the literature, NMM IIB was detected spanning the top of the nucleus in
control cells (Fig. 4A), and was found to co-localize with the peri-nuclear actin network visualized by
staining cells with ACTN4 and F-actin (Supp. Fig. 5). Since average nuclear height of knockdown cells
was found to be greater (Fig. 4F) without any alteration in Lamin A/C levels and its phosphorylation
(Supp. Figs. 6A, B), we checked if myosin levels and/or activity are perturbed in knockdown cells.
Expression profiling of NMM IIA and IIB revealed dramatic reduction in NMM IIB levels both at
transcriptional level and at protein level in knockdown cells (Figs. 4B, C, Supp. Fig. 6C). In comparison,
NMM IIA expression remained unperturbed in knockdown cells.
Though NMM IIA levels were unchanged in knockdown cells, there was a pronounced reduction in the
activation of myosin light chain phosphorylation (pMLC) at the cell periphery (Fig. 4D). Tracking of
localization dynamics in eGFP-NMM IIA transfected cells revealed prominent peripheral NMMIIA
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localization and its co-localization with ACTN4 in control cells. In contrast, NMM IIA exhibited a
predominantly cytoplasmic localization in knockdown cells (Fig. 4E, Supp. Movie 8, 9). Coimmunoprecipitation (Co-IP) studies revealed a direct association between NMM IIA and ACTN4 in
control cells, with proximity ligation assay (PLA) identifying the leading edge as the preferred location
of association of these two molecules (Figs. 4F, G). Collectively, these results suggest that the invasive
phenotype of cancer cells is maintained by ACTN4 through regulation of NMM IIB expression and via its
association with NMM IIA and its stabilization at the leading edge.
Ectopic ACTN4 expression in knockdown cells rescues pore migration and NMM IIA localization: To
finally establish that the observed changes in knockdown cells are a direct consequence of ACTN4
knockdown, knockdown cells were transiently transfected with eGFP-ACTN4 yielding a transfection
efficiency of ~20%. When embedded in 3D collagen gels, eGFP-ACTN4 transfected cells were found to
migrate faster than knockdown cells and also exhibited increased protrusion formation (Figs. 5A, B,
Supp. Movie 10). Comparison of the proportion of transfected cells between top and bottom of the
pores revealed 4-5 fold enrichment of eGFP-ACTN4 transfected cells at the bottom of the pores (Figs.
5C, D), with eGFP-ACTN4 detected at sites of pore entry (Fig. 5E). Furthermore, in knockdown cells
transfected with eGFP-ACTN4, peripheral localization of NMM IIA and its association with ACTN4 were
re-established (Fig. 5F). Activated myosin (i.e., pMLC) was also found to co-localize prominently with
ACTN4 at the cell periphery (Fig. 5G). Taken together, our results establish ACTN4 as a key regulator of
cytoskeletal organization and nuclear deformability through modulation of NMM IIA localization and
NMM IIB expression.
Dynamics of pore migration: insights from simulations: Our results suggest that ACTN4 regulates
invasion by regulating protrusion dynamics at the leading edge, and mediating nuclear deformation by
regulating NMM IIB expression. To estimate ACTN4-dependent forces required for invasion, we have
developed a finite element (FE) based computational model of confined cell migration accounting for
physical properties of the cell and the nucleus (Refer to Methods for details). In our model, cell entry
into a pore was mediated by protrusive forces 𝐹𝑃 at the cell front, with higher 𝐹𝑃 associated with higher
ACTN4 levels and increased protrusive force generation (Fig. 6A). The region of generation of 𝐹𝑃 is
representative of localization of NMM IIA at the cell front (in the direction of migration, depicted in blue
in Fig. 6A) andits association with ACTN4. The NMM IIB-mediated squeezing of the nucleus is encoded
in the model as a consequence of FE mesh spring compression under external matrix-induced stresses
during confined migration.
Simulations were performed for varying combinations of matrix stiffness (𝐸𝑚 = 1 – 5 𝑘𝑃𝑎) and pore
sizes (𝜑 = 3 – 8 𝜇𝑚), while keeping nucleus stiffness (𝐸𝑛 ) constant at 5 kPa24. It was found that
decrease in pore size led to an increase in cell elongation and time to migrate through the pore for 𝐸𝑛
= 𝐸𝑚 = 5 kPa (Fig. 6B). Cell elongation, measured as a ratio between the cortico-nuclear distance (𝑋𝐶𝑁 )
at time instant '𝑡’ to that at 𝑡 = 0 (i. e. , 𝑋𝐶𝑁 (𝑡)/𝑋𝐶𝑁 (0)) was found to increase with decrease in 𝐹𝑃𝑚𝑎𝑥
and 𝐸𝑐𝑜𝑟𝑡𝑒𝑥 , in concordance with our experimental observations (Fig. 6C). Correspondingly, the force 𝐹𝑝
predicted by our model to be generated by a cell to enter a pore increased with increase in matrix
stiffness and decrease in pore size (Fig. 6D). Since low ACTN4 density, NMM IIA and IIB expression
correspond to low predicted cell generated forces, the time required by cells to migrate through
confined pores subsequently increases (Fig. 6E). In simulations with very low 𝐹𝑃𝑚𝑎𝑥 denoting negligible
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ACTN4 levels, cells do not even migrate within the maximum computational time duration of 6000s,
further confirming our experimental observation of stalling of cell migration.
It is interesting to note from our simulations that although the predicted 𝐹𝑃 is considerably higher for 3
μm pores than 5 μm pores, the migration time required is similar for cells with low ACTN4 levels
migrating through 5 μm pores (blue dotted line) and those with moderate ACTN4 levels migrating
through 3 μm pores (red dashed line) (Fig. 6E). Average cell speeds increase with pore size, but decrease
with decrease in ACTN4 levels and cortical stiffness (Fig. 6F). Average cell speeds in the range 6 – 54
μm/hr predicted by our model are comparable to experimental observations. Average cell speeds
through large pores (𝜑 = 8 𝜇𝑚) remain relatively unchanged whereas, small or moderate pores lead
to an increase in cell speed with 𝐸𝑛 /𝐸𝑚 .
The change in nuclear circularity predicted by our model during cell entry into a pore decreases
maximally for 𝜑 = 3 𝜇𝑚 and 𝐸𝑛 /𝐸𝑚 = 1 (Fig. 6G). A small increase in nuclear circularity is also
observed for 𝜑 = 5 𝜇𝑚 and 𝐸𝑛 /𝐸𝑚 = 5 for low versus normal ACTN4 levels which might be
attributed to decrease in NMM IIB-mediated contractility in conjunction with ACTN4 depletion.
Although our computational model makes some assumptions, however, these model results match well
to our experimental observations. Taken together, they suggest that α-actinin-4 modulates cell
migration by regulating the expression and localization of NMM IIA and IIB.
Discussion
Our findings implicate ACTN4 as a master regulator of cancer invasiveness via its interaction with NMM
IIA at the leading edge and regulation of NMM IIB expression (Fig. 7). Consistent with previous studies31–
33, in both MDA-MB-231 and HT-1080 cells, ACTN4 knockdown led to reduction in the number of F-actin
stress fibers and cortical softening. In contrast, in MDCK cells, ACTN4 knockdown has been associated
with increased F-actin content. Increased stress fiber formation in these cells has been linked with
increased F-actin association with tropomyosin, and is indicative of a competition between ACTN4 and
tropomyosin for binding to F-actin34. The lack of F-actin stabilization in MDA-MB-231 cells may be
attributed to absence or low expression of tropomyosin isoforms in these cells35.
In addition to its actin crosslinking function, ACTN4 is increasingly known to regulate several aspects of
cancer including cell proliferation36,37, epithelial to mesenchymal transition (EMT)15, and therapeutic
resistance14,38. EMT is associated with transition from an epithelial cell-cell adhesion rich state to a
mesenchymal state characterized by formation of cell-matrix adhesions. In both MDA-MB-231 and HT1080 cells which are mesenchymal in nature, loss of paxillin-positive focal adhesions and increase in
adhesion lifetime in ACTN4 knockdown suggests that ACTN4 is important for both adhesion formation
and adhesion turnover. The inability of ACTN4 to bind zyxin in colorectal cancer cells has been implicated
in preventing adhesion maturation thereby enabling faster turnover39. In melanoma cells that express
high levels of ACTN4 and exhibit amoeboidal migration, ACTN4 knockdown led to transition from an
amoeboidal morphology to a more mesenchymal state via increase in focal adhesion size40. These
results thus suggest that ACTN4 levels dictate the mode of invasion, i.e., mesenchymal versus
amoeboidal, by modulating the extent of cell-matrix adhesion.
Migrating cells consist of lamellipodia and lamella with the former composed of a branched actin
network, and the latter enriched in more bundled actin41,42. While nascent focal adhesions are formed

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.426368; this version posted January 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

in the lammelipodial region in a force-independent manner, their maturation is brought about by
coupling to actomyosin cytoskeleton to focal adhesions. Both 𝛼-actinin and NMM IIA have been shown
to play prominent roles in focal adhesion maturation, with actin crosslinking function of 𝛼-actinin
responsible for locally organizing the actin network, and NMM IIA-mediated contraction of the actin
network mediating focal adhesion stabilization43. ACTN4 has been reported to participate in adhesion
maturation by formation of stress fibers44,45. Parallelly, NMM IIA is also required for growth of focal
adhesions, with adhesion maturation impaired in NMM IIA deficient cells 46,47. Our studies suggest that
in addition to locally organizing the actin network, ACTN4 plays a key role in retaining NMM IIA at the
cell periphery and mediating NMM IIA phosphorylation. Thus, NMM IIA localization at anterior lamellar
regions and maturation of focal adhesions by traction forces is directly regulated by ACTN4. Larger
traction stresses at anterior focal adhesions in comparison to central adhesions may also be attributed
to ACTN4/NMM IIA association at the cell periphery48. The increase in adhesion lifetime in ACTN4
knockdown cells may be associated with NMM IIA association with 𝛼-actinin-1 (ACTN1), which is also
known to link F-actin to focal adhesions49, exhibits contrasting behaviour compared to ACTN450, and
has significantly higher actin binding affinity in comparison to ACTN4 51.
When embedded in collagen matrices, MDA-MB and HT cells exhibit elongated morphologies with
prominent localization of ACTN4 and F-actin along the protrusions. Loss of protrusions in ACTN4
knockdown cells suggests that leading edge protrusion is driven by polymerization of F-actin filaments
stabilized by ACTN4 crosslinks. Under these conditions, physical resistance provided by the surrounding
tissues may not only drive increased accumulation of ACTN4 given its mechanoresponsive nature, but
also lead to increased actin binding thereby stabilizing the protrusions52,53. Our computational model
predicts that during migration through larger pores (𝜑 = 8 𝜇𝑚), protrusive forces (𝐹𝑃 ) required for
pore entry and cell speeds were nearly constant over a wide range of 𝐸𝑛 /𝐸𝑚 values (1 − 5), and are
consistent with the findings of statistical mechanics-based confined migration model54. While migrating
through increasingly smaller pores, even for sustaining moderate cell motility (10 − 20 𝜇𝑚/ℎ𝑟), 10 −
20 fold higher protrusion forces (𝐹𝑃 ) are required, highlighting the importance of the
mechanoaccumulative nature of ACTN4 required for mediating confined migration 52. Reduction in gel
compaction and peripheral myosin phosphorylation in ACTN4 knockdown cells, and drop in motility of
Blebb-treated control cells to levels comparable to that of ACTN4 knockdown cells highlights the role
of ACTN4 in driving confined migration via regulation of protrusion dynamics and actomyosin
contractility. Our results predict protrusive forces, 𝐹𝑃 scales with the degree of cell confinement (i.e.
decreasing pore size 𝜙) and with increasing ECM stiffness (i.e. decreasing 𝐸𝑛 /𝐸𝑚 ). This predictive
relationship can be utilized to estimate protrusive force required by a cell to migrate through a pore in
a matrix of given stiffness.
The nucleus, which is large and stiff, represents the rate limiting factor for 3D migration55–58. NMM IIB,
which exhibits peri-nuclear localization, has been shown to be critical for mediating nuclear
deformation and translocation by physical coupling the actomyosin cytoskeleton to the nucleus via the
LINC complex30,59,60. Our observations of increase in nuclear height and concomitant loss of NMM IIB in
ACTN4 knockdown cells are consistent with the above described function of NMM IIB30,61. Reduction in
NMM IIB both at protein level and mRNA level are indicative of ACTN4 being a transcriptional regulator
of NMM IIB. Thus, upregulation of NMM IIB in cells undergoing EMT 62 maybe driven by ACTN4, which
is an EMT inducer15. Though ACTN4 has been reported to translocate to the nucleus 63, the
mechanism(s) by which ACTN4 regulates NMM IIB expression remain(s) to be established. ACTN4
induces EMT by activating AKT and inducing expression of EMT associated transcription factors such as
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Snail and Slug15. Also, ACTN4 has been identified as a co-activator of several transcription factors
including p65 subunit of NFkB16. However, the precise mechanisms of how ACTN4 regulates expression
of multiple genes relevant to EMT including NMM IIB remains to be established and represents a future
direction of research.
In conclusion, our results elucidate the mechanisms by which ACTN4 regulates cancer cell invasiveness.
These include regulation of focal adhesion turnover, control over protrusion dynamics and contractility
via its interactions with actomyosin network, and regulation of nuclear deformation by modulation of
NMM IIB expression.
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Figure Legends
Fig 1: Actinin-4 expression correlates with cancer cell invasiveness. (A) Kaplan-Meier plots comparing overall
survival (OS) and disease-free survival (DSF) in cases with or without ACTN4 alterations. The survival estimate
was analyzed in http://www.cbioportal.org based on TCGA Pan-Cancer Atlas studies18–20. (B) Western blotting
analysis of ACTN4, Integrin β1 and Vimentin expression in MCF-7, T47D, ZR-75, MDA-MB-231 and HT-1080 cells
with GAPDH served as a loading control (N = 3, Values indicate relative fold change ± standard deviation). (C)
Rose plots of migration trajectories of MCF-7, T47D, ZR-75, MDA-MB-231 and HT-1080 cells cultured on collagencoated tissue culture plates. (D) Quantification of cell speed (n > 20 cells per condition across 2 independent
experiments; ** p < 0.005, NS p > 0.05. Error bars represent standard errors of mean (± SEM).) (E) Maximum
intensity projection images showing ACTN4 localization (green) in MCF-7, T47D, ZR-75, MDA-MB-231 and HT1080 cells with merged image showing F-actin (red) stained by Alexa-fluor 555 conjugated phalloidin and nucleus
(blue) stained by DAPI (Scale Bar = 10 μm).
Fig 2: ACTN4 regulates cytoskeletal organization and adhesion dynamics. (A) Western blots showing actinin-4
(ACTN4), integrin β1 and vimentin levels in control (shCTL) and ACTN4 knockdown (shAC#1 and shAC#2) MDAMB-231 (MDA) and HT 1080 (HT) cells with GAPDH serving as loading control. (B) ACTN-4 (red) immunostaining
in control and knockdown cells, nucleus stained with DAPI (blue), scale bar = 10 μm. (C) Analysis of actinin-4 and
actinin-1 (ACTN-1) mRNA transcripts using Real-time PCR. Total RNA harvested from 24 h culture of control and
knockdown MDA and HT cells were subjected to quantitative real-time PCR analysis (n ≥ 2, ** p < 0.001; Error

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.426368; this version posted January 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

bars represent ± SEM). (D) Migration trajectories of control and ACTN4 knockdown cells cultured on collagencoated tissue culture plates. Scale bar = 100 µm. (E) Quantification of cell motility of control and ACTN4
knockdown cells (n ≥ 20 cells per condition across 3 independent experiments; ** p < 0.001. Error bars represent
± SEM.) (F) Kymograph analysis of control and knockdown cells along the white solid lines. White dotted lines
depict protrusion–retraction (P-R) cycles. Scale bars = 10 µm, unless otherwise indicated. (G) Analysis of
protrusion/retraction rates in control and ACTN4 knockdown cells (n > 10 cells per condition across 3
independent experiments; ** p < 0.001. Error bars represent ± SEM.) (H) Representative paxillin stained (green)
images of control and ACTN4 knockdown cells with nuclei stained with DAPI. Scale bar = 20 µm. (I) Quantification
of average number and size of focal adhesions in control and ACTN4 knockdown cells (n = 10 - 30 cells per
condition across 3 independent experiments; ** p < 0.001. Error bars represent ± SEM.) (J) Representative colorcoded images depicting images of adhesions overlaid from multiple timepoints acquired over a period of 30-40
minutes. (K) Analysis of focal adhesion lifetime (n = 5 -8 cells were analysed per condition from 3 independent
experiments; * p < 0.05, ** p < 0.001; Error bars represent ± SEM.)

Fig 3: ACTN4 is essential for both proteolytic and non-proteolytic migration. (A) Representative Cryo FEG-SEM
images of 1.2 mg/ml (top left) and 1.5 mg/ml (bottom left) 3D collagen gels and quantification of pore size (right).
Scale bar = 2 µm. (B) Confocal images showing a greater number of protrusions (marked with arrows) in control
cells compared to ACTN4 knockdown cells when cultured in 3D collagen. Merged images showing phalloidin
stained F-actin (red) and DAPI stained nuclei (blue). Scale Bar = 10 μm. (C) Quantification of protrusion length
and protrusion count per cell from acquired confocal images (n > 10 cells per condition across 3 independent
experiments; ** p < 0.001 Error bars represent ± SEM). (D) Representative trajectories of control (shCTL) and
ACTN4 knockdown (shAC#1 and shAC#2) MDA-MB-231 (in 1.2 mg/ml collagen gels) and HT-1080 (in 1.5 mg/ml
collagen gels) cells migrating through 3D collagen gels. Scale bar = 100 µm. (E) Quantification of cell motility of
control and ACTN4 knockdown cells in 3D collagen gel (n = 25 - 50 cells per condition across 3 independent
experiments; ** p < 0.001). (F) Schematic of transwell migration assay through 3 μm sized pores (top) and
representative XY and YZ plane orthogonal view of confocal microscopy image of a transmigrating nucleus. (G)
Representative DAPI stained images of upper chamber (TOP) and lower chamber (BOTTOM) in control and
ACTN4 knockdown MDA and HT cells (scale bar = 50 µm) and (H) its quantification (n > 700 cells per condition
across 3 independent experiments; ** p < 0.001; Error bars represent ± SEM). (I) Representative side view images
of DAPI-stained nuclei (top) of control and knockdown cells and quantitative analysis of nuclear height (bottom)
(n = 15 – 30 nuclei per condition across 3 independent experiments; * p < 0.05, ** p < 0.001; Error bars represent
± Standard error of mean (± SEM)). Scale bar = 50 µm. (J) Representative images of cell laden gels (top) and
quantification of gel compaction (bottom) (n = 3, ** p < 0.001; Error bars represent ± SEM). (K) Quantification of
3D cell motility of control and ACTN4 knockdown cells in the presence of DMSO (vehicle), Blebbistatin (Blebb)
and Cytochalasin D (CytoD) (n = 40 - 125 cells per condition from 2 independent experiments; ** p < 0.001). Inset
shows cell morphology after DMSO, Bleb and CytoD treatment with white arrows indicating protrusions.
Monochrome brightfield images were merged with phalloidin stained F-actin (red) and DAPI stained nucleus
(blue). Scale bar = 20 µm.

Fig 4: ACTN4 regulates myosin IIB expression and myosin IIA localization. (A) NMM IIB localization in control
MDA and HT cells assessed using confocal microscopy. Representative maximum intensity projection (MIP)
images showing NMM IIB (red) and nuclei (blue) staining. Merged images were generated by overlaying NMM
IIB and DAPI staining with F-actin organization visualized with Alexa-fluor 488 conjugated phalloidin (green).
White arrows indicate localization of NMM IIB at the sites of nuclear deformation (scale bars = 10 µm). (B)
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Western blotting analysis of non-muscle myosin IIA (NMM IIA) and non-muscle myosin IIB (NMM IIB) in control
and knockdown cells with GAPDH serving as loading control (n ≥ 3). (C) Analysis of non-muscle myosin IIA (NMM
IIA) and non-muscle myosin IIB (NMM IIB) mRNA transcripts using Real-time PCR. Total RNA harvested from 24
h old culture of control and ACTN4 knockdown cells were subjected to quantitative real-time PCR analysis (n = 3,
* p < 0.05; Error bars represent ± SEM). (D) Representative maximum projection images of pMLC staining (red)
in control (shCTL) and actinin-4 knockdown (shAC#1 and shAC#2) MDA-MB-231 (MDA) and HT 1080 (HT) cells. Factin was stained with phalloidin (green) and nuclei were stained with DAPI (blue). Scale bar = 20 µm. (E) Control
and ACTN4 knockdown MDA and HT cells were transfected with NMM IIA eGFP and were stained to visualize
actinin-4 after fixing. Representative confocal MIP images show ACTN4 (red) and NMM IIA (green) localization in
those cells (scale bars = 10 µm). (F) Co-immunoprecipitation study shows ACTN4-NMM IIA interaction. Lysates
prepared from control and Knockdown cells were immunoprecipitated with either anti-NMM IIA antibody (NMM
IIA IP) or anti-ACTN4 antibody (ACTN4 IP) and were subjected to western blot analysis using antibodies specific
to ACTN4 and NMM IIA. MDA whole cell lysate was used as a positive control for the western blotting and GAPDH
as a negative control for immunoprecipitation. (G) ACTN4-NMM IIA interaction detection using Duolink®
Proximal ligand assay. Images were acquired after the assay where red signal at the top panel indicates ACTN4–
NMM IIA interaction and the merged differential interference contrast (DIC) image indicates the preferred
location of the interaction is leading-edge (scale bar = 10 µm).

Fig 5: Ectopic ACTN4 expression in knockdown cells rescues pore migration and NMM IIA localization:
(A) (Right) Representative trajectories of ACTN4 eGFP transfected (green) ACTN4 knockdown MDA-MB-231 (MDA
shAC#1 in 1.2 mg/ml collagen gels) and HT-1080 (HT shAC#1 in 1.5 mg/ml collagen gels) cells migrating in 3D
collagen gels. Red and blue lines indicating trajectories of transfected and untransfected cells, respectively. Scale
bar = 100 µm. (Left) Quantification of cell motility of transfected and untransfected cells in 3D collagen gel (n ~
40 cells per condition from 2 independent experiments; ** p < 0.001) (B) (Right) Representative images of
protrusions (black arrows) in ACTN4 eGFP transfected knockdown cells. Bottom enlarged images show actinin-4
localization at protrusions (white arrows). Top Scale Bar = 30 μm, bottom scale bar = 15 μm. (Left) Quantification
of protrusion count per cell from acquired confocal images (n = 30 – 56 cells per condition from 2 independent
experiments; ** p < 0.001 Error bars represent ± SEM). (C, D) Representative images of the upper chamber (TOP)
and lower chamber (BOTTOM) in transwell pore migration experiments with ACTN4 eGFP transfected ACTN4
knockdown cells and its quantification (n > 500 cells per condition from 2 independent experiments). Scale bar =
50 µm. (E) Representative XY and XZ plane orthogonal view (across dotted line in XY image) of ACTN4 eGFP
transfected cell shows eGFP-ACTN4 localization (green) at sites of pore entry (white arrow). Scale bar = 5 µm. (F)
ACTN4-NMM IIA interaction is rescued in knockdown cells when transfected with ACTN4 eGFP as detected using
Duolink® Proximal ligand assay. ACTN4 eGFP transfected cells (green; marked *) in acquired images show red
signal indicating ACTN4–NMM IIA interaction while non-transfected cells (marked with #) lack any such signals.
Scale bar = 20 µm. (G) Immunostaining shows prominent pMLC (red) co-localization with ACTN4 in the ACTN4
eGFP transfected (green) cells. Nuclei were stained with DAPI. Scale bar = 10 µm.

Fig 6: Model-based estimation of protrusion forces, cell speed and nuclear deformation during confined
migration. A) Finite element (FE) plane-strain model of cell migration through deformable matrices/tissues. Cell
migration through a pore of diameter 𝜑 (= 3, 5, 8 𝜇m) is mediated by cell-generated protrusion force (𝐹𝑃 ) in a
defined region at the leading edge (blue rectangle). 𝐹𝑃𝑚𝑎𝑥 corresponds to the maximum protrusion force exerted
by the cell. Boundary conditions of the system are also shown. Three different combinations of (𝐹𝑃 , Ecortex)
correspond to three different expression levels of ACTN4 in the cell. These are: 𝐹𝑃𝑚𝑎𝑥 = 6.25 𝑛𝑁/𝜇𝑚 and
𝐸𝑐𝑜𝑟𝑡𝑒𝑥 = 1.5 𝑘𝑃𝑎 (solid); 𝐹𝑃𝑚𝑎𝑥 = 3.75 𝑛𝑁/𝜇𝑚 and 𝐸𝑐𝑜𝑟𝑡𝑒𝑥 = 1.25 𝑘𝑃𝑎 (dashed); 𝐹𝑃𝑚𝑎𝑥 = 1.25 𝑛𝑁/
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𝜇𝑚 and Ecortex = 1 𝑘𝑃𝑎 (dotted). (B) Representative deformed cell profiles upon entry into pores of different
sizes corresponding to 𝐹𝑃𝑚𝑎𝑥 and Ecortex of 6.25 𝑛𝑁/𝜇𝑚 and 1.5 𝑘𝑃𝑎 respectively. Nucleus stiffness (𝐸𝑛 ) and
matrix stiffness (𝐸𝑚 ) were held constant at 5 kPa. (C-G) Quantification of normalized cellular elongation (C),
predicted 𝐹𝑃 to enter a pore (D), pore entry timescale (E), average cell speed (F) and nuclear circularity upon pore
entry (G) as a function of the ratio between nucleus and matrix stiffness (𝐸𝑛 /𝐸𝑚 ) for different pore sizes (𝜑 =
3 𝜇𝑚 (red triangles), 5 𝜇𝑚 (blue circles), and 8 𝜇𝑚 (black squares)) and different combinations of (𝐹𝑃 , Ecortex).
Figure 7: Schematic of regulation of cancer invasiveness by ACTN4. ACTN4-dependent retention of NMM IIA at
the cell periphery and its phosphorylation drives focal adhesion maturation and cell migration. ACTN4 modulates
nuclear deformability via transcriptional regulation of NMM IIB expression.

References:
1.

Lu, P., Weaver, V. M. & Werb, Z. The extracellular matrix: A dynamic niche in cancer progression.
Journal of Cell Biology vol. 196 395–406 (2012).

2.

Pickup, M. W., Mouw, J. K. & Weaver, V. M. The extracellular matrix modulates the hallmarks of
cancer. EMBO reports 15, 1243–1253 (2014).

3.

Provenzano, P. P. et al. Collagen density promotes mammary tumor initiation and progression.
BMC Medicine 6, 11 (2008).

4.

Wang, T. H., Hsia, S. M. & Shieh, T. M. Lysyl oxidase and the tumor microenvironment.
International Journal of Molecular Sciences vol. 18 (2017).

5.

Kessenbrock, K., Plaks, V. & Werb, Z. Matrix Metalloproteinases: Regulators of the Tumor
Microenvironment. Cell vol. 141 52–67 (2010).

6.

Itoh, Y. & Nagase, H. Matrix metalloproteinases in cancer. Essays in Biochemistry 38, 21–36
(2002).

7.

MacDougall, J. R. & Matrisian, L. M. Contributions of tumor and stromal matrix
metalloproteinases to tumor progression, invasion and metastasis. Cancer and Metastasis
Reviews 14, 351–362 (1995).

8.

Davidson, P. M., Denais, C., Bakshi, M. C. & Lammerding, J. Nuclear deformability constitutes a
rate-limiting step during cell migration in 3-D environments. Cellular and Molecular
Bioengineering 7, 293–306 (2014).

9.

Thomas, D. G. et al. Non-muscle myosin IIB is critical for nuclear translocation during 3D invasion.
Journal of Cell Biology 210, 583–594 (2015).

10.

Honda, K. et al. Actinin-4, a novel actin-bundling protein associated with cell motility and cancer
invasion. Journal of Cell Biology 140, 1383–1393 (1998).

11.

Honda, K. The biological role of actinin-4 (ACTN4) in malignant phenotypes of cancer. Cell and
Bioscience vol. 5 41 (2015).

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.426368; this version posted January 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

12.

Hsu, K. S. & Kao, H. Y. Alpha-Actinin 4 and Tumorigenesis of Breast Cancer. in Vitamins and
Hormones vol. 93 323–351 (Academic Press Inc., 2013).

13.

Wang, M. C. et al. Alpha-actinin 4 is associated with cancer cell motility and is a potential
biomarker in non-small cell lung cancer. Journal of Thoracic Oncology 10, 286–301 (2015).

14.

Desai, S., Barai, A., Bukhari, A. B., De, A. & Sen, S. α-Actinin-4 confers radioresistance coupled
invasiveness in breast cancer cells through AKT pathway. Biochimica et Biophysica Acta Molecular Cell Research 1865, (2018).

15.

An, H. T., Yoo, S. & Ko, J. α-Actinin-4 induces the epithelial-to-mesenchymal transition and
tumorigenesis via regulation of Snail expression and β-catenin stabilization in cervical cancer.
Oncogene 35, 5893–5904 (2016).

16.

Aksenova, V. et al. Actin-binding protein alpha-actinin 4 (ACTN4) is a transcriptional co-activator
of RelA/p65 sub-unit of NF-kB. Oncotarget 4, 362–372 (2013).

17.

Schiffhauer, E. S. S. et al. Mechanoaccumulative Elements of the Mammalian Actin Cytoskeleton.
Current Biology 26, 1473–1479 (2016).

18.

Weinstein, J. N. et al. The cancer genome atlas pan-cancer analysis project. Nature Genetics vol.
45 1113–1120 (2013).

19.

Cerami, E. et al. The cBio Cancer Genomics Portal: An open platform for exploring
multidimensional cancer genomics data. Cancer Discovery 2, 401–404 (2012).

20.

Gao, J. et al. Integrative analysis of complex cancer genomics and clinical profiles using the
cBioPortal. Science Signaling 6, (2013).

21.

Doyle, A. D. et al. Micro-environmental control of cell migration - myosin IIA is required for
efficient migration in fibrillar environments through control of cell adhesion dynamics. Journal of
Cell Science 125, 2244–2256 (2012).

22.

Berginski, M. E. & Gomez, S. M. The Focal Adhesion Analysis Server: a web tool for analyzing
focal adhesion dynamics. F1000Research 2, 68 (2013).

23.

Das, A., Monteiro, M., Barai, A., Kumar, S. & Sen, S. MMP proteolytic activity regulates cancer
invasiveness by modulating integrins. Scientific Reports 7, (2017).

24.

Das, A., Barai, A., Monteiro, M., Kumar, S. & Sen, S. Nuclear softening is essential for proteaseindependent migration. Matrix Biology 82, (2019).

25.

Eltzner, B., Wollnik, C., Gottschlich, C., Huckemann, S. & Rehfeldt, F. The Filament Sensor for
Near Real-Time Detection of Cytoskeletal Fiber Structures. PLOS ONE 10, e0126346 (2015).

26.

Mukherjee, A., Barai, A., Singh, R. K., Yan, W. & Sen, S. Nuclear plasticity increases susceptibility
to damage during confined migration. PLOS Computational Biology 16, e1008300 (2020).

27.

Lu, P., Weaver, V. M. & Werb, Z. The extracellular matrix: A dynamic niche in cancer progression.
Journal of Cell Biology vol. 196 395–406 (2012).

28.

Rabodzey, A., Alcaide, P., Luscinskas, F. W. & Ladoux, B. Mechanical forces induced by the
transendothelial migration of human neutrophils. Biophysical Journal 95, 1428–1438 (2008).

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.426368; this version posted January 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

29.

Ponti, A., Machacek, M., Gupton, S. L., Waterman-Storer, C. M. & Danuser, G. Two distinct actin
networks drive the protrusion of migrating cells. Science 305, 1782–1786 (2004).

30.

Thomas, D. G. et al. Non-muscle myosin IIB is critical for nuclear translocation during 3D
invasion. Journal of Cell Biology 210, 583–594 (2015).

31.

Feng, Y. et al. α-Actinin1 and 4 tyrosine phosphorylation is critical for stress fiber establishment,
maintenance and focal adhesion maturation. Experimental Cell Research 319, 1124–1135 (2013).

32.

Oakes, P. W., Beckham, Y., Stricker, J. & Gardel, M. L. Tension is required but not sufficient for
focal adhesion maturation without a stress fiber template. Journal of Cell Biology 196, 363–374
(2012).

33.

Meacci, G. et al. α-Actinin links extracellular matrix rigidity-sensing contractile units with
periodic cell-edge retractions. Molecular Biology of the Cell 27, 3471–3479 (2016).

34.

Kemp, J. P. & Brieher, W. M. The actin filament bundling protein α-actinin-4 actually suppresses
actin stress fibers by permitting actin turnover. Journal of Biological Chemistry 293, 14520–
14533 (2018).

35.

Varga, A. E. et al. Silencing of the Tropomyosin-1 gene by DNA methylation alters tumor
suppressor function of TGF-β. Oncogene 24, 5043–5052 (2005).

36.

Khurana, S., Chakraborty, S., Cheng, X., Su, Y. T. & Kao, H. Y. The actin-binding protein, actinin
alpha 4 (ACTN4), is a nuclear receptor coactivator that promotes proliferation of MCF-7 breast
cancer cells. Journal of Biological Chemistry 286, 1850–1859 (2011).

37.

Huang, Q. et al. ACTN4 Promotes the Proliferation, Migration, Metastasis of Osteosarcoma and
Enhances its Invasive Ability through the NF-κB Pathway. Pathology and Oncology Research 1–12
(2019) doi:10.1007/s12253-019-00637-w.

38.

Jung, J., Kim, S., An, H.-T. & Ko, J. α-Actinin-4 regulates cancer stem cell properties and
chemoresistance in cervical cancer. Carcinogenesis (2019) doi:10.1093/carcin/bgz168.

39.

Fukumoto, M., Kurisu, S., Yamada, T. & Takenawa, T. α-Actinin-4 enhances colorectal cancer cell
invasion by suppressing focal adhesion maturation. PLoS ONE 10, (2015).

40.

Shao, H., Li, S., Watkins, S. C. & Wells, A. α-Actinin-4 is required for amoeboid-type invasiveness
of melanoma cells. Journal of Biological Chemistry 289, 32717–32728 (2014).

41.

Vallotton, P. & Small, J. V. Shifting views on the leading role of the lamellipodium in cell
migration: Speckle tracking revisited. Journal of Cell Science 122, 1955–1958 (2009).

42.

Koestler, S. A., Auinger, S., Vinzenz, M., Rottner, K. & Small, J. V. Differentially oriented
populations of actin filaments generated in lamellipodia collaborate in pushing and pausing at
the cell front. Nature Cell Biology 10, 306–313 (2008).

43.

Choi, C. K. et al. Actin and α-actinin orchestrate the assembly and maturation of nascent
adhesions in a myosin II motor-independent manner. Nature Cell Biology 10, 1039–1050 (2008).

44.

Hotulainen, P. & Lappalainen, P. Stress fibers are generated by two distinct actin assembly
mechanisms in motile cells. Journal of Cell Biology 173, 383–394 (2006).

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.426368; this version posted January 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

45.

Triplett, J. W. & Pavalko, F. M. Disruption of α-actinin-integrin interactions at focal adhesions
renders osteoblasts susceptible to apoptosis. American Journal of Physiology - Cell Physiology
291, C909-21 (2006).

46.

Vicente-Manzanares, M., Zareno, J., Whitmore, L., Choi, C. K. & Horwitz, A. F. Regulation of
protrusion, adhesion dynamics, and polarity by myosins IIA and IIB in migrating cells. Journal of
Cell Biology 176, 573–580 (2007).

47.

Doyle, A. D. et al. Micro-environmental control of cell migration - myosin IIA is required for
efficient migration in fibrillar environments through control of cell adhesion dynamics. Journal of
Cell Science 125, 2244–2256 (2012).

48.

Beningo, K. A., Dembo, M., Kaverina, I., Small, J. V. & Wang, Y. L. Nascent focal adhesions are
responsible for the generation of strong propulsive forces in migrating fibroblasts. Journal of Cell
Biology 153, 881–887 (2001).

49.

Rajfur, Z., Roy, P., Otey, C., Romer, L. & Jacobson, K. Dissecting the link between stress fibres and
focal adhesions by CALI wit EGFP fusion proteins. Nature Cell Biology 4, 286–293 (2002).

50.

Quick, Q. & Skalli, O. α-Actinin 1 and α-actinin 4: Contrasting roles in the survival, motility, and
RhoA signaling of astrocytoma cells. Experimental Cell Research 316, 1137–1147 (2010).

51.

Ferrer, J. M. et al. Measuring molecular rupture forces between single actin filaments and actinbinding proteins. Proceedings of the National Academy of Sciences of the United States of
America 105, 9221–9226 (2008).

52.

Schiffhauer, E. S. S. et al. Mechanoaccumulative Elements of the Mammalian Actin Cytoskeleton.
Current Biology 26, 1473–1479 (2016).

53.

Thomas, D. G. & Robinson, D. N. The fifth sense: Mechanosensory regulation of alpha-actinin-4
and its relevance for cancer metastasis. Seminars in Cell and Developmental Biology 71, 68–74
(2017).

54.

Kumar, S., Das, A. & Sen, S. Multicompartment cell-based modeling of confined migration:
regulation by cell intrinsic and extrinsic factors. Molecular Biology of the Cell 29, 1599–1610
(2018).

55.

Rowat, A. C. et al. Nuclear envelope composition determines the ability of neutrophil-type cells
to passage through micron-scale constrictions. Journal of Biological Chemistry 288, 8610–8618
(2013).

56.

Wolf, K. et al. Physical limits of cell migration: Control by ECM space and nuclear deformation
and tuning by proteolysis and traction force. Journal of Cell Biology 201, 1069–1084 (2013).

57.

Davidson, P. M., Denais, C., Bakshi, M. C. & Lammerding, J. Nuclear deformability constitutes a
rate-limiting step during cell migration in 3-D environments. Cellular and Molecular
Bioengineering 7, 293–306 (2014).

58.

Harada, T. et al. Nuclear lamin stiffness is a barrier to 3D migration, but softness can limit
survival. Journal of Cell Biology 204, 669–682 (2014).

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.426368; this version posted January 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

59.

Halder, D. et al. Nonmuscle myosin IIA and IIB differentially modulate migration and alter gene
expression in primary mouse tumorigenic cells. Molecular Biology of the Cell 30, 1463–1476
(2019).

60.

McGregor, A. L., Hsia, C. R. & Lammerding, J. Squish and squeeze - the nucleus as a physical
barrier during migration in confined environments. Current Opinion in Cell Biology vol. 40 32–40
(2016).

61.

Meshel, A. S., Wei, Q., Adelstein, R. S. & Sheetz, M. P. Basic mechanism of three-dimensional
collagen fibre transport by fibroblasts. Nature Cell Biology 7, 157–164 (2005).

62.

Beach, J. R. et al. Myosin II isoform switching mediates invasiveness after TGF-β-induced
epithelial-mesenchymal transition. Proceedings of the National Academy of Sciences of the
United States of America 108, 17991–17996 (2011).

63.

Kumeta, M., Yoshimura, S. H., Harata, M. & Takeyasu, K. Molecular mechanisms underlying
nucleocytoplasmic shuttling of actinin-4. Journal of Cell Science 123, 1020–1030 (2010).

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.426368; this version posted January 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 1

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.426368; this version posted January 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 2

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.426368; this version posted January 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 3

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.426368; this version posted January 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 4

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.426368; this version posted January 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 5

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.426368; this version posted January 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 6

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.426368; this version posted January 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 7

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.426368; this version posted January 12, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

𝜶-actinin-4 drives invasiveness by regulating myosin IIB expression and myosin IIA localization
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Supplementary Table 1

Component
Cell cortex
Cytoplasm
Nuclear membrane
Nucleus
Tissue

Elastic Young’s
modulus, E (kPa)
1 – 1.5
0.01
5
5
1-5

Poisson’s ratio (ν)
0.3
0.3
0.3
0.3
0.3

Thickness or
diameter (μm)
0.5
2
0.05
4.9
100

Supplementary Table 1: Material properties of system components
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Supplementary Figure 1: (A) Representative phase-contrast images of control (shCTL) and ACTN4 knockdown
(shAC#1 and shAC#2) MDA-MB-231 (MDA) and HT 1080 (HT) cancer cells. Scale bar = 10 µm. (B) Quantification
of cell spread area and circularity quantified from phase-contrast images. (n > 50 cells per condition from 3
independent experiments; ** p < 0.001, NS p > 0.05. Error bars represent ± SEM.) (C) Quantification of ACTN4,
Integrin β1 and Vimentin western blots in with GAPDH serving as loading control (n ≥ 3 independent experiments;
** p < 0.001, NS p > 0.05. Error bars represent ± SEM).
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Supplementary Figure 2: (A) Representative Alexa fluor-488 conjugated phalloidin stained F-actin images of
control (shCTL) and ACTN4 knockdown (shAC#1, shAC#2) cells. Yellow lines represent F-actin stress fibers
detected by image analysis software. Quantitative analysis of (B) number and (C) length of stress fibers in control
and knockdown cells (n = 15 – 25 cells per condition across 3 independent experiments; ** p > 0.001; Error bars
represent ± SEM.) Cortical stiffness of control and knockdown cells estimated using Atomic Force Microscope
(AFM) by fitting < 1000 nm of indentation data using the Hertz model. (D) Representative force-indentation
curves of control and ACTN4 knockdown MDA-MB-231 cells with inset showing schematic of the experiment
setup. (E) Average cortical stiffness of control and ACTN4 knockdown cells (n > 150 cells per condition pooled
from 3 independent experiments; ** p < 0.001, * p < 0.05. Error bars represent ± SEM).
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Supplementary Figure 3: Immunostained confocal images showing ACTN4 localization (red) in cell protrusion
of control MDA-MB-231 (MDA) and HT 1080 (HT) cells cultured in 3D collagen. Merged image is showing
collagen fibers in green imaged using confocal reflection microscopy (CRM) and DAPI stained nuclei (blue).
Scale Bar = 10 μm. The intensity plot is showing ACTN4 distribution in the cell protrusion along the white
dotted line.
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Supplementary Figure 4: Representative trajectories of 3D cell motility of control (shCTL) and ACTN4 knockdown
(shAC#1, shAC#2) cells in the presence of DMSO (vehicle), Blebbistatin (Blebb) and Cytochalasin D (CytoD).
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Supplementary Figure 5: Perinuclear NMM IIB, Actinin4 (ACTN4) and F-actin localization in control MDA-MB-231
(MDA shCTL) and HT 1080 (HT shCTL) cells assessed using confocal microscopy. Representative images showing
NMM IIB (red), ACTN4 (green), F-actin (red), and nuclei (blue). Cells were permeablized with 0.1% Triton X-100
before fixing to visualize perinuclear ACTN4 (scale bars = 10 µm).
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Supplementary Figure 6: Western blotting analysis of Lamin A/C (LMN A/C) and phosphor Lamin A/C in control
(shCTL) and knockdown (shAC#1 and shAC#2) MDA-MB-231 (MDA) and HT 1080 (HT) cells with GAPDH served
as a loading control. (A) Representative images of western blots and (B) Quantification of western blots (n = 4,
NS p > 0.05. Error bars represent ± SEM). (C) Quantification of NMM IIA and NMM IIB Western blots with GAPDH
served as a loading control (n ≥ 3 independent experiments; ** p < 0.001, * p < 0.05, NS p > 0.05. Error bars
represent ± SEM).
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Supplementary Figure 7: Computational model parameters. (A) Viscoelastic properties of the cytoplasm, cortex,
nuclear membrane and extracellular matrix. (B) Rate of increase in protrusion force (FPmax). For a maximum
prescribed value of FPmax, the input normalized force amplitude is ramped up as a sigmoid function in a timedependent manner till a maximum time limit of 6000 s.
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Supplementary Movie Legends
Supp. Movie 1: Migration trajectories of MCF-7, T47D, ZR-75, MDA-MB-231 and HT-1080 cells cultured on
collagen-coated tissue culture plates. Lines depict trajectories of individual cells.
Supp. Movie 2: Migration trajectories of MDA-MB-231 control (MDA shCTL) and ACTN4 knockdown (MDA
shAC#1, MDA shAC#2) cells cultured on collagen-coated tissue culture plates. Lines depict trajectories of
individual cells.
Supp. Movie 3: Migration trajectories of HT 1080 control (HT shCTL) and ACTN4 knockdown (HT shAC#1, HT
shAC#2) cells cultured on collagen-coated tissue culture plates. Lines depict trajectories of individual cells.
Supp. Movie 4: Movie showing tracking of Paxillin-mCherry focal adhesions in MDA-MB-231 control (MDA shCTL)
and ACTN4 knockdown (MDA shAC#1) cells. The top panel shows normalized experiment acquired movies and
the bottom panel shows adhesions outlined with different colors.
Supp. Movie 5: Movie showing tracking of Paxillin-mCherry focal adhesions in HT 1080 control (HT shCTL) and
ACTN4 knockdown (HT shAC#1) cells. The top panel shows normalized experiment acquired movies and the
bottom panel shows adhesions outlined with different colors.
Supp. Movie 6: Trajectories of MDA-MB-231 control (MDA shCTL) and ACTN4 knockdown (MDA shAC#1, MDA
shAC#2) cells migrating through 1.2 mg/ml 3D collagen gels. Lines depict trajectories of individual cells.
Supp. Movie 7: Trajectories of HT 1080 control (HT shCTL) and ACTN4 knockdown (HT shAC#1, HT shAC#2) cells
migrating through 1.5 mg/ml 3D collagen gels. Lines depict trajectories of individual cells. Lines depict trajectories
of individual cells.
Supp. Movie 8: Non-muscle myosin IIA (NMM-IIA) dynamics in MDA-MB-231 control (MDA shCTL) and ACTN4
knockdown (MDA shAC#1, MDA shAC#2) cells after transiently transfecting the cells with GFP-NMM-IIA plasmids.
Supp. Movie 9: Non-muscle myosin IIA (NMM-IIA) dynamics in HT 1080 control (HT shCTL) and ACTN4 knockdown
(HT shAC#1, HT shAC#2) cells after transiently transfecting the cells with GFP-NMM-IIA plasmids.
Supp. Movie 10: ACTN4 eGFP transfected (green) ACTN4 knockdown MDA-MB-231 (MDA shAC#1 in 1.2 mg/ml
collagen gels) and HT-1080 (HT shAC#1 in 1.5 mg/ml collagen gels) cells migrating in 3D collagen gels. Lines depict
trajectories of individual cells.

