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Nonmuscle myosin IIA and IIB differentially 
modulate migration and alter gene expression 
in primary mouse tumorigenic cells

ABSTRACT Though many cancers are known to show up-regulation of nonmuscle myosin 
(NM) IIA and IIB, the mechanism by which NMIIs aid in cancer development remains unex-
plored. Here we demonstrate that tumor-generating, fibroblast-like cells isolated from 
3-methylcholanthrene (3MC)-induced murine tumor exhibit distinct phospho-dependent lo-
calization of NMIIA and NMIIB at the perinuclear area and tip of the filopodia and affect cell 
migration differentially. While NMIIA-KD affects protrusion dynamics and increases cell direc-
tionality, NMIIB-KD lowers migration speed and increases filopodial branching. Strategically 
located NMIIs at the perinuclear area colocalize with the linker of nucleoskeleton and cyto-
skeleton (LINC) protein Nesprin2 and maintain the integrity of the nuclear-actin cap. Interest-
ingly, knockdown of NMIIs results in altered expression of genes involved in epithelial-to-
mesenchymal transition, angiogenesis, and cellular senescence. NMIIB-KD cells display 
down-regulation of Gsc and Serpinb2, which is strikingly similar to Nesprin2-KD cells as as-
sessed by quantitative PCR analysis. Further gene network analysis predicts that NMIIA and 
NMIIB may act on similar pathways but through different regulators. Concomitantly, knock-
down of NMIIA or NMIIB lowers the growth rate and tumor volume of 3MC-induced tumor 
in vivo. Altogether, these results open a new window to further investigate the effect of 
LINC-associated perinuclear actomyosin complex on mechanoresponsive gene expression in 
the growing tumor.

on the basis of their heavy chains, encoded by Myh9, Myh10, and 
Myh14 genes, respectively, in mammals. NMII can exist as motor-
active monomers and oligomers in a cell (Vicente-Manzanares 
et al., 2009). Contractile force in a cell is mainly generated when 
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INTRODUCTION
NMIIs are hexameric actin-binding motor proteins, composed of 
one pair of heavy chains (NMHC), a pair of essential light chains 
(ELC), and a pair of regulatory light chains (RLC; Coluccio, 2008). The 
three different paralogues, NMIIA, NMIIB, and NMIIC, are named 
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monomers are incorporated into bipolar filaments, and it partici-
pates in cell–substrate adhesion, leading edge protrusion, cell body 
translocation, and cell polarity during cellular migration. NMII is also 
needed for cytokinesis, invasion, metastatic dissemination, etc. 
(Coluccio, 2008; Conti and Adelstein, 2008; Vicente-Manzanares 
et al., 2009; Aguilar-Cuenca et al., 2014; Shutova and Svitkina, 
2018). The importance of the monomeric form of NMII has been 
established in endocytosis, exocytosis, and vesicular transport 
(Shutova and Svitkina, 2018). NMII paralogues may participate in 
similar or distinctly different cellular functions (Dey et al., 2017; 
Shutova and Svitkina, 2018). NMII are regulated by many kinases 
such as MLCK (myosin light chain kinase), Rho-ROCK (Rho-associ-
ated kinase), protein kinase C, CK, and TRPM7, which are involved 
in phosphorylation of either RLC or HC, to maintain the dynamics 
among motor-inactive and active monomers, and oligomers in the 
cells (Vicente-Manzanares et al., 2009). Expression of such NMII 
regulators as well as NMII paralogues has been reported to be al-
tered in several cancers (Newell-Litwa et al., 2015).

Several studies suggested that NMIIA promotes the progression 
of various types of cancers or acts as a tumor suppressor (Pecci et al., 
2018), suggesting context-dependent function of NMIIA in cancer-
ous cells. Many tumors also show a high expression of NMIIB, which 
associates with poor prognosis and metastasis (Newell-Litwa et al., 
2015). NMIIC1, a spliced isoform of NMIIC, on the other hand, has 
been reported to play a critical role in ring formation during cytokine-
sis of breast cancer cells, disruption of which results in aberrant cell 
division and chromosome instability (Takaoka et al., 2014). Long non-
coding RNA (lncRNA) corresponding to NMIIC has also been found 
to be highly up-regulated in lung adenocarcinoma in human patients, 
indicating the possible involvement of NMII in cancer progression 
(Zhang et al., 2017). 3-Methylcholanthrene (3MC)-induced tumor in 
mice is a well-known model for studying cancer development 
(Thakker et al., 1978; Qin et al., 2002). Recent findings reveal that 
transformation of normal skeletal muscle to tumor tissue is associated 
with an alteration of fibroblast-like cells to atypical cells showing en-
larged vesicular nuclei, prominent nucleoli, and heterogeneous mor-
phology. These cells, when isolated from the tumor, grow as atypical 
fibroblast-like cells in transient culture and are capable of forming 
tumors in immunodeficient mice (Koebel et al., 2007; Saha et al., 
2011). Also, 3MC-induced tumor development is associated with in-
creased expression of NMIIA and NMIIB in vivo (Saha et al., 2011). 
However, the mechanisms by which NMIIs in these transformed cells 
contribute to cancer progression remain poorly understood.

Here, we show for the first time that the tumorigenic cells iso-
lated from 3MC-induced tumor tissue express both NMIIA and 
NMIIB. These cells also express myofibroblast marker α-SMA, Vi-
mentin, and cancer stem cell marker, CD34. Both NMIIA and NMIIB 
localize at the tip of protrusion and are found to be colocalized with 
the LINC protein Nesprin2 at the perinuclear actin network. Small 
interfering RNA (siRNA)-mediated knockdown of either of the NM II 
paralogues differentially inhibits cellular migration in the isolated 
tumorigenic cells and reduces tumor growth in vivo. Also, NMIIs 
modulate the expression of genes associated with cancer progres-
sion, suggesting the possibility of involvement of NMIIA and NMIIB 
in the mechanotransduction pathways, during tumor progression.

RESULTS
Proliferative cells in 3MC-induced tumor expressing 
NMIIA and NMIIB are tumorigenic
Intramuscular injection of 3MC in the hind limb of mice generates 
visible tumors within 89 d, and tumor formation is associated with 
the transformation of fibroblast-like cells to atypical cells and their 

proliferation (Koebel et al., 2007; Saha et al., 2011). To follow the 
transformation and proliferation of the cells during tumor progres-
sion, we performed hematoxylin and eosin red (H&E) and prolifera-
tion cell nuclear antigen (PCNA) staining, respectively, of tissue sec-
tions focusing at the site of injection at every 7- to 15-d interval 
post–3MC regime as shown in Figure 1A. We noticed the loss of 
organized structure of the muscle, and signs of proliferation at the 
site of 3MC injection at 59 d compared with olive oil–treated tissue, 
which maintained the organized structure at all the time points. Fur-
thermore, we found early signs of proliferation at 44 d near the lipid 
droplets (site of injection) but we could not detect visible signs of 
tissue transformation before 59 d. At 89–110 d when the tumor was 
of visible size, a majority of the cells were transformed and prolifera-
tive, whereas no such proliferation or structural loss was detectable 
even at 7 d (Figure 1, B and C), suggesting that 3MC may cause 
transformation and proliferation not before 44–59 d at the site of 
injection. The expression of cytosolic motor proteins NMIIA and 
NMIIB was shown to be increased in the tumor but not in the normal 
tissue associated with tumors (Koebel et al., 2007; Saha et al., 2011). 
We were interested to know whether the cells in the transformed 
area at 59 d expressed NMIIA and NMIIB. Figure 1D shows that the 
transformed cells (delineated by arrowheads) expressed NMIIA at 
59 d but not NMIIB, which was detectable only at a later time point, 
89 d (Supplemental Figure S1). 3MC tumors are known to originate 
from the site of injection and often form fibrosarcomas (Qin et al., 
2002), so we were interested to look for the markers of myofibro-
blast in the transformed areas. Additionally, at both 59 and 89 d, 
these cells showed the expression of α-SMA, Vimentin, and CD34, 
indicating that they are fibroblast-like (myofibroblast) and might 
have stemness properties (Figure 1D and Supplemental Figure S1). 
To evaluate the potential function of NMIIA and NMIIB in these 
cells, we isolated them at 89–95 d and cultured them in vitro. Fluo-
rescence-activated cell sorting (FACS) analysis shows that more than 
90% of the isolated cells express α-SMA, Vimentin, and CD34, 
along with NMIIA and NMIIB (Figure 1E). Hence, they are likely to 
be CD34+ fibroblasts. This is supported by immunofluorescence and 
immunoblotting of these cells and cell lysates with the respective 
antibodies (Supplemental Figure S2, A and B). The isolated cells 
when subcutaneously transplanted in athymic nude mice generated 
tumors within 10–15 d postinjection (Supplemental Figure S2, C and 
D). Altogether, these data suggest that both proliferation and trans-
formation in the tissue are detectable as early as 44–59 d. Prolifera-
tive cells expressing NMIIA at early stages and both NMIIs at later 
stages are myofibroblasts in nature, and the isolated myofibroblasts 
are tumorigenic.

MLCK regulates the localization of NMIIA and NMIIB 
at the protrusive ends and perinuclear region in the 
primary tumorigenic cells
We wished to check the localization of NMIIs in the tumorigenic 
cells. Both NMIIA and NMIIB are typically localized at the protrusive 
ends and perinuclear site along with their presence in stress fibers 
(Figure 2, A and B, top panels, and Supplemental Figure S3A). NMIIs 
are phosphorylated both at the protrusive ends and perinuclear 
sites as detected by staining with a phospho-specific antibody 
against RLC (Supplemental Figure S3, B and C), suggesting that 
NMIIs are active in these locations. RLC can be phosphorylated 
mainly by two orthogonal kinases: MLCK and ROCK (Kassianidou 
et al., 2017). Next, we asked which kinase contributes to the phos-
phorylated NMIIs at the tip of the protrusion and perinuclear region. 
We treated the cells with ML-7, an inhibitor of MLCK, or Y27632, an 
inhibitor of ROCK kinase. Treatment of ML-7 but not Y27632 in 
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primary tumorigenic cells reduced the amount of both NMIIA and 
NMIIB at the filopodial ends, suggesting that MLCK-dependent 
phosphorylation regulates NMII localization at this area (Figure 2, A, 
middle and bottom panels, and C). Interestingly, perinuclear 
NMIIA and NMIIB localization too was disrupted by ML-7 treatment 
(Figure 2, B, middle and bottom panels, and D). On the contrary, 
after Y27632 treatment, NMIIs were enriched around the nucleus 
and were confined to the SFs at the cell edge only. The intensity 
profile on the right-hand side shows that NMIIs displayed high fluo-
rescence intensities around the nucleus in cells treated with Y27632, 
but not with ML-7, which showed equally distributed NMII fluores-
cence throughout the cell and loss of the distinct perinuclear inten-
sity, suggesting that MLCK modulates perinuclear localization of 
NMIIs. The enrichment of NMIIs in the perinuclear area after ROCK 
inhibition may be due to enhanced activity of MLCK (Beach et al., 
2017). However, total amounts of NMIIA and NMIIB remain un-
changed in the presence or absence of ML-7 or Y27632 (Supple-
mental Figure S3D). These data indicate that MLCK-dependent RLC 
phosphorylation of NMIIs is most likely needed for the localization 
of NMIIA and NMIIB at the filopodia tips and perinuclear region, 
whereas cytosolic NMII is regulated by ROCK.

NMIIA and NMIIB can assemble into apical actin network
We further assessed the relevance of the distinct localization of 
NMIIA and NMIIB around the nucleus by questioning what made 
them reside at the perinuclear position. The linker of nucleoskeleton 
and cytoskeleton (LINC) complex is composed of Nesprin proteins 
of the ONM (outer nuclear membrane) whose C-terminal KASH 
(Klarsicht, ANC-1, Syne homology) domain interacts with SUN (Sad1 
Unc-84) domain–containing proteins of INM (inner nuclear mem-
brane). Nesprin1 and 2 are known to interact with cytoskeletal actin 
through its calponin homology (CH) domains (Crisp et al., 2006; 
Rajgor and Shanahan, 2013; Kirby and Lammerding, 2018). We 
were interested in checking whether actin-binding motor proteins 
NMIIA and NMIIB were able to interact with the LINC-actin filament 
complex. First, we checked the expression profile of actin-associ-
ated Nesprins in the primary tumor cells using the reverse transcrip-
tion-PCR (RT-PCR) approach with primers designed against specific 
regions of Nesprin1 and 2 (Luxton et al., 2010). Supplemental Figure 
S4A shows the presence of Nesprin2G (giant) but not Nesprin1G 
and other isoforms of Nesprin-1 and -2 in these cells. As the giant 
isoforms of Nesprin-1 and -2 are involved in the perinuclear LINC 
complex (Zhang et al., 2001; Zhen et al., 2002), and we could not 

FIGURE 1: Cells at the site of injection start proliferating at 44–59 d and express NMIIA. (A) Schedule of 3MC injection 
and immunohistochemistry experiments. Representative image of a tumor formation at the site of 3MC injection shown 
in the left and right sides of the schedule. (B) Top and middle panels, H&E staining of 3MC- and olive oil–treated mouse 
tissue sections at indicated time points (white areas depict lipid droplets), respectively. Bottom panel, DAB staining for 
PCNA of analogous sections of 3MC-treated tissue sections at the same time points (blue arrows depict areas of 
proliferation; black arrows depict areas of transformation). (C) H&E (top panel) and PCNA/DAB (bottom panel) showing 
a comparison between the nontransformed section at 7 d (left panel) and partially transformed, proliferative cells at 59 d 
(right panel). Blue arrows indicate lipid droplets that mark the site of injection, black arrows indicate the PCNA positive/
proliferative region, and light green arrows indicate the orderly structure of tissues. (D) Confocal immunofluorescence 
microscopy of analogous section of 59 d H&E of 3MC tissue sections probed with antibodies against NMIIA, Vimentin, 
α-SMA, or CD34. Yellow arrows indicate nontransformed regions, while transformed areas are delineated by 
arrowheads. (E) FACS contour plots of primary tumorigenic cells isolated at 89 d from 3MC-induced tumor in mice, fixed 
and stained with CD34, α-SMA, Vimentin, NMIIA, and NMIIB. Scale bars: 100 µm (B) and 20 µm (C, D).
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detect N1G, we proceeded with Nesprin-2 in the consequent 
experiments. We immunoprecipitated NMIIA or NMIIB using the 
specific antibody, and the immunoprecipitate was probed with 
Nesprin-2. Figure 3A shows multiple bands of Nesprin-2 indicating 

that NMIIA and NMIIB may interact with multiple isoforms of 
Nesprin-2. Confocal immunofluorescence microscopy and quantifi-
cation of the images (Pearson’s correlation coefficient mean value; 
NMIIA vs. Nesprin-2: 0.25; NMIIA vs. Nesprin-2: 0.30) depicted the 

FIGURE 2: Localization of NMIIA and NMIIB at the filopodia tips and perinuclear area depends on MLCK. Confocal 
immunofluorescence microscopy of the primary tumorigenic cells probed with anti-NMIIA (red) and NMIIB (green) 
antibodies as shown at the (A) protrusions and (B) perinuclear area in the presence or absence of inhibitors for MLCK 
(ML-7) or Rho/ROCK kinase (Y27632). DAPI was used to stain the nucleus. Intensity graphs from position 1–2 are shown 
alongside the corresponding merge images. Box plot showing changes in (C) filopodial tip index (filopodial tip index = 
F.I. at tip/F.I. of whole filopodia) and (D) perinuclear index (perinuclear index = F.I. around the nucleus/F.I. of the whole 
cell) after ML-7 or Y27632 treatment in primary tumorigenic cells (n > 30 from three independent experiments). Scale 
bars: 10 µm (A) and 25 µm (B). ***, P < 0.001; control vs. ML-7 (NMIIA and NMIIB); *, P < 0.05; control vs. Y27632 
(NMIIA, perinuclear area); F.I. was normalized against the area of ROI.
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colocalization of NMIIA or NMIIB with Nesprin-2 at the perinuclear 
region (Figure 3, B and C). siRNA-mediated depletion of Nesprin-2 
significantly reduced the perinuclear index of NMIIA (1.44 ± 0.06) 
and NMIIB (1.39 ± 0.04) as compared with NS siRNA–treated cells 
(NMIIA: 2.26 ± 0.14; NMIIB: 2.03 ± 0.15; Figure 3, D–F), suggesting 
Nesprin-2–dependent localization of NMIIs at the perinuclear area.

We next asked whether perinuclear NMIIA and NMIIB in the 
tumorigenic cells can assemble into the perinuclear actin network, 
which participates in transmembrane actin–associated nuclear 
(TAN) line or apical cap formation. Both TAN lines and apical actin 
caps are known to be involved in nuclear translocation and cellular 

mechanosensing (Gay et al., 2011; Chang et al., 2015). Under se-
rum-starved and LPA (lysophosphatidic acid) stimulated condition, 
cells showed a prominent apical actin network (Supplemental 
Figure S4B, apical view), at which Nesprin2 (Figure 3G) and NMIIA 
and NMIIB (top panels of Figure 3, H and I) were localized. NMIIs 
were found to be mono- and diphosphorylated at this location 
(Supplemental Figure S4C). Treatment of cells with either ML-7 or 
Y27632 disorganized the NMIIA and NMIIB locali zation, which 
causes the disruption of the alignment of the apical actin network 
(Figure 3, H and I, middle and bottom panels). The anisotropy of 
apical actin fibers was measured, where 0 depicts no order 

FIGURE 3: NMIIs interact with Nesprin-2 and assemble in the apical actin network. (A) Immunoprecipitates with 
anti-NMIIA or NMIIB antibodies were probed with antibody against Nesprin2. Immunoprecipitate with IgG served 
as a negative control. (B) Confocal microscopy of the primary cells coimmunostained with anti-Nesprin2 (green) and 
anti-NMIIA or -NMIIB (red) antibodies. (C) Box plots of Pearson’s correlation coefficient of NMIIA or NMIIB with 
Nesprin2. (D) Immunoblots of NS or Nesprin2 siRNA–treated cell lysates probed with Nesprin2 or actin antibody. 
β-actin was used as loading control. (E) Confocal microscopy of NS or Nesprin2 siRNA–treated cells coimmunostained 
with anti-NMIIA (red) and -NMIIB (green) antibodies. (F) Quantification of perinuclear index of NMIIA and NMIIB 
(n > 30 cells from three independent experiments). (G) Confocal microscopy at the apical region of serum-starved and 
LPA-treated cells coimmunostained with anti-pRLC (red) and -Nesprin2 (green) antibodies. Intensity graphs of 
perpendicular lines are shown below. Localization of (H) NMIIA (red) and (I) NMIIB (red) at the apical actin cables across 
the nucleus stained with phalloidin (green) in serum-starved and LPA-treated cells in the presence or absence of ML-7 or 
Y27632. (J) Anisotropy of actin cables. n > 60 ROIs from two independent experiments. Scale bars: 25 µm (B), 20 µm (E), 
10 µm (G), and 5 µm (H, I). ***, P < 0.001; NS vs. Nesprin2 siRNA; control vs. ML-7 or Y27632.



1468 | D. Halder et al. Molecular Biology of the Cell

(perfectly isotropic fibrils) and 1 indicates parallel fibrils (perfectly 
anisotropic). Control cells exhibited anisotropy 0.14 ± 0.008, 
whereas treatment of either ML-7 or Y27632 significantly de-
creased the anisotropy (ML-7: 0.013 ± 0.001 and Y27632: 0.014 ± 
0.001; Figure 3J). Because ML7 or Y27632 treatment of cells 
resulted in a decrease in the anisotropy of the perinuclear actin 
fibers, it clearly indicated that NMIIs are important for maintaining 
the shape of the actin cap. Altogether, these data suggest that 
perinuclear NMIIA and NMIIB colocalize with the LINC protein 
Nesprin-2 and can assemble in the apical actin fibers. RLC phos-
phorylation is needed for uniform alignment of the apical actin 
network across the nucleus.

NMIIA- or NMIIB-depleted tumorigenic cells show abnormal 
migration patterns
Localization of NMIIA and NMIIB at the protrusive ends and peri-
nuclear actin cables prompted us to check the two-dimensional cell 

migration and three-dimensional (3D) invasion of these cells. We 
performed time-lapse microscopy of nonspecific (NS) siRNA or 
siRNA specific to NMIIA- or NMIIB-treated cells to unravel the effect 
of NMII knockdown in tumor cell migration. Specificity of NMIIA or 
NMIIB siRNA was validated by immunoblot analysis (Supplemental 
Figure S5A). Figure 4A (top panel) and Supplemental Movie 1 show 
that NS siRNA–treated cells formed single or multiple filopodia and 
exhibited random movement. Filopodia attachment and detach-
ment with substratum occurred both in and against the direction of 
protrusion growth. They were retracted back after the cell move-
ment was completed. On the contrary, both IIA and IIB siRNA–
treated cells lost randomness during migration. This was accompa-
nied by abnormally long and branched filopodia. As the cells 
moved, part of the filopodia remained attached to the substratum 
and even pinched off from the cell (Figure 4A, middle and bottom 
panels, and Supplemental Movies 2 and 3). A delay in the disassem-
bly of focal adhesion may contribute to a longer period of filopodia 

FIGURE 4: NMII knockdown cells show abnormal migration. (A) Time-lapse images of NS, IIA, or IIB siRNA–treated cells 
at indicated time points. Arrows indicate aberrant and/or branched protrusions. (B) MSD of cell body, (C) average speed 
of cells, (D) mean square fluctuation of protrusion length, (E) number of branches per cell at 12 h, (F) directionality ratio, 
(G) directionality ratio at 12 h, and (H) trajectories of cells were quantified (B–H; n > 40 cells from more than three 
experiments). (I) Bright-field images of NS, IIA, or IIB siRNA–treated cells stained with crystal violet. (J) Quantification of 
cell invasion (n ≥ 10 fields from two independent experiments. Data are represented as mean ± SD). Scale bars: 100 µm 
(A) and 60 µm (I). ***, P < 0.001 NS vs. NMIIA or NMIIB siRNA; ns, not statistically significant.
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attachment to the substratum during cell migration. Such abnormal 
protrusion dynamics was further evaluated by quantifying the aver-
age speed, Mean square displacement (MSD), cell directionality, 
and cell trajectory over a period of 12 h using DiPer software 
(Gorelik and Gautreau, 2014). Interestingly, IIA siRNA–treated cells 
showed increased MSD compared with NS or IIB siRNA–treated cells 
(Figure 4B). However, the speed of migration of IIA siRNA–treated 
cells remained almost unchanged (0.631 ± 0.023 µm min−1), whereas 
IIB siRNA treatment resulted in significantly lower average migration 
speed (0.26 ± 0.017 µm min−1) than NS siRNA–treated cells (0.589 ± 
0.03 µm min−1; Figure 4C). We further analyzed the filopodial defects 
seen in Figure 4A (middle and bottom panels). The mean square 
fluctuation of protrusion length over time depicted that NMIIA or 
NMIIB siRNA–treated cells show considerably high filopodial length 
fluctuation in comparison to NS siRNA (Figure 4D). Filopodia showed 
extensive branching in IIB siRNA (1.3 ± 0.16 branches per cell) com-
pared with IIA siRNA (0.60 ± 0.03) or NS siRNA (0.42 ± 0.025)-treated 
cells (Figure 4E). Also, the lengths of the protrusions and their 
branches were found to be higher in IIA siRNA (54.15 ± 4.9 µm, 
25.06 ± 1.79 µm) or IIB siRNA (45.81 ± 4.64 µm, 15.99 ± 0.92 µm)-
treated cells in contrast to NS siRNA–treated cells (29.63 ± 3.0 µm, 
7.8 ± 0.75 µm) as seen in the wound area of the wound-healing cell 
migration assay (Supplemental Figure S5, B–D). We found that 
NMIIA-knockdown cells exhibited a high directionality ratio over 
time (0.322 ± 0.05 at 12 h) compared with NS siRNA (0.208 ± 0.02) 
or IIB siRNA (0.26 ± 0.018; Figure 4, F and G), suggesting that the 
high directionality ratio of NMIIA-knockdown cells may result in high 
MSD as an effect of unidirectional movement, even though the 
speed of migration remained the same as NS siRNA–treated cells. 
This observation correlated with the higher spread area of the trajec-
tory of NMIIA-knockdown cells as seen in Figure 4H. Note that 
NMIIB siRNA–treated cells displayed a lower spread area of the tra-
jectory, which may be due to the significantly low average migration 
speed of these cells. As the invasiveness of a tumor cell is required 
for its tumorigenicity and is an effect of the migratory potential, we 
further tested the invasion ability of these cells in a 3D matrix. NMIIA- 
or NMIIB-knockdown cells showed an impaired ability to invade 
through matrigel set in a Boyden chamber. The number of invading 
cells was much lower in IIA siRNA (26.05 ± 8%) and IIB siRNA (3.88 ± 
1.2%) as compared with NS-siRNA–treated cells (Figure 4, I and J). 
Altogether, these data suggest that NMIIA and NMIIB affect migra-
tion in a differential manner. Whereas NMIIA is involved in confining 
the area of movement, maintaining the dynamics of filopodia retrac-
tion, and facilitating cell randomness by preserving a low directional 
ratio, NMIIB, on the other hand, is involved in maintaining the speed 
of migration of the cells and filopodial branching.

NMIIA and NMIIB knockdown in tumorigenic cells results in 
alteration of gene expression
Recent reports suggest that nuclear envelope proteins are involved 
in regulation of gene expression by signal transmission from the 
cytoskeleton to the nucleus (Graham and Burridge, 2016; Kirby and 
Lammerding, 2018). The perinuclear enrichment of NMIIs, their 
localization at the actin cap, and coexistence with Nesprin-2 
prompted us to examine whether NMIIA and NMIIB knockdown 
had any effect on the expression of genes involved in cancer pro-
gression. We screened the expression of a set of 84 cancer-related 
genes belonging to nine functionally diverse pathways, namely, cell 
cycle, apoptosis, cellular senescence, DNA damage and repair, me-
tabolism, epithelial-to-mesenchymal transition (EMT), angiogenesis, 
hypoxia signaling, and telomere and telomerase using qRT-PCR 
array in NS, NMIIA, or NMIIB siRNA–treated primary cells. The 

specificity of siRNA against NMIIs was assessed by RT-PCR analysis 
and we find almost 70% down-regulation of NMIIA and NMIIB in 
knockdown conditions (Figure 5A). Scatter-plot and clustergram 
analysis showed that treatment of NMIIA and NMIIB siRNA dis-
played a change of greater than or equal to twofold expression of 
12 and 15 out of 84 genes, respectively, which are involved in EMT, 
hypoxia, cellular senescence, and angiogenesis pathways (Supple-
mental Figure S6A). We selected four genes showing a greater than 
10-fold change for further validation using semiquantitative PCR. 
We found that in the NMIIA silenced condition, there is a significant 
up-regulation of Tbx2. NMIIB knockdown resulted in a substantial 
down-regulation of Angpt1, Serpinb2, and Gsc (Supplemental 
Figure S6, A and B). Hierarchical clustering of these cancer path-
way–related genes show differential expression in NMIIA and 
NMIIB-KD cells as compared with cells treated with NS siRNA 
(Figure 5B). Because gene expression levels emulate the joint effect 
of several underlying biological functions, specific networks (con-
nection between the genes) may be involved in this. To explore the 
potential global effect of NMII knockdown in the cell-signaling path-
ways the gene expression data were examined using the ingenuity 
pathway analysis (IPA; Ingenuity Systems; www.ingenuity.com) to 
construct the probable pathways with the significantly induced 
genes (filtering through fold change >1.3 and P value < 0.05) to 
identify the specific canonical pathways associated with IIA siRNA 
and IIB siRNA–treated (knockdown) cells as done earlier (Ghosh 
et al., 2015, 2018). In the gene ontology (GO) enrichment study for 
canonical pathway analysis, we chose to build the pathways con-
necting the top six networks, which were integrated into relevant 
networks computationally generated from the IPA knowledge base. 
The biological effects associated with IIA siRNA or IIB siRNA condi-
tions are depicted in Figure 5, C and D, with the overlaying of ca-
nonical pathways (CPs). In both cases, death receptor signaling, 
apoptosis signaling, IL-8 signaling molecular mechanism of cancer, 
and telomere extension by telomerase are the top five CPs, which is 
highly significant (P value 2.99E-13–1.53E-08), but their molecules 
(having most connectivity in the networks) are different, such as Akt, 
ERK, ERK1/2, EGF2, P38, MAPK, and SRC (family) in IIA siRNA, and 
TNF, IL2, and IL-10 in IIB siRNA cells (Figure 5, C and D). This further 
delineates that the effect of NMIIA or NMIIB knockdown maybe 
exerted through different sets of genes during cancer progression.

NMIIs interact with Nesprin-2 and also colocalize at the peri-
nuclear area (Figure 3). We were interested to know whether NMII-
mediated gene regulation involved Nesprin-2 and contributed to 
cellular mechanoreciprocity. We had seen that Gsc and Serpinb2 
were down-regulated in NMIIA- and NMIIB-KD cells (Supplemen-
tal Figure S6, A and B). In parallel, we found more than 90% down-
regulation of Gsc and Serpinb2 in Nesprin-KD cells, similar to the 
NMIIB-KD condition (Figure 5E and Supplemental Figure S6C). 
These data provided an indication that NMIIs in the tumorigenic 
cells may be involved in LINC-mediated gene regulation. We fur-
ther went on to ask whether NMIIA and NMIIB affected gene ex-
pression through mechanoresponsive pathways. Because the YAP/
TAZ pathway is well known to be involved in mediating cellular 
mechanoresponses (Dupont et al., 2011), we analyzed the impact 
of NMIIA- or NMIIB-KD by investigating the expression of CTGF 
(connective tissue growth factor), a YAP/TAZ target gene. The 
down-regulation of CTGF expression (more than 96%) in NMIIA- 
or NMIIB-KD condition further suggests that regulation of gene 
expression by NMIIs may be in a mechanoresponsive manner 
(Figure 5F). Altogether, the gene expression data suggest that 
NMIIA and NMIIB knockdown may affect cellular mechanoreci-
procity of tumorigenic cells.
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Knocking down of NMIIA and NMIIB reduces tumor growth 
in mice
We were interested to examine whether knockdown of NMIIA or 
NMIIB can affect colony growth in 3D or tumor growth in vivo in 
mice. We seeded the tumorigenic primary cells treated with NS, IIA, 
or IIB siRNA in agar and cultured them for 15 d. Supplemental 
Figure S8, A and B, shows that IIA or IIB knockdown can significantly 
decrease the colony area at days 7 and 15. Similarly, subcutaneous 
injection of siRNA-treated primary cells into male NOD/SCID mice 
resulted in lower tumor size (Supplemental Figure S8, C and D). To 
monitor how siRNA can affect tumor progression over time in vivo, 
we injected NMIIA or NMIIB siRNA at the site of tumor bulge forma-
tion and monitored the tumor growth at 48-h intervals (Figure 6A). 
Efficacy of the siRNA in vivo was tested by immunoblotting siRNA-
treated tissue lysates (Supplemental Figure S8, E and F). Three rep-
resentative images of tumors from each siRNA-treated tumor at 21, 
29, and 31 d, respectively, are shown (Figure 6B). Note that a signif-
icant decrease in tumor size was observed in the presence of NMIIA 
or NMIIB siRNA compared with NS siRNA. We examined the histo-
logical characteristics of the siRNA-treated tumor tissues. Although 
some parts of the IIA or IIB siRNA–treated tissue were transformed, 
some parts still showed an orderly structure. In contrast, there was a 

complete loss of such tissue organization in the entire area of the 
NS-siRNA–treated section (Figure 6C). A comparison of the tumor 
volume and growth rate between NS siRNA, IIA siRNA, and IIB 
siRNA–treated tumors illustrates that IIA or IIB siRNA–treated tumors 
had lower volume compared with the NS siRNA–treated tumors. Al-
though NS siRNA tumors required only 13 d to grow per cm3 vol-
ume, IIA and IIB siRNA–treated mice required 20 and 38 d, respec-
tively (Figure 6, D and E). Taken together, these data suggest that 
NMIIA and NMIIB are important for tumor progression.

DISCUSSION
How the cytoskeletal motor protein NMII may have vital roles in 
cancer progression other than cell division and migration is not well 
explored. In this study, we provide evidence that NMIIs colocalize at 
the perinuclear area and can act as a mechanotransducer during 
cancer progression.

Change in nuclear size and morphology mediated by nuclear en-
velope proteins including Nesprins may result in alteration of gene 
expression (Lammerding et al., 2005; Isermann and Lammerding, 
2013; Jevtic et al., 2014). Nesprin-1 and -2 bind to cytoskeletal actin, 
whereas microtubule-associated motor proteins, kinesin and dynein, 
and the intermediate filament–associated protein, plectin, bind to 

FIGURE 5: NMII knockdown cells show altered gene expression. (A) Down-regulation of mRNA of NMHC IIA and IIB in 
NMIIA and NMIIB siRNA–treated primary tumorigenic cells. (B) Unsupervised hierarchical clustering and heatmap 
analysis of the genes differentially expressed in cells treated with NS, IIA, or IIB siRNA. Gene expression is color-coded 
as Min (down-regulation) to Max (up-regulation). (C) IPA analysis of gene expression data. Connectivity of differentially 
expressed genes in the important signaling pathways in the IIA siRNA group or (D) the IIB siRNA group shown 
according to gene expression levels (≥1.33-fold change for IIA siRNA and ≥1.41-fold change for IIB siRNA; P < 0.05). 
Genes in the top networks (Network-1) were allowed to grow our pathway with the direct and indirect relationship from 
the IPA knowledge base. (E) Quantification of Gsc and Serpinb2 expression in NS, IIB, or Nesprin2 siRNA–treated cells 
using RT-PCR analysis, considering the relative intensity in a NS siRNA–treated sample as “100” (refer to Supplemental 
Figure S6 for a representative image). (F) Quantitative real-time PCR of CTGF expression in NS, IIA, or IIB siRNA–
treated primary cells. n = 3; ***, P < 0.001 NS vs. NMIIA or NMIIB siRNA.
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Nesprin-3 and -4, respectively, suggesting that cytosolic filament–as-
sociated proteins are integral components of the LINC complex and 
may be involved in transcriptional mechanoresponses (Rajgor and 
Shanahan, 2013; Jahed et al., 2014; Graham and Burridge, 2016; 
Wang et al., 2018). Initial work by Maniotis et al. (1997) provided 
some of the first evidence that forces can be transmitted from the 
cell surface to the nucleus through the cytoskeleton. Depletion or 
expression of dominant-negative Nesprin or SUN proteins severely 
impairs nucleo–cytoskeletal force transmission and magnitude of ap-
plied force correlated with the level of transcription (Lombardi et al., 
2011; Banerjee et al., 2014). Here we show that NMIIs interact with 
Nesprin-2 in primary tumorigenic cells and are localized at the nu-
clear periphery (Figure 3, A–F), supporting the notion of actomyosin-
mediated gene regulation through LINC. NMIIs localize not only at 
the perinuclear area but also at the stress fibers and protrusions 
(Figures 2 and 3). Multicompartment localization of proteins en-
hance their effect on intrinsic or extrinsic factors (Thul et al., 2017), 
which suggests that NMIIs might have diverse protein–protein inter-
actions and increased functionality in tumorigenic cells.

In normal cells, NMIIs are required for basic cellular functions such 
as cytokinesis, migration, etc. Knocking out of NMIIs in normal cells 
may lead to abnormal phenotypes through different mechanisms, 
such as SCC in skin or tongue. In one case, NMIIA plays a role in 
stabilizing p53 and its nuclear retention (Schramek et al., 2014), 
whereas in the other case loss of NMIIA leads to failure in cytokinesis/

karyokinesis (Anne Conti et al., 2015) acting as a tumor suppressor in 
both cases. While the current article was in the review process, 
Georgouli et al. (2019) established that NMII drives tumor progres-
sion by reprogramming the innate immune microenvironment 
through immunomodulatory secretome. So, the mechanism may be 
different if NM IIs are knocked down in cancer cells. This indicates 
that up-regulation of NMIIs in cancerous cells may have different 
consequences on tumor growth. We previously reported that 3MC-
induced tumors showed an increased amount of NMIIA and NMIIB, 
suggesting an increased amount of NMIIs or its activity in cancer cells 
may help tumor progression. In this study, we demonstrate that NMII 
can modulate gene expression through the LINC complex in 3MC-
induced tumorigenic cells. Koebel et al. (2007) have shown that 3MC-
induced tumors attain an equilibrium state by a host immune system. 
Altogether, these studies support a notion that tumor progression 
due to the reprogramming in cancer cells and/or cells present in the 
microenvironment may occur through NMII activity. Further study is 
needed to decipher whether NMII-mediated reprogramming is re-
dundant or specific for tumor progression. Our system is also differ-
ent from glioblastoma cells showing inadequate NMII activity that is 
restored on contractile activation by expression of constitutively ac-
tive (CA)-RhoA, CA-ROCK1, or CA-MLCK (Wong et al., 2015). This 
may not rule out the possibility of other effectors of Rho/ROCK that 
may participate in tumor regression on constitutive activation of the 
Rho/ROCK pathway, limiting the role of NMII in tumors. In contrast, 

FIGURE 6: NMII knockdown reduces tumor growth. (A) Schedule of siRNA injection at the site of 3MC-induced tumor. 
(B) Images of tumor tissue at 21, 29, and 31 d post–NS, IIA, or IIB siRNA injection. (C) H&E staining of tumor tissue 
treated with NS, IIA, or IIB siRNA at 110 d. Green arrows indicate that cells were unable to transform in the presence of 
siRNA and black arrows indicate that cells were already transformed in the presence of 3MC. (D) Tumor volume and 
(E) number of days required to grow 1 cm3 of tumor were calculated after siRNA injection. Scale bars: 5 mm (B) and 
100 µm (C). *, P < 0.05 for NS vs. NMIIA siRNA; **, P < 0.01 for NS vs. NMIIB siRNA.
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the tumor progression in 3MC-induced sarcoma tumors is rather as-
sociated with an increased NMII expression and more than 90% of 
isolated primary tumorigenic cells show NMIIA and NMIIB expres-
sion (Figure 1E). Unlike the previous works depicting the effect of 
NMII knockout in cancer development, our study decodes the role of 
NMII up-regulation in a tumor induced by a polyaromatic hydrocar-
bon carcinogen (3MC) that binds to the DNA forming a cancer-DNA 
phenotype (Malins et al., 2004). This opens another window of pos-
sible perinuclear protein interactome, but at this stage we do not 
know the mutational landscape of these tumorigenic cells. Further 
work is warranted to decipher the standing of NMIIA or NMIIB in this 
context.

We hypothesized that the localization of NMIIs at the protrusion 
tips is essential for filopodia dynamics (Figure 4). Subsequently, we 
checked the actin cytoskeleton with respect to NMII localization at 
the filopodial tips and the perinuclear area. We found that short 
actin fibers form the perinuclear actin moiety in primary tumorigenic 
cells where NMIIA and NMIIB are enriched. It is well known that 
pharmacological inhibition of NMIIs can change the actin organiza-
tion in the cell (Totsukawa et al., 2000; Katoh et al., 2001). ML-7 
treatment in these cells resulted in increased ventral and dorsal 
stress fiber organization, and reduced actin bundles at the filopodial 
tips. However, ROCK inhibition does not affect the actin bundles 
around the nucleus or at the filopodial tip but reduces long ventral 
and dorsal actin filaments (Supplemental Figure S3, E and F). Unlike 
the NMII localizations found in other migratory cells such as MDA-
MB-231, MEFs, or NIH-3T3 where NMIIs are found to be localized 
at the front, rear—albeit at differential amounts, cortex, and lamella/
lamellipodia boundary junction (Betapudi et al., 2006; Cai et al., 
2006; Jorrisch et al., 2013), here in 3MC-induced tumorigenic cells 
NMIIs are enriched in the perinuclear area and filopodial tips. Filo-
podial tip and perinuclear NMII localizations regulating actin reorga-
nization may affect migration quite differently upon deletion of NMII 
in these cells than reported previously. In addition, NMII enrichment 
in the perinuclear area may affect both nuclear translocation and 
mechano-coupled gene expression (Figures 3 and 5).

Under serum-starved conditions, cells show distinct NMII local-
ization at the apical actin cap (Figure 3, F–H, and Supplemental 
Figure S4, B and C). Apical actin caps connect to the nucleus 
through LINC complexes and are essential for nuclear positioning 
during migration and maintaining nuclear shape and morphology 
(Khatau et al., 2009; Maninova and Vomastek, 2016; Maninova 
et al., 2017; Kirby and Lammerding, 2018). Interestingly, apical caps 
are attached to and regulated by the focal adhesion complex of the 
cells (Kim et al., 2012), which indicates that they are involved in sig-
nal transduction from the extracellular matrix to the nucleus (Cham-
bliss et al., 2013; Jahed et al., 2014). We uncover that both pRLC 
and ppRLC are present and colocalize at the apical actin cables 
(Supplemental Figure S4B), which may be regulated by MLCK and/
or Rho/ROCK kinases (Figure 3, G–I). Diphosphorylation (ppRLC) 
promotes assembly and stability of NMII filaments in vitro (Iwasaki 
et al., 2001; Vicente-Manzanares and Horwitz, 2010). As ppRLC aug-
ments the tension acting on the actomyosin stress fibers and polar-
ity of migrating cells (Mizutani et al., 2006), the presence of ppRLC 
in the apical cables is indicative of high MgATPase activity and more 
stability of NMIIA and NMIIB localized at the apical actin network. 
Because cancer progression is associated with extensive genetic re-
programming (Hanahan and Weinberg, 2011), perinuclear actin net-
work–mediated nucleo–cytoskeletal signaling may be warranted for 
cellular reprogramming. We hypothesized that the high NMII activ-
ity in the apical cap not only facilitates nuclear positioning during 
migration but also enables efficient mechanotransduction contribut-

ing to the tumorigenicity of the cells. The reciprocity of cells and 
tumor microenvironment is the key step to cancer progression 
(Georgouli et al., 2019). The hallmark of cancer progression is con-
current to the substantial cross-talk between different cellular signal-
ing circuits. High ECM stiffness aggravates myofibroblast differenti-
ation and potentiates expression of mechanoresponsive genes and 
cellular reprogramming of cancer cells (Hanahan and Weinberg, 
2011; Quail and Joyce, 2013; Kirby and Lammerding, 2018). Myofi-
broblast or CAFs (cancer-associated fibroblasts) may not only aug-
ment but even initiate cancer (Goruppi and Dotto, 2013). In this 
study, we could detect cell proliferation and tissue transformation as 
early as 44–59 d (Figure 1, B–D) and tumorigenic myofibroblast cells 
isolated at 89 d show expression of NMIIA and NMIIB. Perinuclear 
localization of NMII in these cells gives us further indication that 
NMIIs may be involved in cellular reprogramming and mechano-
transduction through interaction of NMIIs with the LINC complex 
proteins (Figures 3–5).

Tajik et al. (2016) established that activity of GFP-tagged DHLR 
transgene in CHO cells can be modulated by extracellular forces 
through integrins to the nuclear interior. Interestingly, Le et al. (2016) 
showed that Emerin enrichment at the nucleus correlates with the 
perinuclear enrichment of NMIIA, providing tensile strength to the 
F-actin structure at the ONM under biaxial cyclic mechanical strain 
in human epidermal progenitor cells (EPCs). We find that knock-
down of NMIIB shows down-regulation of Gsc, Ang1, and Serpinb2 
(Supplemental Figure S6, B and C), involved in promoting EMT, an-
giogenesis, and maintaining senescence, respectively (Hayes et al., 
2000; Hartwell et al., 2006; Hsieh et al., 2017). Interestingly, Ne-
sprin-2–knockdown cells also show down-regulation of Gsc and Ser-
pinb2 (Figure 5E), which is strikingly similar to expression of these 
genes in NMIIB-knockdown condition, reemphasizing the notion 
that an external signal from the tumor microenvironment may pass 
from the perinuclear actomyosin through the LINC complex to the 
nuclear interior.

Several biological processes, including embryogenesis, devel-
opment, and tissue homeostasis, depend on the cellular ability to 
sense and respond to mechanical forces. Although it is known that 
mechanical forces can influence cell morphology and behavior, dis-
secting the molecular pathways that may be involved in generating 
transcriptional mechanoresponses and how inhibition of these path-
ways can give rise to diseased conditions may provide a future di-
rection (Shao et al., 2015; Kirby and Lammerding, 2018). The mech-
anism of development of human diseases associated with NMII 
mutations remains to be explored. Our IPA analysis predicts that 
many of the signaling pathways involved in physiological system 
development, disease development, and vital cellular and mole-
cular functions are modulated by NMIIs (Supplemental Figure S7). 
We observed reduced tumor growth under NMIIA- or NMIIB-knock-
down conditions (Figure 6). This may be due to the disruption of 
actomyosin-mediated cell-signaling networks that facilitate cancer 
progression. Our IPA analysis predicts that different regulators are 
influenced by NMIIA and NMIIB. Likewise, NMIIs may act as a sig-
naling scaffold by transmitting intra- and extracellular signals 
through the LINC complex via different CPs (Figure 5B), or by nu-
clear envelope tethering (Keeling et al., 2017) in the cancer cell. On 
the other hand, several reports documented that NMIIA localization 
and filament assembly can be modulated by interaction with other 
proteins such as S100A4 (Li and Bresnick, 2006), Lgl1 (Dahan et al., 
2012), MYBPH (Hosono et al., 2012), UNC-45 (Lehtimaki et al., 
2017), integrin (Rosado et al., 2011), spectrin (Smith et al., 2018), 
Myo 18A (Billington et al., 2015), and tropomyosin (Barua et al., 
2014). How these interactions can moderate the assembly and 
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function of NMII in the context of mechanotransduction remains to 
be explored. Regulation of NMII assembly at the perinuclear local-
ization, filopodial tips, or at other subcellular areas may influence 
the level of mechanotransduction, and its understanding provides a 
therapeutic strategy for future study.

MATERIAL AND METHODS
Animal experiments
All mice were maintained according to the guidelines of the Institu-
tional Animal Ethics Committee. A 3MC (Sigma-Aldrich, MO)-in-
duced tumor was generated in 2-wk-old female Swiss albino mice 
according to the previous protocol (Saha et al., 2011). Olive oil was 
used in vehicle-injected mice as a placebo control. The 3MC regime 
consisted of three doses (10 mg/kg body weight per dose) at an 
interval of 1 wk each. Tumor bulge was visible in mice within 80–100 
d. To examine the effect of NMII knockdown, 5 µg of IIA or IIB siRNA 
in OptiMEM (Thermo Fisher Scientific, MA) was injected twice with 
an interval of 48 h with Lipofectamine 2000 (Thermo Fisher) at the 
site of the tumor on day 89 (time point when the majority of the 
mice show the tumor bulge). Tumor tissue was collected 72 h post–
second dose and siRNA efficacy was analyzed by immunoblot anal-
yses. The volume of the NS, IIA, or IIB siRNA–treated 3MC-induced 
tumor was measured using a digital slide caliper every 48 h post–
siRNA injection up to 40 d. Tumor volume was calculated using the 
modified ellipsoid formula (1/2 × length × width2; Kajiwara et al., 
2018).

Immunohistochemistry and immunofluorescence
Tissues from the site of injection or the tumor tissues were fixed in 
10% Formalin solution overnight. Paraffin-embedded tissue sec-
tions were prepared for immunohistochemistry and immunofluo-
rescence (Saha et al., 2011). Briefly, deparaffinized and rehydrated 
sections were subjected to antigen retrieval in 10 mM sodium ci-
trate (pH 6) for 20 min at 80°C. Sections were then permeabilized 
with 0.1% Triton X-100 and blocked in normal goat serum fol-
lowed by incubation with primary antibody against PCNA (Santa 
Cruz Biotechnology, TX), NMIIA (Covance or Abcam, Cambridge, 
UK), NMIIB, (Covance or Abcam), α-SMA (Sigma-Aldrich), CD34, 
and Vimentin (Cell Signaling). PCNA was visualized by a mouse-
specific HRP (horseradish peroxidase)/DAB (ABC) Detection IHC 
Kit (Abcam) following the manufacturer’s protocol, and others by 
indirect immunofluorescence analysis in which secondary anti-
body conjugated to Alexa Fluor 488, 594, or 546 (Thermo Fisher) 
was used for visualization. Morphological assessment of the anal-
ogous tissue sections was carried out using hematoxylin and eosin 
stains.

Similarly, isolated primary tumorigenic cells were washed in 
phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde 
for 20 min, permeabilized with 0.5% Triton X-100 for 10 min, and 
blocked with goat serum (Santa Cruz) for 60 min. Cells were incu-
bated with Desmin (Santa Cruz), Nesprin-2 (Abcam), pRLC, ppRLC 
(Cell Signaling) or previously mentioned primary antibodies at 4°C 
overnight followed by mouse or rabbit secondary antibody conju-
gated to Alexa Fluor 488, 594, or 546 (Thermo Fisher) incubation for 
1 h. DAPI was used to stain the nucleus and actin filaments were vi-
sualized with Alexa 488-Phalloidin. Coverslips were mounted using 
Vectamount (Vector Laboratories, USA) or Prolong gold antifade 
reagent (Thermo Fisher). Images were captured using Nikon Ti-E C1 
equipped with NIS-AR software (Nikon, Japan), Carl Zeiss LSM880 
confocal microscope (Zeiss, Germany) equipped with Zen Blue soft-
ware or Leica TCS SP8 confocal laser-scanning microscope equipped 
with Leica software (Leica, Wetzler, Germany).

Primary cell culture, drug treatment and siRNA transfection
Isolation of primary cells from tumor tissue was carried out following 
the published protocols (Mitra et al., 2013). Briefly, 89–95 d 3MC-
induced tumor tissues isolated from mice were minced, and washed 
with Hank’s balanced salt solution (HBSS). Minced tissue was treated 
for 1–2 h with 0.1% Collagenase IV (Thermo Fisher) to obtain cell 
suspension. Cells were pelleted, washed with HBSS, plated in colla-
gen-coated dishes and maintained up to 20 passages in DMEM 
supplemented with 10% fetal bovine serum (FBS), penicillin, and 
streptomycin (Thermo Fisher), in a humidified incubator at 37°C 
supplied with 5% CO2. Cell suspensions were cryopreserved for 
future experiments. All experiments were carried out between pas-
sages 2–10. For siRNA transfection, 30–60 picomole siRNA was 
transfected using Lipofectamine RNAimax (Thermo Fisher) accord-
ing to manufacturer’s protocol. NMIIA siRNA 1(Myh9): sense 5′GCU-
ACAUUGUUGGUGCCAA [dT][dT]3′ and antisense 5′ UUGGC-
ACCAACAAUGUAGC [dT][dT] 3′, or NMIIA siRNA 2: sense 5′ 
GUCAUCAACCCUUAUAAGA [dT][dT] 3′ and antisense 5′UCUUAU-
AAGGGUUGAUGAC [dT][dT]3′, NMIIB siRNA1 (Myh10): siRNA 
pool EMU068341, or NMIIB siRNA2: sense 5′GCCAUAUCAGAGU-
CUGCUU [dT][dT]3′ and antisense 5′AAGCAGACUCUGAUAUGGC 
[dT][dT]3′ were procured from Sigma-Aldrich, and Nesprin2 siRNA 
(Syne2): Accell siRNA pool E-056764-00-0005 from GE Healthcare, 
USA. Cells were analyzed 24–72 h after transfection. To determine 
the perinuclear index, Bezier ROI (region of interest)-1 was con-
structed around the rim of the nucleus (perinuclear) and ROI-2 en-
compassing the whole cell. Fluorescence intensity (F.I.) per µm2 was 
measured in the given ROIs. Ratio of F.I. per µm2 of ROI-1 to F.I. per 
µm2 of ROI-2 was considered as perinuclear index. Similarly, filopo-
dial tip index was calculated as ratio of F.I at tip (ROI 1) per µm2 and 
F.I at whole filopodia (ROI 2) per µm2 using NIS-AR software. For 
drug-treated experiments, cells were treated with 30 µM ML-7 or 
Y27632 for 1 h. Both siRNA and drug-treated cells were fixed and 
immunostained as mentioned before. To visualize the perinuclear 
actin network, cells were serum starved for 2 d followed by 10 µM 
LPA (Santa Cruz) treatment for 1 h and then subjected to immuno-
fluorescence as before (Luxton et al., 2010). Anisotropy was mea-
sured using Fibril plugin in ImageJ software. ROI was selected from 
the apical actin network across the nucleus as published previously 
(Boudaoud et al., 2014).

Flow cytometry
Primary cells were washed in PBS and fixed overnight at 4°C by add-
ing cell suspension dropwise to 70% ethanol (Merck). On day 2, cells 
were washed, resuspended in PBS containing 1% bovine serum al-
bumin (BSA; Merck Milipore), 10% goat serum (Merck Milipore), and 
costained for combinations of any two: NMIIA (Covance, Abcam), 
NMIIB, CD34 (Abcam), α-SMA (Sigma), and Vimentin (Cell Signaling 
Technology). After 2 h incubation, cells were washed with PBS 
(2000 rpm, 5 min) and incubated in 500 µl PBS solution containing 
Alexa Fluor 647 and 488 (Thermo) for 1–2 h. Cells were then washed, 
resuspended in FACS flow buffer, and immediately acquired on a 
BD FACSAria III flow cytometer (BD Biosciences). Data were ana-
lyzed using BD FACSDiva v8.0 software.

Time-lapse video microscopy
Cells isolated from the 3MC-induced tumor were seeded on colla-
gen-coated dishes. Time-lapse movies of the cells treated with NS, 
IIA, or IIB siRNA were acquired by capturing images at 5-min inter-
vals for 12 h using a CCD camera (Digital Sight DS-Qi1MC, Nikon) 
in a live cell incubator at 37°C supplied with 5% CO2. Movies were 
played at a speed of 10 frames per second. The center of each cell 
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in the image sequence was manually tracked by ImageJ (National 
Institutes of Health). Cell trajectory, MSD, directional persistence, 
and average speed were calculated using previously published pro-
tocol, DiPer software (Gorelik and Gautreau, 2014). Mean square 
fluctuation at each time point was calculated as the square of the 
average change in protrusion length (µm) between consecutive time 
points for 12 h, and branching per cell was calculated by the formula 
(number of branches in a field/number of cells in the given field).

3D invasion
Cell migration through a Boyden chamber (Corning) was per-
formed using the manufacturer’s protocol. Briefly, 2.5  ×  105 pri-
mary cells were plated in each well of 24-well transwell plates con-
taining inserts (Corning) in FBS-free medium. The medium below 
the insert was supplemented with 10% FBS. The setup was kept at 
37°C overnight at 5% CO2 conditions in a humidified incubator. On 
day 2, the cell inserts were fixed with methanol for 20 min, washed 
in PBS, and stained with crystal violet (Sigma-Aldrich) for 15 min. 
Images were captured using a bright-field microscope (Leica). The 
number of invaded cells per field was counted using the ImageJ 
cell counter.

Protein analysis
Extracts of primary cells and tumor tissues were prepared in an ex-
traction buffer composed of 50 mM Tris-HCl (pH 8.0), 60  mM KCl, 
10 mM MgCl2, 5 mM ATP, 4 mM EDTA, 1 mM dithiothreitol, 1% 
Nonidet P-40, 0.5 mM phenylmethylsulfonyl fluoride, and protease 
inhibitors cocktail and RIPA buffer, respectively, at 4°C. Cell lysates 
were sedimented at 10,000 × g for 10 min. NMIIA and NMIIB were 
immunoprecipitated with antibody specific to NMHCIIA (Abcam) 
and NMHCIIB (Covance), respectively, using SureBeads Protein G 
Magnetic Beads (Bio-Rad, CA) as per the manufacturer’s protocol. 
Immunoglobulin G (IgG) was used as negative control for immuno-
precipitation. Immunoprecipitates, cell or tumor tissue lysates were 
fractionated by SDS–PAGE on 8% or 10% polyacrylamide Tris-gly-
cine gels, and transferred onto 0.45 µm polyvinylidene difluo-
ride membranes (Millipore) as previously published (Saha et al., 
2011; Das et al., 2015). Membranes were blocked with 5% BSA or 
nonfat milk (Sigma-Aldrich) and incubated overnight at 4°C with pri-
mary antibodies specific to NMIIA, NMIIB, α-tubulin, β-actin (Sigma-
Aldrich), Nesprin-2 (Abcam), or GAPDH (Santa Cruz). Membranes 
were then incubated with HRP-conjugated secondary antibody 
(Thermo Fisher) for 2 h. Chemiluminescence signal was visualized by 
Super Signal Femto Reagent (Thermo Fisher) and captured using a 
ChemiDoc Touch Imaging system (Bio-Rad).

RNA isolation and gene expression analysis
Total RNA from NS, IIA, or IIB siRNA–treated primary cells was iso-
lated using a RNeasy mini kit (Qiagen, Limburg, Netherlands). The 
total RNA from three independent biological samples was pooled 
and reverse transcribed with an RT2 First Strand Kit (Qiagen) accord-
ing to the manufacturer’s protocol (Haidet-Phillips et al., 2011). Real-
time quantitative PCRs were carried out using RT2 Real-Time SYBR 
Green/Rox PCR Master Mix (Qiagen), and PCR arrays (Cancer Path-
wayFinder RT2 Profiler PCR Array) were run on an ABI 7500 fast 
block. Array data were analyzed using the web-based PCR Array 
Data Analysis Software available on the Qiagen website. Gene ex-
pression was normalized using a set of five housekeeping genes and 
fold regulation was used to analyze changes in gene expression as 
per manufacturer’s instructions. In the case of CTGF, relative fold 
change in gene expression was calculated using the ΔΔCT method. 
GAPDH was used as housekeeping control and NS siRNA was 

treated as the reference sample set. All primer sequences are listed 
in the Supplemental Materials and Methods.

IPA
We engaged the information in the Ingenuity Knowledge Base 
(Genes Only) as a reference set that considers both direct and indi-
rect relationships as done previously (Ghosh et al., 2015, 2018). We 
used the data sources from ingenuity expert findings and the 
“Core Analysis” function to interpret the data in the perspective of 
biological processes, pathways, and networks. Data sets from the 
RT-PCR differential gene expression containing gene identifiers and 
corresponding expression values were uploaded into the applica-
tion and mapped to its corresponding gene object in the Ingenuity 
Pathways Knowledge Base. Genes differentially expressed with P < 
0.05 were overlaid onto global molecular networks, developed from 
information contained in the knowledge base. Networks were then 
algorithmically generated based on their connectivity. Canonical 
pathway analysis was used to identify function-specific genes that 
are significantly present within the networks. Biofunction analysis 
identifies the associations between the data set and the information 
in the IPA library. This association was then calculated from the ratio 
of the number of genes from the data set that are associated with 
the biofunctions divided by the total number of molecules that are 
associated with the function. The probability that each biological 
function and/or disease assigned to that data set are due to chance 
alone and were calculated using a right-tailed Fisher’s exact test (in 
built). Overrepresentation of the molecules in a given process was 
considered to be statistically significant when P < 0.05. The over-
represented functional or pathway processes are those which have 
more focus molecules than expected by chance. Using a pathway 
approach, we capitalize on the prior biological knowledge about 
genes and pathways that may be affected by NMII expression dur-
ing tumor progression.

Statistical analysis
Differences among NS, IIA, and IIB siRNA–treated cells in the vari-
ous parameters like length, speed, number of cells, and fluores-
cence intensity were assessed using the Student t tests and one-way 
analysis of variance. Data are represented as mean ± SEM or mean 
± SD. Statistical analyses were performed using GraphPad. Differ-
ences were considered to be significant if the P value was ≤0.05.
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