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Non-muscle myosin II (NMII) is a conserved force-producing
cytoskeletal enzyme with important but poorly understood
roles in cell migration. To investigate myosin heavy chain
(MHC) phosphorylation roles in 3D migration, we expressed
GFP-tagged NMIIA wild-type or mutant constructs in cells
depleted of endogenous NMIIA protein. We find that individual
mutation or double mutation of Ser-1916 or Ser-1943 to alanine
potently blocks recruitment of GFP-NM-IIA filaments to lead-
ing edge protrusions in 2D, and this in turn blocks maturation of
anterior focal adhesions. When placed in 3D collagen gels, cells
expressing wild-type GFP MHC-IIA behave like parental cells,
displaying robust and active formation and retraction of protru-
sions. However, cells depleted of NMIIA or cells expressing the
mutant GFP MHC-IIA display severe defects in invasion and in
stabilizing protrusions in 3D. These studies reveal an NMIIA-
specific role in 3D invasion that requires competence for NMIIA
phosphorylation at Ser-1916 and Ser-1943. In sum, these results
demonstrate a critical and previously unrecognized role for
NMIIA phosphorylation in 3D invasion.

Mammalian cell migration in two dimensions (2D) is classi-
cally considered to be a multistep process that includes exten-
sion and attachment of a leading edge protrusion, coupled to
formation of anterior sites of cell-substrate adhesions or focal
adhesions. This is followed by cell body translocation and
release of adhesions at the trailing edge of the cell and retraction
of the cell posterior (1, 2). Some aspects of this traditional
model are clearly valid in the more physiological three-dimen-
sional (3D) setting, such as the fact that anterior protrusions do
form focal adhesion-like structures when cells migrate in 3D
collagen gels (3) and that microenvironmental stiffness and
organization affect adhesion dynamics (4). However, it is
also becoming clear that cancer cells in 3D environments
and in tissue can display highly plastic migratory behavior,
including switching between classic mesenchymal modes
that are integrin-dependent and amoeboid modes that are
integrin-independent (3, 5– 8). The cytoskeletal motor pro-

tein non-muscle myosin II (NMII)2 is long recognized as
participating in cell migration, but its exact roles and regu-
lation in migration, particularly in 3D settings, remain poorly
understood.

There are three distinct NMII heavy chain (MHC) genes
(MYH9, MYH10, and MYH14) that encode MHC IIA, IIB, and
IIC, respectively (9). MHC proteins homodimerize in cells and
associate with two pairs of light chains (regulatory light chain
(RLC) and essential light chain), to produce the intact NMII
monomers referred to as NMIIA, NMIIB, and NMIIC. These
monomers then assemble into bipolar filaments that associate
with the actin cytoskeleton. The three isoforms have distinct
expression patterns in tissues (10) and distinct biochemical
properties (11, 12), suggesting unique roles in cellular pro-
cesses. For example, during mesenchymal migration in 2D set-
tings, NMIIA activity stabilizes anterior focal adhesions via
unknown mechanisms, facilitating attachment of the anterior
portion of the cell to the extracellular environment (13, 14). In
both amoeboid and mesenchymal modes of migration, as well
as a recently reported “piston” mode of migration, NMII activ-
ity is critical for anterior translocation of the nucleus through
tight spaces (15–17).

NMII is classically activated by phosphorylation on RLC,
which drives bipolar filament formation and activates motor
activity (1). In addition to this RLC phospho-regulation, MHC
IIA can be phosphorylated on several C-terminal residues,
including a putative PKC target site at Ser-1916, and on a puta-
tive casein kinase II (CK-II) site at Ser-1943, within a 30-residue
“non-helical tailpiece” at the very C terminus of the NMIIA tail
(18 –21). Studies in recent years have identified MHC phos-
phorylation at the tip of the NMII tail as having important roles
in regulating NMII filament assembly dynamics and subcellular
localization of NMII filaments (21–23). Additionally, Ser-1916
and Ser-1943 phosphorylations appear to be up-regulated
during TGF�-induced epithelial-mesenchymal transition (24),
suggesting that these phosphorylation sites might be critical
during invasion processes.

In this work, we have examined MHC IIA phosphorylation
roles in 3D settings, uncovering previously unrecognized coop-
erative roles of Ser-1916 and Ser-1943 phosphorylation events
as critical for upstream focal adhesion signaling, focal adhesion
stabilization, and as critical for cells to extend protrusions and
invade into 3D matrix. These studies support a model that
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adhesion stabilization and NMIIA-based force generation,
although non-essential for 2D migration in many settings, are
mechanistically linked with critical roles during invasive 3D
migration.

Results

C-terminal Phosphorylation Sites Mediate NMIIA Recruit-
ment to the Leading Edge and Focal Adhesion Maturation dur-
ing Spreading on Matrix—In view of our earlier evidence for
NMIIA C-terminal phosphorylation at Ser-1943 in regulating
NMII filament localization (23), we asked whether expression
of GFP MHC-IIA constructs mutated at either Ser-1943,
Ser-1916, or at both sites in COS-7 cells would affect NMIIA
recruitment to the leading edge during active spreading. We
have previously demonstrated via mass spectroscopy that there
is a transient elevation in phosphorylation on both Ser-1916
and Ser-1943 during spreading on matrix, suggesting that phos-
phorylation on these sites may affect NMIIA dynamics during
spreading (29). COS-7 cells lack endogenous NMIIA (Fig. 1A),
providing an excellent platform for analyzing the effects of
expressing recombinant GFP fusion constructs. Plasmid con-
structs were generated carrying alanine mutations of each
MHC phosphorylation site. In the case of the S1916A con-
struct, the serine at Ser-1915 was also mutated to avoid possible
spurious effects of any phosphorylation on this adjacent resi-
due. Mutant constructs in this work are therefore referred to as
GFP MHC-IIA S1915A/S1916A or GFP MHC-IIA-S1943A, or
GFP MHC-IIA-3�A (indicating mutation of all three serines).
COS-7 cell populations expressing wild-type GFP MHC-IIA
and the mutant constructs were isolated via transient transfec-

tion and fluorescence-activated cell sorting (FACS). The FACS
step allowed us to isolate cell populations with near-homoge-
neous expression levels, which were similar to NMIIA expres-
sion levels in other cell lines, such as HeLa and MDA-MB-231
(Fig. 1A). We fixed cells during active spreading, 60 min after
plating on collagen I-coated glass, to create semi-synchronous
populations of cells actively recruiting NMIIA filaments to pro-
trusive margins. As in our earlier studies in HeLa cells (23),
we found that the introduced wild-type GFP MHC-IIA was
recruited robustly to the expanding lamellar margin when
COS-7 cells spread on collagen I, colocalizing with lamellar
F-actin (Fig. 1B, 2nd row). However, in all cells expressing the
phosphorylation site mutants, the mutant protein displayed
overassembly in the central regions of the cells during spread-
ing and a near absence of recruitment to the spreading lamellae
(Fig. 1B, lower panels). This defect was most dramatic in the
GFP MHC-IIA 3�A mutant, indicating a cooperative role for
the Ser-1916 and Ser-1943 phosphorylation sites in mediating
NMIIA filament localization during protrusion and integrin/
matrix engagement. This analysis supports the earlier studies
from our group (23) and from the Bresnick and co-workers (22)
that focused on roles of Ser-1943 phosphorylation, but it fur-
ther demonstrates that Ser-1916 has critical roles in filament
localization. Furthermore, these data demonstrate that in the
absence of a pool of endogenous wild-type NMIIA, mutation of
either site profoundly alters localization behavior of NMIIA in
live cells (as opposed to modest localization defects observed in
earlier expression studies performed in cells with a pool of
endogenous wild-type NMIIA).

FIGURE 1. C-terminal NMIIA phosphorylation sites are critical for recruitment of NMIIA to lamellar protrusions and for marginal paxillin phosphory-
lation during active cell spreading. A, whole-cell lysates of HeLa, MDA-MB-231, COS-7, and COS-7 cells expressing the indicated GFP MHC-IIA construct were
subjected to Western blotting analysis with anti-MHC-IIA and anti-actin antibodies. B and C, parental COS-7 cells and COS-7 cells expressing the indicated GFP
MHC-IIA construct were allowed to spread for 60 min on collagen I-coated glass, fixed, and stained with Alexa-568-phalloidin to visualize F-actin (violet) and
DAPI to visualize nuclei (blue) and immunostained with anti-paxillin antibody (B) or anti-phospho-Tyr-118 paxillin antibody (C) (red). Scale bar, 20 �m. D,
quantitation of paxillin versus phospho-paxillin staining in actively spreading cells. All images were obtained by confocal laser scanning microscopy and are
from confocal slices taken within 2 �m of the substratum (n � 6 cells, data pooled from two different experiments performed on different dates). Data were
plotted as mean � S.D. *** indicated phospho-paxillin in GFP-MHC IIA differs from all other lines, p � 0.001.
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Given the recognized role of NMII in stabilizing nascent
focal adhesions at the anterior regions of migrating cells (6,
30 –32), we asked whether expression of wild-type or mutant
GFP MHC-IIA in COS-7 cells would affect focal adhesion local-
ization and maturation during active spreading. Maturation
was assessed by examination of paxillin localization and phos-
phorylation on Tyr-118, a marker of adhesion maturation (32,
33). In these actively spreading cells, total paxillin staining on
the basal surface (measured via confocal slices 2 �m or less
from the coverglass) was modestly increased in cells expressing
GFP MHC-IIA constructs (Fig. 1, B, top row versus lower rows,
and D). However, only cells expressing wild-type GFP MHC-
IIA displayed prominent marginal paxillin adhesions during
spreading (Fig. 1B, 2nd row). Examination of paxillin-Tyr-118
phosphorylation (named Y118-p) staining revealed strong mar-
ginal phosphorylation of paxillin in the wild-type GFP MHC-
IIA cells (Fig. 1, C, 2nd row and D) that was absent in the NMIIA
mutant lines (Fig. 1C, lower panels). This analysis reveals a
striking requirement for NMIIA phosphorylation and for
proper NMIIA localization in order for marginal paxillin Tyr-
118 phosphorylation to occur.

To further define the mechanism by which NMIIA is
required for adhesion stabilization, we asked whether NMIIA
and its heavy chain phosphorylation sites are needed for
upstream activation events in focal adhesion stabilization. Dur-
ing early stages of integrin clustering in response to matrix
adhesion, focal adhesion kinase (FAK) is recruited via interac-
tion with �-integrins, leading to autophosphorylation on Tyr-
397. The tyrosine kinase SRC complexes with FAK, concomi-
tant with trans-phosphorylation of FAK within the kinase
domain activation loop (Tyr-576 and Tyr-577). Paxillin residue
Tyr-118 is in turn a target of this kinase complex (34). We
performed Western blotting analysis to test for roles of NMIIA
and NMIIA heavy chain phosphorylation on these key up-
stream activation steps in focal adhesion assembly. During
spreading, COS-7 cells rescued with GFP MHC-IIA displayed
dramatically increased phosphorylation on paxillin Tyr-118,
FAK Tyr-397, and Tyr-576/577 (Fig. 2A). We further tested the
role of NMIIA on these phosphorylation events in the basal-like
human breast cancer cell line MDA-MB-231, which normally
express NMMIIA. We depleted NMIIA via shRNA and then
reintroduced GFP MHC-IIA or the corresponding 3�A
mutant. Depletion of endogenous NMIIA resulted in a substan-
tial reduction in phosphorylation on paxillin Tyr-118, as well as
on FAK Tyr-397 and Tyr-576 –Tyr-577 during active spreading
(Fig. 2B). In both the COS-7 setting and in MDA-MB-231 cells,
the GFP MHC-IIA 3�A mutant did not efficiently rescue phos-
phorylation of any of these target sites. These experiments
demonstrate that NMIIA and NMIIA phosphorylation on the C
terminus of the tail have critical roles in activation of upstream
signaling that leads to focal adhesion stabilization.

We also evaluated paxillin phosphorylation in cells plated for
24 h to assess NMIIA roles in cells in steady-state adhesion. In
contrast to the spreading condition, when COS-7 cells were
plated on collagen I-coated glass for 24 h, NMIIA distribution
was more variable as compared with actively spreading cells,
but the GFP MHC-IIA 3�A construct still tended to be absent
from the cell margin. Parental cells lacking NMIIA and cells

FIGURE 2. NMIIA is required for upstream signaling in focal adhesion mat-
uration. A, COS-7 cells carrying indicated plasmid constructs were allowed to
spread on fibronectin-coated cover glass for 60 min and then harvested for
Western blotting analysis with indicated antibodies. B, MDA-MB-231 cells
were subjected to lentivirus-based shRNA depletion of NMIIA. The shRNA
cells were then transfected with indicated NMIIA constructs (right two lanes)
and subjected to spreading analysis as in A.
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expressing GFP MHC-IIA displayed some marginal enrich-
ment for paxillin but also had significant basal paxillin puncta in
internal regions (Fig. 3A). However, GFP MHC-IIA 3�A cells
persistently accumulated paxillin in the central regions of
the cells, and marginal paxillin-positive adhesions were less
abundant (Fig. 3A, lower panels). Staining for paxillin-Y118-p
revealed a distinct increase in the presence of this marker of
focal adhesion maturation in cells transfected with either GFP
MHC-IIA construct, but in contrast to cells undergoing active
spreading, this staining was not restricted to the cell margin
(Fig. 3, B and C). Earlier studies showed that the global inhibi-
tion of NMII activity with blebbistatin prevented paxillin phos-
phorylation and adhesion maturation in fibroblasts (33). The
dramatic stimulation of paxillin phosphorylation in COS-7 cells
upon introduction of GFP-NMIIA constructs shown here dem-
onstrates that this effect is mediated by NMIIA, as COS-7 cells
already express NMIIB.

In sum, spreading analysis demonstrates the following: (i)
that introduction of GFP MHC-IIA into cells that normally lack
this protein results in accurate recruitment of the GFP MHC-
IIA to leading edge protrusions, behavior typically seen for
endogenous NMIIA in other cell types; (ii) that introduction of
wild-type GFP MHC-IIA into COS-7 cells dramatically stimu-
lates leading edge focal adhesion maturation that is not nor-
mally present in these cells; and (iii) that NMIIA heavy chain
phosphorylation on both Ser-1916 and Ser-1943 is critical both
for lamellar localization of the GFP MHC-IIA and for NMIIA-
driven maturation of leading edge focal adhesions.

NMIIA Phosphorylation Sites Are Critical for 3D Invasion but
Not for 2D Migration—Although the cells expressing GFP
MHC-IIA mutants displayed spreading rates similar to parental
cells or wild-type GFP MHC-IIA cells in the 2D setting, we
speculated that NMIIA phosphorylation might have a more
critical role on lamellar protrusion in a setting where the exter-
nal microenvironment offers resistance to protrusion exten-
sion. To test this idea, we switched to the mouse basal-like
mammary gland cancer line 4T1 that displays robust 3D inva-
sive behavior (16). Lentivirus-based shRNA, directed against
the 3�-untranslated region of the MYH9 transcript, was used to
deplete endogenous NMIIA. Cells were then transfected with
wild-type GFP MHC-IIA or with phosphorylation site mutants.
Transiently transfected populations were obtained via FACS
that displayed levels of GFP MHC-IIA similar to the NMIIA
expression level of the parental line (Fig. 4A). Modified scratch
wound migration assays on collagen I-coated surfaces were per-
formed with these cell populations (Fig. 4, B and C). Although
the reduced migration rate of the GFP MHC-IIA 3�A was sta-
tistically significant (p � 0.01) relative to parental or MHC-IIA
shRNA cells, the difference in migration rate among all the cell
lines was modest in this 2D setting.

To examine roles of NMIIA and of NMIIA phosphorylation
for 4T1 migration in 3D, we performed collagen I invasion
assays. Depletion of NMIIA resulted in a severe defect in 3D
invasion that could be fully rescued by introduction of wild-
type GFP MHC-IIA (Fig. 5, A, top three panels, and B). In con-
trast, none of the three mutant constructs, GFP MHC-IIA
S1915A/S1916A, GFP MHC-IIA S1943A, or GFP MHC-IIA
3�A, could fully rescue this invasion defect (Fig. 5, A, lower

FIGURE 3. Localization of GFP-NMIIA phosphorylation site mutants and
paxillin phosphorylation at 24-h plating in COS-7 cells. Parental COS-7
cells and COS-7 cells expressing GFP MHC-IIA or GFP MHC-IIA 3�A were
plated for 24 h on collagen I-coated glass, fixed, and stained with Alexa-568-
phalloidin to visualize F-actin (violet) and DAPI to visualize nuclei (blue) and
immunostained with anti-paxillin antibody (A) or anti-phospho-Tyr-118 pax-
illin antibody (B) (red). Scale bar, 20 �m. C, for A and B, each image represents
five 0.2-�m confocal Z-sections, collapsed, from the attached base of the cell.
Signal intensity in this section of the cell was quantitated and reported as
arbitrary units. Data are plotted as mean � S.D. n � 6 cells for each line, and
data were pooled from experiments performed on two different dates. At this
24-h plating time, phospho-paxillin signal for GFP MHC IIA and GFP MHC-IIA
3�A displayed no statistically significant difference.
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panels, and B). These results demonstrate that whereas NMIIA
and NMIIA phosphorylation are largely dispensable for migra-
tion in the 2D scratch wound setting, NMIIA, and the ability to
phosphorylate NMIIA at Ser-1916 and Ser-1943, has a pro-
found role in mediating sustained 3D invasion.

We hypothesized that phosphorylation at Ser-1916 and at
Ser-1943 might function in an additive manner to facilitate
invasion. Therefore, we asked whether the double phosphory-
lation site mutant conferred a more severe invasion defect than
the single S1916A or S1943A mutant by calculating collagen
invasion distance for each cell line in 10-�m increments (Fig.
5C). Surprisingly, the single mutants displayed just as severe
an invasion defect as the double mutant, with very little inva-
sion occurring past 20 �m for any of these three cell lines.
This result suggests that each phosphorylation site may play
a specific and distinct role in NMIIA functions needed for
invasion.

We hypothesized that the defects observed in focal adhesion
maturation during initial engagement with matrix in cells lack-
ing fully functional NMIIA (Fig. 1) might result in defects in
matrix engagement that could underlie defective 3D invasion.
As a test of this idea, we performed collagen gel contraction
assays with both the MDA MB 231 and 4T1 cell lines. Cells were
suspended in collagen (2 mg/ml) in growth medium and incu-
bated 24 h, followed by quantitation of gel contraction. Deple-
tion of NMIIA resulted in defect in contraction in both the
MDA MB 231 (Fig. 5D) and in 4T1 (Fig. 5E) models. This
defective contraction was rescued upon reintroduction of
wild-type GFP MHC-IIA in both cell lines. However, none of
the three MHC phosphorylation site mutants was able to
rescue contraction as fully as the wild-type construct. In
sum, this assay reveals a defect in the phosphorylation site
mutants with respect to generation of contractile force rela-
tive to the external matrix.

Protrusion Formation in 3D Requires NMIIA and the Ability
to Phosphorylate Ser-1916 and Ser-1943—To further dissect
the roles and isoform specificity of NMII in 3D invasion, we
generated additional 4T1 cell populations depleted of NMIIB
via shRNA (MHC-IIB shRNA cells) (Fig. 6A). As we recently
reported (16), NMIIB is expressed in 4T1 cells and has critical
roles in long term traction force maintenance and in nuclear
translocation through tight spaces during invasive migration.
We performed time-lapse phase-contrast imaging of the engi-
neered NMIIA and NMIIB 4T1 cell lines and compared their
protrusion dynamics on 2D surfaces versus when embedded in
3D collagen gels. When cells were imaged on collagen I-coated
2D surfaces, morphology and dynamics of protrusion appeared
similar between parental cells, MHC-IIB shRNA cells, MHC-
IIA shRNA cells, and MHC-IIA shRNA cells rescued with wild-
type GFP MHC-IIA or cells rescued with GFP MHC-IIA 3�A
(Fig. 6, B, top row and C, and supplemental Movies S1–S5).

FIGURE 4. NMIIA phosphorylation is not critical for 2D migration in 4T1
mammary gland carcinoma cells. A, whole-cell lysates of parental 4T1 cells,
MHC-IIA shRNA cells, and MHC-IIA shRNA cells expressing the indicated
GFP MHC-IIA construct were subjected to Western blotting analysis with anti-
MHC-IIA and anti-GFP antibodies. B, 4T1 cell series was analyzed for 2D migra-
tion using a modified scratch wound assay on collagen I-coated glass surfaces
and time-lapse imaging. Sample images from parental GFP MHC-IIA-express-
ing and GFP MHC-IIA 3�A-expressing 4T1 cells are shown at t � 0 (left col-

umn) and t � 12 h (right column). C, quantification of 2D migration derived
from time-lapse imaging reveals modest change upon MHC-IIA shRNA or
upon re-expression of NMIIA phosphorylation site mutants. Data were plot-
ted as mean � S.D., n � 9 fields of view, with three fields of view quantified
from each of three separate experiments performed on different dates.
Migration time points were analyzed by one-way analysis of variance (Tukey-
Kramer test).
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In 3D collagen gels parental cells and cells expressing wild-
type GFP MHC-IIA extended and retracted protrusions
robustly. However, severe motility defects were observed in 3D
in both NMIIA-shRNA cells and in cells expressing GFP MHC-
IIA 3�A. NMIIA-shRNA cells with or without expression of
GFP MHC-IIA 3�A remained mostly spherical, with dramati-
cally less protrusion formation. In time-lapse movies, thin pro-
trusions are visible that extend a short distance beyond the
circular perimeter of the cell and then retract (Fig. 6, B, lower
row, and D, and supplemental Movies S6 –S10).

Notably, MHC-IIB shRNA cells were still dynamic both in
2D and in 3D collagen I gels, producing protrusions at frequen-
cies similar to cells expressing wild-type GFP MHC-IIA (Fig. 6B
and supplemental Movies S5 and S10). Quantitation of protru-
sion frequency in 3D (Fig. 6D) and maximal cell length in 3D (a
static proxy for ability to generate sustained protrusions; Fig. 6E)
both demonstrate a requirement for NMIIA and NMIIA phos-
phorylation in 3D protrusion formation and dynamics. Further-
more, these data demonstrate that NMIIB is not required for pro-
trusion formation nor for protrusion dynamics in collagen gels.

FIGURE 5. NMIIA phosphorylation is critical for 3D invasion and contraction. A, invasion into 3D collagen gels. The indicated cell lines were plated
on a glass bottom dish, overlaid with 3 mg/ml collagen I, and then incubated with complete medium for 18 h, at which point samples were fixed and
stained with DAPI. Confocal Z-stacks were collected to quantify migration vertically into the gel. Shown are XZ images for sample Z-stacks from each cell
line. B, to quantify invasion, the percent of DAPI signal greater than 40 �m away from the coverslip was measured for 24 fields of view from three
independent experiments performed on different dates. Data are plotted as mean � S.D. C, invasion into collagen gels was quantified in 10-�m
increments for each cell line as fine resolution metric for invasion. Fluorescence intensity (DAPI) in each subsequent 10-�m Z slice is reported on the y
axis. Data were derived from the same set of experiments described in B. D and E, collagen gel contraction assays. Scattered graph of MDA-MB-231 (D)
and 4T1 (E) cells showing collagen gel size for parental cells, MHC-IIA shRNA cells, and MHC-IIA shRNA cells expressing the indicated GFP MHC-IIA
construct, after 24 h of embedding cells in 2 mg/ml collagen. MDA-MB-231 cells and 4T1 cells lines, n � 9 and n � 6, respectively, two independent
experiments were performed on different days. Data are plotted as mean � S.D. Statistical analyses were performed with one-way analysis of variance
(Dunnett’s multiple comparison test).
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NMIIA and NMIIA Phosphorylation Are Needed for 3D Pro-
trusion Only in Stiff Collagen Gels—We hypothesized that
NMIIA and NMIIA phosphorylation were potentially neces-
sary for persistent matrix engagement and persistent stabiliza-
tion of anterior protrusions when cells are confronted with
mechanical resistance. Indeed, close examination of time-lapse
images reveals transient initiation of thin protrusions in
NMIIA-shRNA cells and GFP MHC-IIA 3�A cells, which
extend a short distance beyond the circular perimeter of the cell
and then retract (e.g. supplemental Movies S7 and S9). To
determine whether stiffness, as opposed to some other feature
of the 3D collagen environment, created the need for NMIIA in
3D protrusion formation, we examined protrusion dynamics
of 4T1 cells embedded in collagen I gels of varying densities.
Parental 4T1 cells, NMIIA shRNA cells, NMIIA shRNA cells
rescued with GFP MHC-IIA or GFP MHC-IIA 3�A, and
NMIIB shRNA cells were embedded in soft 1.0 mg/ml colla-
gen gels. In this setting, all lines behaved similar to each
other and displayed dynamics similar to when they were
plated on 2D collagen-coated surfaces, with extended mor-
phology (Fig. 7, A, and B, left set of bars) and robust protru-
sion formation (Fig. 7C, left set of bars). In contrast, when
these cells were imaged in stiffer 2.5 mg/ml collagen gels, a

critical role for NMIIA and for NMIIA phosphorylation at
Ser-1916 and Ser-1943 was apparent (Fig. 7, B and C, center
set of bars). In 2.5 mg/ml collagen, NMIIA shRNA cells, and
GFP MHC-IIA 3�A cells could not efficiently form protru-
sions, whereas cells expressing wild-type GFP MHC-IIA
formed frequent and long protrusions similar to the paren-
tal. Cells depleted of NMIIB formed protrusions efficiently
in both 1.0 and 2.5 mg/ml collagen. When cells were imaged
in very stiff 5.0 mg/ml collagen gels, protrusive activity was
largely eliminated in all cell populations (Fig. 7, A, bottom
panel, and B and C, right set of bars).

To determine how NMIIA influenced protrusion behav-
ior, we quantified the rate of extension of individual protru-
sions into the collagen gels at each collagen density by mea-
suring protrusion lengths versus time from time lapse images
(Fig. 8A). In 1.0 mg/ml collagen, cells expressing wild-type
GFP MHC-IIA displayed slightly faster protrusion rates than
the other three lines (Fig. 8B). In 2.5 mg/ml collagen, a severe
defect in persistent extension was clearly revealed in the
NMIIA shRNA cells and in cells expressing the GFP MHC-
IIA 3�A mutant, as compared with cells expressing wild-
type GFP MHC-IIA or NMIIB shRNA cells (Fig. 8C). In 5
mg/ml collagen gels, protrusions longer than the cell body

FIGURE 6. NMIIA has a critical role in allowing cells to make protrusions in 3D environments. A, whole-cell lysates of parental 4T1 cells and 4T1 cells
depleted of MHC-IIA or MHC-IIB were subjected to Western blotting analysis. B, representative frames from time-lapse imaging of parental, MHC-IIA-shRNA
cells, and MHC-IIA-shRNA cells expressing GFP MHC-IIA, GFP MHC-IIA 3�A, or MHC-IIB shRNA cells performed on 2D collagen-coated glass surfaces or in 3D in
3 mg/ml collagen gels. Representative images of the cells 12 h after plating are shown in 2D (B, top row, scale bar, 100 �m) and 3D (B, bottom row, scale bar, 50
�m). The number of new protrusions formed in 2D (C, n � 12) and 3D (D, n � 12) for each cell population was quantified over a 3-h window, starting 12 h after
plating. MHC IIB shRNA cell protrusion events were not statistically different from either parental or GFP MHC-IIA. E, maximum cell length in 3D collagen was
quantified 12 h after plating (E, n � 30). For both conditions, three independent experiments were performed on different dates. C–E, data are plotted as
mean � S.D.
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diameter were extremely rare in all four cell populations
(Fig. 8D).

In sum, these experiments demonstrate a stiffness-depen-
dent and isoform-specific requirement for NMIIA and for
NMIIA phosphorylation sites for formation of protrusions in
3D and demonstrate that the ability of NMIIA to drive forma-
tion of protrusions in 3D is lost when the 3D environment
becomes excessively stiff.

Discussion

Although heavy chain phosphorylation on mammalian NMII
was first observed over 2 decades ago (18, 19, 35), the pathways
driving this phosphorylation, and the biochemical and cellular

roles of heavy chain phosphorylation remain poorly under-
stood. The presence of multiple NMII isoforms in mammalian
cells as well as the presence of multiple phosphorylation sites on
both MHC IIA and MHC IIB (21, 36, 37) suggest complex reg-
ulatory pathways and complex roles of MHC II phosphoryla-
tion in mammalian systems. It is clear that C-terminal phos-
phorylation functions to accelerate turnover of previously
assembled filaments, thus allowing recruitment and assembly
of NMIIA filaments to more anterior locations in cells migrat-
ing in 2D settings (21–23). Earlier studies have demonstrated
that Ser-1943 phosphorylation, possibly via casein kinase II,
lies downstream from EGF receptor signaling during che-
motaxis (22) and that Ser-1916 phosphorylation, via Rac1

FIGURE 7. Role of NMIIA and NMIIA phosphorylation in 3D protrusion formation depends upon the stiffness of the extracellular environment.
A, time-lapse imaging of the indicated 4T1 cell lines embedded in collagen-I gels of either 1.0, 2.5, or 5 mg/ml was performed. Representative images
12 h post-plating are shown. Scale bar, 50 �m. B and C, maximum cell length (B) and number of protrusions/3 h (C) for all cell populations at each collagen
concentration was quantitated. Data are plotted as mean � S.D. *** indicates p � 0.001 representing significant increase or decrease, n � 30 and n �
12 cells for each cell type in (B and C), respectively. Individual measures were made on data sets from three independent dates.
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and PKC signaling, has critical roles in the capture of indi-
vidual NMIIA minifilaments into nascent leading edge adhe-
sions (38). In sum, previous work demonstrates complex
roles for NMIIA phosphorylation in filament dynamics
and adhesion maturation, with separate signaling pathways
linked to Ser-1916 versus Ser-1943 phosphorylation. The
spreading analysis presented here demonstrates that C-ter-
minal NMIIA phosphorylation on both sites functions coop-
eratively to control recruitment of NMIIA to leading edge
protrusions and that this recruitment in turn is essential for
normal focal adhesion maturation.

The requirement for mammalian NMIIA for cell migration
in 2D appears variable, with impact of shRNA treatments on
cell velocity varying widely in different studies (39 – 42). In con-
trast to this variable importance of NMIIA for 2D migration,
evidence is consistent (i) in that the NMIIA isoform shows
strong recruitment to anterior protrusions during 2D migra-

tion and (ii) that NMIIA has a strong and isoform-specific role
in stabilizing nascent focal adhesions at the anterior of cells
migrating in 2D (14, 30, 43– 45). We hypothesized that the lim-
ited and variable impact of NMIIA depletion on migration rate
in 2D studies may relate to the lack of resistance a cell encoun-
ters during 2D migration on rigid surfaces. On rigid 2D sur-
faces, the largest source of resistance to migration is likely to be
the large and stable focal adhesions that develop in this setting
and that are formed in an NMIIA-dependent manner. Recent
studies examining NMII roles for 3D migration suggest a more
consistent requirement for NMII functions for invasion (24, 28,
46, 47).

In this study, we demonstrate that NMIIA is essential for
invasive migration in dense 3D collagen gels but not soft 3D
gels, suggesting a force-generating role for NMIIA in this
setting. We further establish that NMIIA is specifically nec-
essary for allowing cells to achieve sustained extension of

FIGURE 8. Rate of protrusion elongation depends upon the stiffness of the extracellular environment. A, time lapse images of protrusion extension by
indicated cell lines in 2.5 mg/ml collagen. Protrusion lengths were measured from consecutive images to quantify extension rates. White arrows indicate
position of initial protrusion event, and white arrowheads indicate tip of the protrusion at sequential time points. Protrusions are much more visible if one views
the supplemental time-lapse movies. B–D, protrusion rates were quantitated by measuring length of each protrusion every 3 min for 60 min from cells
embedded in collagen gels of 1.0 mg/ml (B), 2.5 mg/ml (C), or 5 mg/ml (D). Data are plotted as mean � S.D. n � 12 cells for each condition; data were pooled
from experiments performed on three different dates.
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nascent protrusions into the dense extracellular matrix.
Strikingly, NMIIA is dispensable for this extension function
both in 2D and in extremely soft 3D collagen gels (e.g. 1.0
mg/ml). Our studies furthermore show that NMIIA phos-
phorylation on both Ser-1916 and Ser-1943 is critical for this
density-dependent role of NMIIA in 3D protrusiveness. We
suggest, based on the behavior of the S1916A and S1943A
mutant constructs in COS-7 cells, that in the 3D setting cells
must phosphorylate these sites to relocalize NMIIA toward
the leading edge as a protrusion is initiated and that this
localization is critical for focal adhesion maturation and sta-
bilization, which in turn may be critical for stabilization of
nascent protrusions and for persistent extension of those
protrusions into the surrounding matrix. This proposed
mechanism is critical when protrusions encounter resis-
tance from the extracellular matrix but is dispensable in soft
matrix or in 2D settings where protrusions are extending
into buffer. Further studies are needed to test this model.

Experimental Procedures

Cell Culture and Transfection—COS-7 cells (African green
monkey kidney fibroblast-like (25)) and 4T1 cells (mouse basal-
like breast cancer cells (26)) were maintained in Dulbecco’s
modified Eagle’s medium and RPMI 1640 medium, respec-
tively, with 10% fetal bovine serum and 1% penicillin/strepto-
mycin cells. MDA-MB 231 cells were obtained from the ATCC
and used within 4 –5 passages. Cells were maintained at 37 °C,
5% CO2. Polyclonal COS-7 stable cell populations were created
by transfecting 2 �g of plasmid DNA in 5 � 105 COS-7 cells
using Lonza Group Amaxa Nucleofector system (Solution
Kit R, program W-001) and selecting with 800 �g/ml gene-
ticin. Typically 100 –200 resistant colonies formed upon
selection, which were collectively expanded and subjected to
fluorescence-activated cell sorting (FACS) to obtain popula-
tions expressing uniform GFP MHC-IIA fluorescence. Pop-
ulations were used for experiments within 3– 4 passages.
Transfection in a 70% confluent plate with 4T1 cells were
carried out by using Lipofectamine (Life Technologies, Inc.)
according to the manufacturer’s instructions in 4T1 NMIIA-
depleted cells. Colonies were isolated resistant to both 800
�g/ml geneticin and 5 �g/ml puromycin (selection for MHC
IIA lentiviral construct insertion). As with COS-7 lines,
�100 –200 colonies obtained from transfection were collec-
tively expanded to avoid clonal effects and subjected to
FACS to obtain uniform expression level of GFP fusion
proteins.

Lentivirus-based shRNA—NMIIA and -IIB expression was
depleted using Mission shRNA pLK0.1 lentiviral plasmids
(Sigma; TRCN0000304377 and TRCN0000110555 targeting
NMIIA and NM IIB, respectively). The pLK0.1 plasmid was
co-transfected with pCMV-R8.2 and pCMV-VSVG helper
plasmids into HEK-293T cells via the Lipofectamine 2000
transfection agent (Life Technologies, Inc., catalogue no.
11668027). Transfected cells were then grown in DMEM con-
taining 10% FBS and 1% penicillin/streptomycin for 24 h at
37 °C, 5% CO2. Media containing virus was then harvested and
centrifuged for 10 min on setting 4 of a clinical specimen cen-
trifuge. 4T1 cells were then infected by incubating with virus-

containing media for 24 h. Cells were selected for positive
shRNA infection through puromycin selection at 10 �g/ml for
5 days and selection conditions were then maintained at 5
�g/ml. Infection rates were typically �90%, thus generating
shRNA knockdown cell populations derived from thousands of
independent infection events.

Chemicals and Antibodies—Transfecting reagents were pur-
chased from Amaxa Biosystems USA and Life Technologies,
Inc. Primary antibodies used were all commercial products
generated in rabbits as follows: GFP (Invitrogen, A-6455);
NMIIA (Biomedical Technologies, catalogue no. BT-567); NM
IIB (Covance, catalogue no. PRB-445P); phosphospecific paxil-
lin Y118-p (Cell Signaling catalogue no. 2541S); total paxillin
(Cell Signaling catalogue no. 2542); phospho-FAK (Cell Signal-
ing catalogue no. 8556, 3281); total FAK (Cell Signaling cata-
logue no. 13009); and actin (Sigma, catalogue no. A2066);
GAPDH (Santa Cruz Biotechnology, catalogue no. sc-25778).
We note that the absence of NMIIA protein in COS-7 cells was
also confirmed via Western blotting with a Cell Signaling anti-
body (catalogue no. 3403) that reacts with an NMIIA C-termi-
nal epitope that is 100% conserved in the African green monkey
MYH9 coding region. Peroxidase-conjugated secondary anti-
bodies were from Thermo Fisher Scientific. Fibronectin was
from Sigma. Samples were mounted in Vectashield (Vector
Laboratories, H-1200). Alexa Fluor� 568 phalloidin, Alexa
Fluor� 647 phalloidin, and 4�,6-diamidino-2-phenylindole
nucleic acid stain were obtained from Molecular Probes, Inc.
SuperFemto Western blotting reagents were obtained from
(Pierce”). Protease inhibitor (catalogue no. P2714) and phos-
phatase inhibitor mixtures 2 and 3 were obtained from Sigma
(catalogue nos. P0044 and P5726).

Creation of NMIIA Phosphorylation Site Mutants—Plasmid
pEGFP-NMHC-IIA-C3 expressing the full-length human myo-
sin heavy chain under the control of a constitutive cytomegalo-
virus (CMV) promoter, with EGFP fused at the N terminus of
the NM-IIA coding region and G418/kanamycin, was used to
express wild-type GFP-NM-IIA and other mutants. The plas-
mid pEGFP-MHC-IIA-C3 and the pEGFP-MHC-IIA S1943A
phosphorylation site mutant plasmids were gifted from Dr.
Anne Bresnick, and have been described previously (22, 23). To
make the plasmids pEGFP-NMHC-IIA S1916A and pEGFP-
MHC-IIA 3�A, synthetic DNA segments were purchased from
DNA 2.0 with the desired point mutations, with 5� XhoI and 3�
SalI sites. These were then digested and ligated into pEGFP
MHC-IIA-C3 using XhoI-SalI. All DNA segments subjected to
PCR were sequenced to confirm the absence of PCR-generated
errors. For both plasmids carrying the S1916A mutation, the
adjacent serine at Ser-1915 was also mutated to alanine to pre-
vent any in vivo phosphorylation occurring at this adjacent
residue.

Western Blottings—Cells were lysed directly by the addition
of 2� Laemmli sample buffer containing protease and phos-
phatase inhibitors and incubated on ice for 3–5 min. The cell
lysates were then subjected to brief cup sonication to reduce
DNA viscosity, heated at 95 °C for 2 min, and stored frozen
until use. Protein samples were subjected to SDS-PAGE, trans-
ferred to polyvinylidene difluoride membrane (Immobilon cat-
alogue no. IPVH00010), blocked in 3% BSA, and incubated with
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anti-rabbit polyclonal antibodies at 4 °C overnight. Blots were
washed and incubated with horseradish peroxidase-conjugated
secondary antibodies at room temperature for 2 h, and bands
were visualized by SuperSignal West Pico Luminol/Enhancer
solution.

Cell Spreading Assays—COS-7 cells growing on tissue cul-
ture plates were collected and plated on fibronectin-coated (20
�g/ml) or collagen-I-coated (20 �g/ml) glass coverslips for
NMII localization or focal adhesion imaging, respectively. Cells
were allowed to spread in growth medium for 60 min at 37 °C.
Cells were fixed in PBS supplemented with 2 mM MgCl2, 2 mM

EGTA, and 4% formaldehyde for 30 min at room tempera-
ture, permeabilized for 5 min at room temperature, blocked,
and then incubated with primary antibodies for 2 h at room
temperature followed by incubating with Alexa-conjugated
secondary antibodies (Molecular Probes, Inc.) for 1 h at
room temperature. Samples were washed and incubated
with 4�,6-diamidino-2-phenylindole (20 �g/ml) solution for
15 min at room temperature. Images were acquired on a
Leica SP2 confocal microscope equipped with a �63/1.4 NA
oil objective.

2D Cell Migration Assays—Migration was performed
using a modified scratch wound assay as described previ-
ously (23). Briefly, 4T1 cells transfected with GFP MHC-IIA
constructs were plated at high density on glass coverslips in
collagen-I-coated six-well tissue culture plates that had
�2-mm-wide strip of polydimethylsiloxane strip placed
across the middle on top of the collagen coating. After incubation
cells at 37 °C for 16 h, the polydimethylsiloxane strip was removed,
creating a well defined wound margin. Phase-contrast images were
recorded every 5 min for 18 h with a �10 objective, and the cells
were maintained at 37 °C for the duration of the experiment. The
distance migrated by the leading edge of the cell sheet was mea-
sured at the indicated time points after initiating migration. The
supplemental Movies were assembled using ImageJ (National
Institutes of Health).

3D Collagen Invasion Assay—Invasion assays were per-
formed using a modified version of an earlier method (27),
except that we observed 4T1 cells invaded collagen gels
robustly regardless of whether or not macrophages were pres-
ent, so we omitted macrophages from the current invasion
assays. Briefly, 4T1 MHC-IIA shRNA cells and cells lines trans-
fected with a GFP-myosin construct labeled with CellTracker
Green were plated overnight on 35-mm glass bottomed plates
(LabTek) in complete RPMI 1640 medium. Cells were overlaid
with an �1-mm-thick layer of 3 mg/ml collagen-I (BD Biosci-
ences) and then overlaid with RPMI 1640 complete medium
(10% serum). After 24 h, cells were fixed with 4% formaldehyde,
and optical Z-sections were collected using laser scanning con-
focal microscopy. Z-sections were collected every 5 �m to a
distance of 100 �m into the gel. Quantification of invasion
done by calculating total florescence intensities above 40 �m
from the bottom divided by total fluorescence in all Z-sec-
tions (100 um).

2D and 3D Protrusion Assays—For 2D protrusion assays,
10-�m-slide chemotaxis 3D chambers (ibidi, catalogue number
80326) were coated with 20 �g/ml collagen-I (BD Biosciences)
for 1 h. Plates were then washed gently with 1� PBS and seeded

with a low density of cells. For 3D protrusion assays, collagen
gels with different stiffness were prepared on ice by mixing
collagen-I in RPMI 1640 medium. The pH was neutralized with
NaOH and made isotonic with 10� PBS before mixing with
cells. Cells were suspended in required concentration of colla-
gen (on ice) and then plated in the ibidi chambers. Gels were
polymerized at 37 °C in the tissue culture incubator for 30 min,
then transferred to the microscope, and imaged in a heated CO2
chamber. These polymerization conditions favor formation of
web-like reticular networks of collagen, as opposed to bundled
fibers (4). Cells on 2D surfaces and in 3D collagen were imaged
at �10 magnification for 18 h, with images collected every 10
min. Maximum length of cell (longest chord between two point
along the perimeter) was measured in the 3D collagen gel after
12 h of plating using ImageJ. Number of protrusions was quan-
tified from a 3-h window (12–15 h after plating for all samples).
Sequential video frames were examined manually, and any cell
body extension greater than the diameter of the cell body itself
was scored as a protrusion.

Collagen Gel Contraction Assay—Cells were trypsinized and
resuspended in collagen solution (2 mg/ml) in growth
medium yielding the final concentration of 500,000 cells/ml.
Cell suspension embedded in collagen were poured 1 ml into
each well of a 12-well tissue culture plate and incubated at
37 °C for 1 h to facilitate gelling. After gelation, the gels were
released from the surface of the culture well by rimming the
edges with a sterile pipette tip. Gel diameters were digi-
tally photo-documented at 24 h. Quantification of relative
areas after contraction was quantified using image software
(rsb.info.nih.gov).

Statistical Analysis—Statistical analyses were performed in
Prism 5 (GraphPad). Data were analyzed with one-way analysis
of variance (Tukey-Kramer test) unless otherwise stated. A p
value � 0.05 was considered statistically significant. *** signifies
significance at p � 0.001; ** signifies significance at p value of
0.001 to 0.01, and * signifies significance at p value of 0.01 to
0.05. Data are presented as the mean � S.D.
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