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Abstract

Non-muscle myosin 2 (NM2) is a major force-producing, actin-based motor in mammalian non-
muscle cells, where it plays important roles in a broad range of fundamental biological processes,
including cytokinesis, cell migration, and epithelial barrier function.. This breadth of function at
the tissue and cellular levels suggests extensive diversity and differential regulation of NM2
bipolar filaments, the major, if not sole, functional form of NM2s in vivo. Previous in vitro,
cellular and animal studies indicate that some of this diversity is supported by the existence of
multiple NM2 isoforms. Moreover, two recent studies have shown that these isoforms can co-
assemble to form heterotypic filaments, further expanding functional diversity. In addition to
isoform co-assembly, cells may differentially regulate NM2 function via isoform-specific
expression, RLC phosphorylation, MHC phosphorylation or regulation via binding partners. Here,
we provide a brief summary of NM2 filament assembly, summarize the recent findings regarding
NM2 isoform co-assembly, consider the mechanisms cells might utilize to differentially regulate
NM2 isoforms, and review the data available to support these mechanisms.
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Class 2 myosins consist of skeletal, cardiac, and smooth muscle myosins and nonmuscle
myosin 2 (NM2). Consistent with their names, the expression of the three muscle myosins is
restricted largely to their respective muscle tissue. In contrast, NM2 is present in most, if not
all, differentiated mammalian cell types, where it assembles into bipolar filaments that
engage actin filaments of opposing polarity. These NM2 filaments, although smaller than
their muscle brethren, drive contractile events that are not unlike those that shorten the
sarcomere in muscle. A plethora of studies have firmly established a core set of fundamental
cell biological processes that are driven by NM2-dependent contractions. These include cell
division (specifically cytokinesis [70]), cell adhesion (both cell: substrate [44] and cell: cell
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adhesion [18;36], cell migration [25;63], and tissue morphogenesis [11;27]). Sites where
these myosins are critical for proper structure and/or function run the gamut from whole
tissues (e.g. epithelia [23]) to specific subcellular compartments (e.g. the dendritic spines of
neurons [34;81]). Moreover, NM2 exerts its influence at multiple organizational levels
within the cell, from specific actin structures like stress fibers [75] and the contractile ring
[70;71], to global structures like the viscoelastic cytoplasm [31]. Layered on top of these
general functions are an expanding set of specialized functions, including roles in vesicle
fission at the TGN [53], mitochondrial fission [43], and tumor progression via interactions
with p53 [66]. This vast functional diversity begs the question: what variations in NM2
structure and function support this functional diversity? Relevant to this question, two recent
studies have demonstrated in unequivocal fashion that the three NM2 isoforms expressed in
mammals co-assemble to form mixed bipolar filaments, providing one mechanism by which
filament diversity can be expanded. Here, we review these two studies and discuss their
implications with regard to how cells might employ multiple NM2 isoforms to drive diverse
cellular functions.

In mammals, three genes (MYH9, MYH10, and MYH14) encode three nonmuscle myosin
heavy chain (NMHC) proteins (NMHC 2A, NMHC 2B, and NMHC 2C, respectively).
Because NMHC dimerization during hexameric holoenzyme formation is strictly
homophilic [29;39], cells contain up to three NM2 monomer pools (NM2A, NM2B, NM2C)
from which bipolar filaments can be assembled. In contrast, many lower eukaryotes,
including Dictyostelium discoideum, Drosophila melanogaster, and Saccaromyces
cerevisiae, possess a single NM HC gene. This fact raises the possibility that the three
mammalian isoforms are the product of simple gene duplications whose resultant proteins
are performing redundant functions. Indeed, all three isoforms appear competent to function
during cytokinesis [4]. However, studies in cell lines and mice have demonstrated isoform-
specific, as well as isoform-redundant, functions for the three NM2 isoforms (reviewed in
[78;79]). Additionally, while the biophysical properties of the three NM2 isoforms are more
similar to one another than to muscle myosins, they still display significant differences
between themselves in terms of actin-activated ATPase activity, duty ratio, and filament
dynamics [12;29;58;80]. Together, these observations argue that multiple NM2 isoforms
have evolved in mammalian cells to deal with the diversity of functions that must be
supported by this class of myosin.

Full understanding of the physiological roles played by individual NM2 isoforms will
require full understanding of the compaosition of the filaments they form. Until recently, no
invitro or in vivo study has resolved in definitive fashion the basic question of whether
NM2 isoforms assemble in living cells to produce mixed (heterotypic) filaments, or whether
filaments consist entirely of a single isoform (homotypic). Previous analyses of NM2
assembly have provided some insight into this question. NM2 filament assembly is regulated
by the conversion of folded, inactive monomers into extended, assembly-competent
molecules following phosphorylation of the myosin's regulatory light chain (RLC). Once in
the assembly-competent state, the coiled-coil tail domains of individual NM2 monomers
interact with each other in both parallel and anti-parallel fashion to drive the assembly of
bipolar filaments. These tail: tail interactions are mediated largely by electrostatic attractions
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between a C-terminal, positively-charged “assembly-competent domain” and
complementary, negatively-charged surfaces in upstream regions of the tail [61]. The bands
of surface-exposed charges that drive assembly occur in repetitive, alternating fashion,
making their patterns amenable to Fourier analyses. Such analyses indeed show similar
patterns for all three NM2 isoforms, supporting the possibility that they form heterotypic
filaments [12;72].

Multiple studies have provided more direct evidence for isoform co-assembly. Specifically,
Mitsuhashi and colleagues demonstrated heterotypic filament formation in vitro using
purified tail fragments [54]. We note, however, that these tail fragments undergo several
non-physiological forms of self-association, arguing that this data should be interpreted
cautiously [61;62]. Moreover, expressing similar tail fragments as dominant negative
constructs in cells provided data that actually favored homotypic filament formation [65]. To
date, no evidence for co-assembly has been reported using purified, full-length NM2
isoforms. That said, early EM studies using purified platelet myosin (mostly NM2A),
skeletal muscle myosin and smooth muscle myosin showed that these myosins could co-
assemble into filaments in vitro [60], suggesting the three NM2 isoforms might do the same.
With regard to studies in living cells, while a number of studies have provided data that is
consistent with co-assembly, none have provided definitive proof. These data include the co-
immunoprecipiation of NM2A and NM2B [51], the NM2B-dependent recruitment of the tail
domain of NM2Ato the contractile ring [6], and the “co-localization” of different NM2
isoforms in confocal micrographs [7;23;41;51]. Importantly, such co-localization does not
prove co-assembly into heterotypic filaments, as non-super resolution imaging typically
cannot resolve in unequivocal fashion single bipolar filaments, whose length (~300 nm)
[12] is near the resolution limit of non-super resolution microscopy (although see [23]).
Therefore, addressing NM2 isoform co-assembly in living cells requires the use of imaging
techniques with resolutions beyond the limits of conventional light microscopy.

Recent advances in light microscopy, such as structured-illumination microscopy (SIM)
[26], have enabled multi-color imaging in live cells at resolutions well beyond those
attainable using standard light microscopy. Specifically, SIM can achieve a lateral resolution
of ~130 nm (~100 nm with a high-NATIRF objective), sufficient to identify individual
NM2 filaments and, with the appropriate tools, to discern their isoform composition.
Immuno-electron microscopy has, of course, the ability to do the same at even higher
resolution. Using these imaging modalities, two groups recently tackled the basic question
posed above regarding the possible co-assembly of NM2 isoforms [9;68]. We next
summarize the three main, shared findings presented in these two papers.

NM2 isoforms assemble into mixed bipolar filaments in living cells

To look for NM2 isoform co-assembly in living cells, Beach et al. [9] used exogenously-
expressed, fluorescently-tagged versions of NM2A, NM2B and NM2C, isoform-specific
antibodies against the endogenous proteins, and two-color TIRF-SIM imaging to visualize
individual NM2 bipolar filaments. These efforts demonstrated unequivocally that NM2
isoforms (both expressed and endogenous) readily co-assemble into heterotypic filaments in
a variety of settings within living cells. These settings included various types of stress fibers

Exp Cell Res. Author manuscript; available in PMC 2016 May 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beach and Hammer

Page 4

(e.g. ventral, sub nuclear, transverse arcs), individual filaments throughout the cytoplasm,
and the contractile ring of dividing cells (see Figure 1A and 1B for an example and the
legend for an explanation of the approach and techniques used). To look for NM2 isoform
co-assembly in cells, Shutova et al. [68] used platinum replica electron microscopy (PREM)
to image individual NM2 bipolar filaments in fixed, extracted cells, together with immuno-
gold labeling to determine the isoform composition of individual filaments. As with the SIM
images in Beach et al. [9], Shutova's electron micrographs showed clearly that endogenous
NM2A and NM2B co-assemble into heterotypic filaments in living cells (see Figure 1C for
examples).

The differential distribution of NM2A and NM2B in well polarized cells is

reflected in the composition of individual filaments

Using TIRF-SIM, Beach et al. [9] found that the fractional content of NM2A and NM2B
within individual bipolar filaments in well polarized cells mirrored the differential
distribution of these two isoforms typically seen in lower resolution images [41], with
NM2A enriched peripherally and NM2B enriched centrally. Specifically, while NM2A
dominated filaments in peripheral lamella, the ratio of NM2A to NM2B within filaments
diminished progressively moving deeper into the cytoplasm, eventually favoring NM2B for
interior filaments. Moreover, this result was seen for both endogenous NM2A/NM2B and
exogenous, expressed NM2A/NM2B. Importantly, similar results for endogenous NM2A
and NM2B were presented by Shutova et al. [68] based on correlation analyses of STED
images of well polarized, detergent-extracted cells immuno-stained with isoform-specific
antibodies to the C-termini of NM2A and NM2B.

The differential distribution of NM2A and NM2B is driven by a sorting

mechanism acting over time

Interestingly, Beach et al. [9] found that the degree of “co-localization” between
exogenously-expressed NM2A and NM2B in confocal micrographs was much stronger in
freshly spread cells generating nascent lamella than in well-polarized cells. Importantly,
TIRF-SIM revealed that this increase in signal overlap was reflected in the composition of
individual bipolar filaments, with the relative ratio of NM2A to NM2B within filaments in
freshly spread cells remaining much closer to 1 at nearly all distances from the cell edge. In
other words, there was a much more even distribution of NM2A and NM2B within
individual filaments in freshly-spread cells compared to well-polarized cells. Importantly,
Shutova et al. [68] obtained similar results for endogenous NM2A and NM2B using
correlation analyses of STED images of detergent-extracted, immuno-stained cells in which
NM2 filament formation had been synchronized by treating cells with blebbistatin and then
washing the drug out. Together, these observations indicate that both NM2A and NM2B
readily co-assemble upon initiation of large-scale bipolar filament assembly, such as
following cell attachment or release from blebbistatin treatment. These observations also
argue that the differential distribution of NM2A and NM2B seen at steady state in well-
polarized cells must arise from a sorting mechanism that functions over time and involves
different rates of filament turnover for NM2A and NM2B, rather than from the sequential
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incorporation of these two isoforms into contractile arrays [77]. A number of significant
biophysical differences between NM2A and NM2B, including differences in their stability
within filaments and in their duty ratio, probably drive this sorting mechanism (see Beach et
al. [9] and Shutova et al. [68]for further discussion). This model is consistent with the
possibility that in well polarized cells, anterior NM2A-dominant filaments may be
precursors to the NM2B-dominant filaments that form the posterior contractile apparatus
[77].

The overarching observation made by these two studies - that individual NM2 isoforms form
heterotypic filaments when they intermingle in the cytoplasm - has broad implications for
efforts to assign specific cellular functions to specific NM2 isoforms. Most importantly, it
argues that many functions attributed to NM2 may be being performed by heterotypic
filaments. Critically, the properties of these mixed filaments are unknown and potentially
complex. For example, do the properties of mixed filaments scale directly with fractional
isoform content, or can one isoform dominate the properties of the mixed filament?
Characterization of the biophysical properties of heterotypic filaments made using purified,
full-length NM2 isoforms will be required to address these questions.

Layered over top of these issues are possible mechanisms used by cells to control the
relative functional contributions made by NM2 isoforms. Specifically, while the two studies
highlighted here demonstrate that NM2 isoforms co-assemble in cells, isoform-specific
functions have been observed both in tissue culture settings and in the developing animal
[5;79]. The realization that NM2 isoforms co-assemble into heterotypic filaments, yet
remain capable of isoform-specific functions, poses an interesting dilemma. How do cells
accomplish this feat? While it is certainly possible that these isoform-specific functions are
accomplished by heterotypic filaments, it is also likely that cells possess mechanisms to
differentially activate and assemble NM2 isoforms. We consider four such mechanisms
below.

Select isoform expression

The first and most obvious mechanism involves the regulation of expression levels by
controlling the transcription, translation, and/or turnover of the individual isoforms.
Although NM2A and NM2B are expressed nearly ubiquitously [38], isoform specific-
expression at the cellular level has been observed. For example, hematopoietic cells express
almost exclusively NM2A (although knockout/replacement studies have not been performed
to demonstrate that the NM2A isoform is specifically required for cell function) [56].
Additionally, isoform-specific expression was reported during epithelial-mesenchymal
transition in mammary epithelial cells, in which epithelial cells expressing NM2A and
NM2C switched their expression profile to NM2A and NM2B during their transition to a
mesenchymal phenotype [7]. In this model system, the regulation of NM2 expression was
downstream of TGFp and hnRNPEI. Other reports have recognized isoform-specific
expression of NM2 isoforms without exploring the underlying mechanism [13;79]. Various
studies by Kawamoto and colleagues have made progress characterizing the promoter and
enhancer elements for the human NMHC 2A gene (Myh9) [10;16;17] and have identified
IRF-2 as a transcription factor capable of up-regulating NMHC 2A expression following
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phorbolester treatment [16]. Similar data are not available for NMHC 2B or NMHC 2C, and
the general applicability of the reported mechanisms for NMHC 2A (TGFB/hnRNPEI and
IRF-2) have not been explored in other cells and tissues. Therefore, the mechanisms that
regulate the isoform-specific expression of NM2 isoforms largely remain unknown.

Isoform-specific RLC phosphorylation

Another mechanism by which cells might differentially regulate NM2 isoforms is via
differential RLC phosphorylation, although how RLC kinases and/or phosphatase would
differentially recognize NM2 isoforms is not clear. A previous report on myosin light chain
kinase (MLCK), the most widely-studied RLC kinase, revealed MLCK from smooth muscle
could phosphorylate SM2 but not skeletal muscle myosin 2 [73], setting a precedent for
differential recognition of myosins by RLC kinases. Additional studies have demonstrated
that MLCK primarily recognizes two regions: (1) the N-terminus of the RLC, where it
phosphorylates the activating residue S19, and (2) the head-tail junction of MHC [28;69].
Analysis of these two regions may provide some insight into whether or not MLCK could
differentially recognize NM2 isoforms. First, while the sequences immediately surrounding
the activating residues (i.e. T18 and S19) are identical in the three smooth/nonmuscle
myosin RLC isoforms, there is significant sequence divergence just upstream of this region
near the very N-terminus, raising the possibility that different RLC isoforms may be
differentially recognized. For this to affect NM2 isoforms, however, the different RLC
isoforms would have to bind differentially to the NM HC isoforms, which has not been
reported. That said, it remains a possibility given that the RLC-binding 1Q2 domain is not
entirely conserved between NMHC isoforms. As for the region of the head-tail junction
recognized by MLCK, while the sequence immediately upstream of this junction is largely
conserved, the sequence immediately downstream of this junction shows significant
sequence divergence in NM2 isoforms. Therefore, if MLCK does differentially recognize
NM2 isoforms, this region may play a critical role. Myosin phosphatase may also recognize
both the RLC and portions of the MHC, providing an additional opportunity for isoform-
specific regulation of RLC phosphorylation. The data on this is fairly ambiguous, however
[32;52]. Unfortunately, interactions between other RLC kinases and myosin 2 (either SM2
or NM2) are largely unexplored. It is worth noting that the list of kinases capable of
phosphorylating RLC at the activation sites continues to grow (rho kinase, citron kinase, zip
kinase, MRCK, etc.). Some of these kinases may very well prove to be isoform-specific, or
at least more active towards certain isoforms, while others may not discriminate. Finally,
there is little data that addresses isoform-specific activation in living cells. That said, a study
by Means and colleagues reported that thrombin treatment of MDA-MB-231 breast cancer
cells resulted in the preferential ROCK-mediated phosphorylation of S19 on RLC bound to
NM2A over NM2B [64].

The RLC can also be phosphorylated at S1, S2 and T9 by PKC. In vitro data shows that this
phosphorylation directly decreases the myosin's actin-activated ATPase activity and inhibits
the interaction between MCLK and RLC, further lowering the activation state. The effect of
this putative inhibitory phosphorylation on NM2 in cells remains unclear [2;8;42].
Collectively, activating and inhibiting phosphorylations of the RLC represent potential but
unproven mechanisms for isoform-specific NM2 regulation.
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Isoform-specific MHC phosphorylation

Cells expressing multiple NM2 isoforms might utilize their functions differentially through
MHC phosphorylation (see [20] for thorough review on MHC phosphorylation). Despite
studies showing that MHC phosphorylation is the primary mechanism regulating filament
assembly in the model organisms Dictyostelium discoideum and Acanthamoeba castel anii
[24;50;76], as well as studies beginning in the late 1970's showing that mammalian MHCs
could be phosphorylated [33;55], a deeper understanding of this regulatory mechanism in
mammalian cells has been somewhat slow in coming. This is perhaps due in part to neglect
following the discovery in the mid-1970's that the assembly of NM2 into filaments, as well
as its actin-activated ATPase activity, were both dramatically activated by RLC
phosphorylation [1;35]. Whatever the reason, the effects of NMHC phosphorylation have
only recently been characterized and their in vivo significance remains incompletely
understood. Studies using purified rod fragments have consistently shown that NMHC
phosphorylation shifts the equilibrium toward the disassembled, monomeric state [22;57].
This is not surprising considering many of these phosphorylation sites are in or near regions
in the tail necessary for bipolar filament formation [46;59;67]. While these in vitro studies
argue that NMHC phosphorylation is inhibitory in nature, multiple cellular studies have
shown that NMHC phosphorylation may be necessary for NM2 filament turnover and
recycling [14;21]. Therefore, if NMHC kinases and/or phosphatases differentially recognize
or act on NMHC isoforms, and if NMHC phosphorylation differentially alters the
equilibrium between monomer and polymer for different isoforms, then this could represent
a significant mechanism for regulating filament composition in an isoform-specific manner.
At first glance, one might argue that this is not the simplest of regulatory mechanisms, as all
three NM2 isoforms have putative phosphorylation sites for the three recognized
mammalian NMHC kinases (PKC, CK2, and TRPM7) [20]. Similar to RLC
phosphorylation, differential recognition by the kinases and phosphatases for the NMHC
isoforms may prove critical. In the end, increased appreciation and investigation of NMHC
phosphorylation may uncover mechanisms for isoform-specific regulation.

Isoform-specific binding partners

Finally, it remains possible that isoform-specific binding partners regulate NM2 isoform
localization and assembly levels. S100A4, or metastasin (mtsl), is the best characterized
NM2 binding partner (reviewed in [20]) and has been shown to enhance cell migration and
metastasis in a number of cell types [30;47;48;74]. SL00A4 preferentially binds NM2A, and
possibly NM2C, in a Ca2+-dependent manner and drives filament depolymerization,
probably by unwinding the coiled-coil of individual monomers and destabilizing
intermolecular interactions within the filament [3;40;47;49;54]. More recently, another S100
family member (S100P), which has a similar -10-fold preference for NM2A and NM2C over
NM2B, was shown to dissociate preformed filaments in vitro, and to enhance cell migration
[19]. Another recent study suggested that the Arf GEFs BIG1 and BIG2 can form a
multimolecular complex with myosin phosphatase and with NM2A, but not with NM2B or
NM2C [45]. In this role, BIG1/BIG2 appear to be negative regulators of NM2A, as
suppression of BIG proteins resulted in a decrease in NM2A: myosin phosphatase
interaction and an increase in RLC-T18/S19 phosphorylation. It is not clear if other NM2
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binding partners (anillin, supervillin, sept2, etc.) [15;37;71] have any preference for NM2
isoforms, and no regulatory proteins have been identified for NM2B. Collectively, NM2
binding partners represent an attractive mechanism for regulating NM2 isoform-specific
functions in vivo.

Conclusion

The recent, unequivocal demonstration that NM2 isoforms co-assemble into mixed bipolar
filaments in cells [9;68] will further complicate efforts to parse out the unique and redundant
functions performed by the three mammalian NM2 isoforms. Further characterization of the
mechanochemical properties of these heterotypic filaments, and more extensive efforts to
define the locations within cells where they form, are required. These efforts will be further
bolstered by in vitro and in vivo studies focused on clarifying the pathways by which the
assembly and activity of NM2 isoforms can be differentially regulated. Together, these
efforts should lead to a deeper, mechanistic understanding of how NM2 isoforms are
capable of supporting such a vast array of biological processes.
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Figure 1.
Evidence for NM2 isoform co-assembly. (A and B) The cartoon at the top depicts one

experimental approach used by Beach et al. [9] to demonstrate NM2 isoform co-assembly.
Briefly, NM2B was tagged on its N-terminus with EGFP, while NM2A was tagged on its C-
terminus with mApple. Heterotypic filaments that formed in U20S cells expressing these
two tagged myosins were identified in TIRF-SIM images as two green puncta ~300 nm
apart bifurcated by a single red punctum. These structures were readily apparent in TIRF-
accessible regions, where their distribution varied from relatively random (A) to aligned
within stress fibers (B). Images were reprinted with permission from [9] and correspond to
Fig. 2B and Fig. 2D, respectively. Scale bars represent 2um for the larger images and 300
nm for the insets. (C) The cartoon depicts the experimental approach used by Shutova et al.
[68] to demonstrate NM2 isoform co-assembly. Briefly, detergent-extracted REF52
fibroblast cells were immuno-stained with primary antibodies that recognize specifically the
C-terminus of NM2A or NM2B. Secondary antibodies conjugated to 12 nm (NM2A,
pseudo-colored yellow) or 18 nm (NM2B, pseudo-colored blue) gold beads were then used
to identify the respective NM2 isoform. Heterotypic filaments containing both NM2A and
NM2B were clearly visible in platinum replica EM images. Images were reprinted with
permission from [68] and correspond to Fig. 3A. The scale bar represents 100 nm.
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