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Abstract

The positioning and movement of the nucleus has recently emerged as an important aspect of cell
migration. Understanding of nuclear positioning and movement has reached an apogee in studies
of fibroblast migration. Specific nuclear positioning and movements have been described in the
polarization of fibroblast for cell migration and in active migration in 2D and 3D environments.
Here, we review recent studies that have uncovered novel molecular mechanisms that contribute to
these events in fibroblasts. Many of these involve a connection between the nucleus and the
cytoskeleton through the LINC complex composed of outer nuclear membrane nesprins and inner
nuclear membrane SUN proteins. We consider evidence that appropriate nuclear positioning
contributes to efficient fibroblast polarization and migration and the possible mechanism through
which the nucleus affects cell migration.
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1. Introduction

Mesenchymal-derived fibroblasts are the most common cells in many connective tissues
where they produce the extracellular matrix and other factors that are important for tissue
and organ homeostasis and repair. Their role in these processes critically depends on their
ability to migrate. Poor migration leads to wound healing defects, for example in aged
individuals [1, 2], whereas uncontrolled migration contributes to inflammation and scarring
[3]. Beyond their physiological importance, fibroblasts have provided an important test bed
for exploring basic mechanisms of migration due to their robustness in culture and as well as
their inherent propensity to migrate.

The nucleus has emerged as a surprisingly important factor in the migration of fibroblasts
and other cell types. Depending on the environment, the nucleus contributes to migration by
providing polarity, integrating intracellular forces, generating intracellular pressure for
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propulsive force, and impeding movement through narrow constrictions. How the nucleus is
moved and positioned for these activities has received much attention over the last 10 years.
These studies have revealed that distinct linker of nucleoskeleton and cytoskeleton (LINC)
complexes contribute to nuclear movement and positioning in fibroblasts. LINC complexes
are composed of outer nuclear membrane KASH proteins (or nesprins/Synes in vertebrates)
and inner nuclear membrane SUN proteins that interact within the perinuclear space [4, 5].
Depending on the nesprin employed and the environment, the nucleus can attach to actin
filaments, microtubules (MTs) or intermediate filaments (IFs) [6-8].

Advances have been made in understanding the role of LINC complexes in both 2D and 3D
fibroblast migration. On one hand, nuclear movement has been extensively studied in 2D
fibroblasts polarizing for migration in wounded monolayers. This has been a powerful
system to identify the molecular components connecting the nucleus and cytoskeleton due to
the ease of both genetic and cell biological manipulations and the high resolution imaging
possible with flat, well-spread cells. Indeed, a macromolecular assembly of specific LINC
complexes, actin cables and associated proteins has been observed to assemble during active
nuclear translocation accompanying fibroblast polarization for migration [9-11]. Moreover,
distinct adhesion-like structures beneath the nucleus have been described and reported to
cause defects in nuclear positioning [12]. On the other hand, a novel mechanism dependent
on nesprin-3, termed the “nuclear piston”, has been identified and contributes to lobopodial
migration of fibroblasts migrating in 3D environments [13].

Here we review recent studies examining nuclear positioning and movements in fibroblasts
polarizing for migration and during active fibroblast migration in 2D and 3D environments.
In each case, we consider the molecular and mechanical mechanisms for these events, the
pathways regulating them, and the roles played by nuclear positioning in fibroblast
polarization and migration.

translocation in fibroblasts polarizing for migration in 2D

In many migrating cells, including fibroblasts, the nucleus is positioned rearward of the cell
centroid [8]. Fibroblasts have an intrinsic mechanism to establish this rearward position of
the nucleus, independent of actual cell migration, as shown by experiments with serum-
starved wounded monolayers [14]. Addition of the serum factor lysophosphatidic acid (LPA)
to wounded monolayers of starved NIH3T3 fibroblasts or mouse embryo fibroblasts (MEFs)
triggers rearward translocation of the nucleus without stimulating migration (Figure 1A).
This nuclear translocation is not accompanied by nuclear rotation or changes in nuclear
shape making its analysis less complex than nuclear positioning and movements that occur
in actively migrating fibroblasts. As the centrosome is maintained at the cell centroid during
rearward nuclear translocation, movement of the nucleus creates cell polarity by orienting
the centrosome toward the leading edge (Figure 1A). Intriguingly, live cell recordings of
starved NIH3T3 fibroblasts stimulated to migrate by serum reveal that productive migration
commences when the nucleus moves rearward and the centrosome is oriented [14]. This
result suggests that proper rearward positioning of the nucleus and centrosome orientation
are required for productive fibroblast migration, a conclusion consistent with the inhibition
of migration when the pathways regulating rearward translocation are disrupted (see below).
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2.1 LINC complexes assemble into higher ordered TAN lines to translocate the nucleus

The rearward nuclear translocation in fibroblasts stimulated by LPA is inhibited by actin and
myosin drugs and occurs at the same velocity as actin retrograde flow, indicating an
actomyosin process [14]. Numerous results indicate that actin directly connects to the
nucleus to move it. Dominant negative and knockdown approaches show that nesprin-2 giant
(nesprin-2G) is required for nuclear movement [10, 15, 16]. Nesprin-2G is one of two giant
nesprins (nesprin-1G is the other) that contain actin-binding, calponin homology (CH)
domains and is the only one expressed in NIH3T3 fibroblasts [10]. Impaired nuclear
movement in NIH3T3 fibroblasts depleted of nesprin-2G is rescued by expression of mini-
nesprin-2G (mini-N2G), a chimeric construct containing the N-terminal CH domains and the
C-terminal KASH motif [10]. Expression of mini-N2G with point mutants in the CH
domains abrogating actin binding, do not rescue. Thus, nesprin-2G’s interaction with actin
filaments is critical for nuclear movement in fibroblasts.

Strikingly, nesprin-2G accumulates along dorsal actin cables above the nucleus (Figure 1B)
during its movement in NIH 3T3 fibroblasts and MEFs [9-11]. This result is based on
colocalization of both endogenous nesprin-2G and expressed GFP-mini-N2G with dorsal
actin cables [9-11]. In live cell movies, dorsal actin cables encountering the nuclear surface
accumulate GFP-mini-N2G in minutes, forming linear arrays [10]. They also accumulate
one of the two SUN proteins expressed in fibroblasts, SUN2, but not SUN1 or a number of
other inner nuclear membrane proteins (Figure 1B). Indeed, SUNZ2 is detected in linear
arrays in primary MEFs as well [12]. Reflecting their morphology and actin-dependence,
these LINC complex arrays have been termed transmembrane actin-associated nuclear
(TAN) lines [10, 11]. TAN lines form coincident with the initiation of nuclear translocation,
move rearward with the nucleus and disassemble when nuclear movement ceases, providing
direct correlative evidence for their involvement in the movement. This specific combination
of LINC complex proteins in the nuclear envelope is required for TAN line formation and
rearward nuclear translocation after LPA-stimulation and disrupting its components reduce
NIH3T3 fibroblast migration speed into the wound [10, 11].

2.2 Anchorage of TAN lines by the nucleus

The coincident movement of TAN lines and the nucleus implies that TAN lines are anchored
to the nucleus to transmit the force that moves it. Studies show that proteins in both
nucleoplasm and inner nuclear membrane contribute to nuclear anchorage of TAN lines.
Unlike factors that are required for TAN line formation, disruption of these anchorage
factors causes a novel phenotype in which the TAN lines form, but slip over an immobile
nucleus.

Localization and interaction studies suggest that the nuclear lamina plays a key role in
anchoring the LINC complex (Figure 1B) [5, 17]. There are three lamin genes encoding
lamin B1, lamin B2 and A-type lamins. A-type lamins comprise three alternatively spliced
isoforms: lamin A, lamin C and lamin C2 [18]. Among these, lamin A binds to SUN
proteins via its C-terminus, whereas lamin B1 and lamin C bind to SUN proteins weakly [5,
19]. MEFs null for A-type lamins, or NIH3T3 fibroblasts transiently knocked down for
lamin A fail to move the nucleus or orient the centrosome after LPA stimulation [9]. While
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TAN lines still form in the A-type lamin disrupted cells, they slide over the nucleus instead
of moving it, suggesting an anchorage defect. Consistently, diffusional mobility of mini-
nesprin-2G and SUN2 measured by FRAP is increased in MEFs lacking A-type lamins [20].

Additional proteins in the nuclear envelope may assist in TAN line anchoring. One is
Sampl/NETS5, an inner nuclear membrane protein homologous to yeast Imal, which is
required for LINC complex stability in Schizosaccharomyces pombe [21]. Sampl is
required for nuclear movement and centrosome orientation in the LPA-stimulated NIH3T3
fibroblasts [22]. Sampl interacts with both SUN2 and lamin A/C and is a TAN line
component because it accumulates with GFP-mini-N2G along actin cables over the dorsal
surface of the nucleus during rearward movement [22].

Emerin is another candidate. Emerin is a predominantly inner nuclear membrane protein that
interacts directly with lamin A/C and nesprin-2 [23]. Knockdown of emerin in NIH3T3
fibroblasts results in nuclear movement and centrosome orientation defects after LPA
stimulation [24]. When scrutinized for TAN line formation and motility, 80% of the emerin
knockdown cells form normal TAN lines that move erratically reflecting the nonpolarized
actin flow observed in emerin depleted fibroblasts. The remaining 20% of the cells
phenocopy the TAN line slippage that occurs in cells lacking A-type lamins [24].

2.3 TAN Line associated proteins required for nuclear translocation

TAN lines resemble other membrane adhesion complexes, such as focal adhesions and cell-
cell adhesions in that they are composed of specific membrane proteins that cluster in
response to actin filaments and transmit force to a membrane. Moreover, the TAN line
component nesprin-2 also accumulates at nuclear indentation sites [25] and a nesprin-2
based actin FRET tension sensor directly shows that the LINC complex is under actomyosin
tension on the nuclear envelope [26]. Given the similarity to other adhesions, which are
known to contain tens to hundreds of proteins, it is perhaps not surprising that additional
factors have been found that contribute to TAN line formation (Figure 1B).

The formin family protein FHOD1 was identified as a putative TAN line component based
upon its interaction in yeast two hybrid assays with nesprin-2G. FHOD1 has a domain
structure typical of other diaphanous family formins, including FH1, FH2, DID and DAD
domains, but unlike other formins, it has a second actin binding site (ABS) and caps and
bundles actin filaments rather their stimulating their polymerization [27]. Biochemical
studies reveal that FHOD1’s N-terminus interacts directly with spectrin repeats 11-13 of
nesprin-2G near its CH domains and expression of either domain acts as a dominant negative
of LPA-stimulated rearward nuclear movement [16]. FHOD colocalizes with actin cables in
TAN lines in NIH3T3 fibroblasts and is required for nuclear movement and centrosome
orientation [16]. In the absence of FHOD1, TAN lines fail to form, but there is no detectable
effect on dorsal actin cables or actin retrograde flow. Both the ABS and the FH2 domain are
necessary for TAN line formation and nuclear movement, suggesting that FHOD1 reinforces
TAN lines by providing a cross-bridge between nesprin-2G and the actin cable (Figure 1B).

Fascin was identified as the second F-actin-bundling protein required for TAN line
formation and nuclear movement. Fascin’s B-trefoil3 interacts with nesprin-2G’s spectrin
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repeats 51-53 near its C-terminus [15]. Similar to FHODZ1, fascin colocalizes with
nesprin-2G in TAN lines on the nucleus of NIH3T3 fibroblasts after LPA stimulation and is
required for their formation (Figure 1B). Expressing p-trefoil3 functions as a dominant
negative in LPA-stimulated rearward nuclear movement, suggesting that coupling between
fascin and nesprin-2G is required for nuclear movement. The BAR domain protein
amphiphysin-2 (BIN-1) may be an additional and/or alternate connection between
nesprin-2G and actin cables. Amphiphysin-2 interacts with SR48-49 of nesprin-2, binds F-
actin and is required for LPA-stimulated rearward translocation of the nucleus in NIH3T3
fibroblasts [28]. It has not yet been shown to localize with nesprin-2G in TAN lines.

The identification of these TAN line associated proteins leads to a new model for TAN lines
(Figure 1B) that significantly modifies earlier models. First, it indicates that TAN lines are
reinforced by linkages between the actin cables and nesprin-2G in addition to nesprin-2G’s
intrinsic CH domains. Presumably, the multiple contacts are required to resistant the force
generated to move such a large organelle. Second, it suggests that rather than projecting
orthogonal to the nuclear surface, the nesprin-2G in TAN lines must instead lie along the
long axis of the actin cable in order to position its CH domains and the actin bundling sites
of FHOD1 and fascin (see ref. [16] for discussion). A good analogy (and one made in a
previous review [29]) is that the connection between nesprin-2G and the actin cable
resembles Velcro. Neither FHOD1 nor fascin depletion noticeably affected the number,
apparent thickness, or movement of the dorsal actin cables, raising the possibility that their
bundling capabilities strengthen dorsal actin cables so that they can resist the high load force
necessary to move the nucleus. Another and not mutually exclusive possibility for FHOD1,
which is homodimeric, is that it contributes to the clustering of nesprin-2G thereby
increasing its ability to form TAN lines by increasing its avidity.

2.4 Regulation of nuclear movement in polarizing fibroblasts

Studies have revealed considerable information about the regulation of cytoskeletal events
during nuclear translocation in polarizing fibroblasts. These studies indicate that at least one
rate limiting step in nuclear translocation is the generation of the dorsal actin cables and
their retrograde movement. Additionally, a recent study suggests that the assembly of TAN
lines themselves may be regulated.

After LPA addition to serum-starved fibroblasts, Rho family proteins including Cdc42 are
activated [30]. Microinjecting constitutively active Cdc42 constructs into starved NIH3T3
fibroblasts in wounded monolayers activates nuclear movement and centrosome orientation,
whereas dominant negative Cdc42 inhibits both phenotypes in LPA-stimulated cells [14, 30],
indicating that Cdc42 is both necessary and sufficient for the rearward nuclear movement as
well as centrosome orientation. Cdc42 knockout MEFs also show defects in centrosome
orientation [31].

Two Cdc4z2 effectors contribute to LPA-stimulated centrosome orientation in NIH3T3
fibroblasts (Figure 1C): myotonic dystrophy kinase-related, Cdc42 binding kinase (MRCK)
and Par6 [14]. MRCK is a myosin Il kinase and is responsible for activating myosin 11 for
retrograde flow [32]. Indeed, microinjection of MRCK alone is sufficient to stimulate
nuclear movement in serum-starved fibroblasts. Both major isoforms of myosin Il are
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involved: myosin I1A for dorsal actin cable formation and myosin I1B for the directional
flow of dorsal actin cables [24]. These results are consistent with previous findings that the
two myosin 11 isoforms have unique cellular functions [33].

Par6, functions along with atypical PKCC, Par3 and dynein to maintain the centrosome in
the cell center while the nucleus moves rearward [14, 34, 35]. Par3 interacts with a specific
light intermediate chain (L1C2) of dynein and together they enhance cortical interactions of
MTs to maintain the centrosome position [34]. In the absence of these factors, the
centrosome moves rearward with the nucleus and fails to orient (Figure 1C).

A recent study suggests that the LINC complex itself is regulated during LPA-stimulated
nuclear translocation in fibroblasts [36]. TorsinA is an AAA+ ATPase of unknown function
residing within the ER and perinuclear space [37-39]. It interacts with two types of
activators, LAP1 in the inner nuclear membrane and LULLL distributed throughout the ER
[40] and has been reported to associate with the KASH domain from nesprin-1, -2 and -3
[41]. MEFs knocked out for torsinA as well as NIH3T3 fibroblasts depleted of torsinA by
siRNAs display both nuclear movement and centrosome orientation defects [36]. LAP1, but
not LULL1, is also required for the nuclear movement and centrosome orientation after LPA
stimulation [36]. Both torsinA and LAP1 depletion reduce the frequency, number and
persistence of TAN lines assembled after LPA stimulation, indicating that both proteins are
required for the assembly and/or stability of TAN lines (Figure 1B). Wild type torsinA or a
substrate locked ATPase mutant localize to TAN lines suggesting that torsinA functions to
assemble TAN lines [36]. TorsinA substrates for TAN line assembly remain to be identified.
Yet, GFP-mini-N2G (but not GFP-nesprin-3) exhibits reduced mobility in torsinA deficient
fibroblasts [36], implying that torsinA releases nesprin-2G from a binding partner for
assembly into TAN lines.

Interestingly, both torsinA and LAP1 knockdown also reduce the rate of perinuclear dorsal
actin cable flow, another case where nuclear membrane proteins affect cytoplasmic actin
dynamics. This result is similar to earlier work that reported that emerin knockdown alters
the directionality of retrograde actin flow in NIH3T3 fibroblasts [24]. Emerin interacts with
myosin 11B [24], yet how these inner nuclear membrane proteins affect cytoplasmic actin
dynamics remains uncertain. One possibility suggested for emerin is that it transits between
inner and outer nuclear membranes putting it in proximity to cytoplasmic actin and myosin
Il [24].

movements and positioning in fibroblasts migrating in 2D

Nuclear movements and positioning events are considerably more complex in fibroblasts
actively migrating than during the establishment of fibroblast polarity for migration
described above. During 2D migration, the nucleus is actively maintained in a position just
rearward of the cell centroid by multiple factors (Figure 2). In addition, a distinct movement
of the nucleus has been described during fibroblast migration in 2D: nuclear rotation in the
x-y axis. As TAN lines form transiently in fibroblast polarizing for migration and have not
been detected in actively migrating fibroblasts, other structures and activities have been
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proposed to contribute to the positioning and movements of the nucleus during 2D migration
and these are considered below.

3.1 Nuclear positioning and movement during 2D fibroblast migration

The nucleus tends to track a position just rearward of the cell centroid during 2D migration
of either individual fibroblasts or fibroblasts in wounded monolayers. As the centrosome is
oriented anterior to the nucleus in these cases and the centrosome tracks the cell centroid, it
has long been thought that the centrosome positions the nucleus during 2D migration [42]. It
has been challenging to test this hypothesis directly due to the difficulty in specifically
disrupting the centrosome. Laser ablation of centrosomes has been used to understand its
effect on cell migration, but the position of the nucleus was not examined [43].

Nevertheless, studies of dynein’s role in fibroblast migration provide indirect support for the
idea. Dynein was initially considered to contribute to migration solely through its
requirement for centrosome orientation in fibroblasts. Indeed, there is abundant evidence
that dynein and its regulator dynactin contribute to centrosome orientation in fibroblasts by
pulling on MTs from cortical and perhaps cytoplasmic sites [30, 34, 44, 45]. However,
disrupting dynein after centrosome orientation by microinjecting inhibitory antibody or
expressing dominant negative constructs still inhibits cell migration, indicating another role
or roles for dynein [45]. One of these may be to actively maintain close apposition of the
nucleus to the centrosome. A study of nuclear rotation during NIH3T3 fibroblast migration
revealed that in addition to preventing nuclear rotation (see below), disruption of dynein or
dynactin led to a more extreme position of the nucleus in the cell rear [45], indicating a role
for dynein and dynactin maintaining nuclear position in migrating fibroblasts (Figure 2A).
Whether dynein and dynactin function to directly move the nucleus toward the centrosome
or solely function in positioning the centrosome (with the nucleus coupled to the centrosome
by some other means) is not yet clear. Consistent with a direct role in moving the nucleus, a
recent study showed that dynein and dynactin are recruited to NIH3T3 fibroblast nuclei by
nesprin-2 and that this contributes to forward MT-dependent movement of the nucleus
toward the centrosome when it is displaced by centrifugal force[46]. Thus, the role of dynein
and dynactin in positioning of nuclei in migrating fibroblasts may resemble the roles they
play in migrating neurons, where they are important for positioning both the nucleus and the
centrosome [47, 48].

A second factor contributing to nuclear positioning during 2D fibroblast migration is the
generation of pulling forces by the protruding lamellipodium (Figure 2B) [44, 49]. This has
been most clearly shown by experiments in NIH3T3 fibroblasts in which photoactivatable
Rac is used to create a new lamellipodium [44]. The nucleus translocates in minutes toward
the direction of the new lamellipodium. This result is analogous to that in the original
micropipette pulling experiment showing nuclear coupling to plasma membrane integrins
[50]. Although the centrosome also moves toward the new lamellipodium, disrupting MTs
has no effect on nuclear translocation, implying that the centrosome is not responsible for
moving the nucleus in this case. Instead, nuclear translocation requires actomyosin and
LINC complexes, although the specific nesprin and SUN proteins involved remain to be
identified. Similar results were observed when forward nuclear translocation was triggered
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by detaching the trailing edge [44]. As specific apical or basal actin fibers did not move in
concert with nucleus, the authors propose that a distributed actomyosin generated tension is
transmitted to the nucleus by LINC complexes to move it forward.

A third factor that may contribute to nuclear positioning in migrating fibroblasts is a
perinuclear adhesion/actin filament system that is distinct from canonical focal adhesions
and stress fibers (Figure 2C) [12]. These novel adhesion-like structures are defined by their
requirement for the formin FMN2 and its specific localization to these structures. The exact
nature of these structures and the basis for their formation near the nucleus remain to be
defined, but they are dependent on actin and independent of integrin engagement [12]. In
migrating primary MEFs, these FMN2-based structures localize toward the trailing edge of
moving nuclei. MEFs depleted of FMN2 loose the perinuclear adhesions, whereas other
actin-dependent structures including focal adhesions and SUN2-marked TAN lines are
unaffected [12]. No effect of FMNZ2 depletion was observed on single fibroblast velocity in
2D or the overall closure of wounded monolayers, despite observations that nuclei appeared
to drift away from the cell centroid in single cells and centrosomes were not oriented in cells
in wounded monolayers. A trend toward reduced wound closure was detected, suggesting a
possible defect in migration persistence, but additional experiments are necessary to test this.
The FMNZ2 perinuclear structures may play a more important role in protecting the nucleus
from damage during migration through narrow constrictions in 3D matrices [12].

3.2 Nuclear rotation during fibroblast migration in 2D

It has been known for some time that nuclei rotate in the x-y plane of fibroblasts on 2D
substrata [45, 51-55]. That this nuclear movement might be associated with cell migration
was first suggested by experiments with wounded monolayers in which nuclear rotation was
more frequent in NIH3T3 fibroblasts adjacent to or a few rows back from the wound [45].
Nuclear rotation reaches angular velocities of 8.5 degrees per minute and can result in
angular changes of hundreds of degrees, although more commonly it is interrupted by
pauses or reverses in direction [45]. Rotation is inhibited by MT depolymerization or
disruption of dynein heavy chain or the p150¢!ued sybunit of dynactin [45, 55]. The
centrosome does not rotate with the nucleus and cortical or Golgi dynein/dynactin does not
seem to be involved, leaving the only remaining model one in which dynein/dynactin from
nuclear sites exerts torque on the nucleus through perinuclear microtubules (Figure 2D).

A mechanical model for how dynein exerts torque on the nucleus has been proposed [56].
The model is based on data from stationary bovine capillary endothelial cells, but is likely to
apply to migrating fibroblasts as nuclear rotation in endothelial cells is also dynein-
dependent, does not involve rotation with the centrosome and exhibits angular movements
consistent with a persistent random walk [56]. The major prediction from the model is that
rotational magnitude is dependent on the distance between the nucleus and the centrosome.
Consistent with the prediction, angular displacement of the nucleus is reduced in cells on
patterned islands where the centrosome is close to the nuclear centroid. As dynein is also
responsible for keeping the nucleus near the centrosome, this leads to the interesting
conclusion that as dynein moves the nucleus closer to the centrosome, rotations will be
reduced.
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A key question is whether dynein interacts with the nucleus during its rotation. Dynein and
dynactin are known to interact with NIH3T3 fibroblast nuclei through a region near the C-
terminus of nesprin-2 during nuclear recentration after displacement by centrifugation [46],
but this has not been tested during nuclear rotation. The requirement for the LINC complex
for nuclear rotation in fibroblasts is also unclear. Studies of type A lamins, which are
encoded by LMNA gene and anchor the LINC complex, have yielded conflicting results.
One study of migrating MEFs from LMNA™~ mice reported nuclear rotation decreased [57],
whereas another reported it increased [58]. To further complicate matters, nuclear rotation is
dramatically increased in MEFs knocked out for LMNB1, encoding lamin B1 [51]. Perhaps
the differences in nuclear rotation in the LMNA~~ MEFs reflect differences in the levels of
lamin B1 in the isolates of LMNA™~MEFs used in the different studies.

Although nuclear rotation is MT- and dynein-dependent in migrating fibroblasts, there is
evidence that it is actomyosin dependent in other contexts. The nucleus rotates in an
actomyosin-dependent fashion in NIH3T3 fibroblasts subjected to cyclic stretch [59] or
plated on adhesive islands that prevent migration [60]. Contrasting these results, knockdown
of myosin 1B stimulates nuclear rotation in CHO cells plated on substrata supporting
migration [61].

What is the function of nuclear rotation during fibroblast migration? Nuclear rotation is
necessary for the alignment of the long axis of the nucleus with that of the cell, termed
“nuclear reorientation” that we consider separately below. Because nuclear rotation would
be expected to disrupt the transfer of actomyaosin tension from the front to the back of the
cell, it may also function to reset the tensional balance in the cell, perhaps to allow for
establishment of a new front-back axis and direction of migration. Careful analysis of the
rotational state of the nucleus during MEF migration revealed an inverse correlation between
active rotation of the nucleus, nuclear shape and forward translocation of the cell [58]. Thus,
during periods of slow cell translocation, the nucleus rounds-up and rotates, whereas during
rapid cell translocation, the nucleus elongates, orients along the long axis of the cell and
does not rotate. Nuclei also rotate in MEFs plated on microfabricated islands where they
cannot migrate, but do not rotate in MEFs plated on narrow stripes where they did migrate
[58]. Whether there is a causal relationship between nuclear rotation and pauses in migration
requires further study.

3.3 Nuclear reorientation during fibroblast migration in 2D

The nucleus in spread or migrating fibroblasts on planar substrates tends to be a flattened
ellipsoid [62—64], although as noted above, it can transition between round and ellipsoid
shapes during migration [58]. That fibroblasts align the long axis of the nucleus with the
long axis of the cell during 2D migration was initially noted in experiments with LAMNA™~
MEFs, which fail to do this nuclear reorientation [57]. Disruption of Rho GTPase by
overexpressing dominant negative constructs or C3 inhibitor reduces nuclear reorientation,
suggesting that a Rho signaling pathway is required for nuclear reorientation [65].
Subsequent studies implicated an array of actin cables termed the actin cap in MEFs and Rat
2 fibroblasts (Figure 2E) [58, 66]. This actin cap consists of actin cables running parallel to
the long axis of the cell and localized over the dorsal surface of the nucleus. The fibers of the
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actin cap terminate at focal adhesions in the front and back of the cell and may additionally
attach to the nucleus because they are disrupted by expression of a dominant negative KASH
construct [58, 66]. The identity of the specific LINC complex components involved in the
actin cap in fibroblasts have not been identified, but nesprin-2G is required for actin cap
formation in C2C12 myaoblasts [58]. The forces necessary to move the nucleus during
reorientation may derive from the formation of the actin cap itself [66] and/or from dynein-
dependent rotation of the nucleus [58].

As noted above, the actin cap seems to constrain the rotation of the nucleus and during
periods where it is not rotating and is reoriented, the cell migrates more rapidly. This
suggests that the actin cap promotes rapid directed migration. Consistent with this idea,
treatments that disrupt the actin cap fibers, including expression of the KASH construct and
low concentration of latrunculin (60 nM), inhibit nuclear reorientation and cell migration
[58, 65, 66]. However, an important caveat is that these perturbations may also affect other
structures in fibroblasts important for migration. For example, 48 nM latrunculin affects
lamellipodial actin dynamics in L929 mouse fibroblasts [67]. It will be important for future
experiments to pin down whether the actin cap contributes to cell migration through nuclear
reorientation and/or inhibition of nuclear rotation.

The actin cap has also been implicated in nuclear translocation during fibroblast migration
[58]. However, it has been noted in at least one study that the nucleus translocates toward the
leading edge without translocation of actin fibers in the actin cap [44]. Given the caveat with
the specificity of perturbations used to disrupt the actin cap, this is still an unresolved issue.

movements and positioning in fibroblasts migrating in 3D

Nuclear movement and positioning events have just begun to be explored in fibroblasts
migrating in 3D environments. On top of the complexities of positioning the nucleus in
fibroblasts migrating in 2D, there are many different modes of migration in 3D matrices
[68]. Although some of these represent transitions of cells to a transformed phenotype, even
normal fibroblasts migrate by different means depending on the type and organization of the
3D matrix [69]. Here we consider studies on nuclear positioning in 3D migrating fibroblasts
with a focus on a novel form that contributes to cell migration through a mechanism called
the nuclear piston. We also consider a unique challenge faced by fibroblasts migrating in 3D
matrices with pore sizes smaller that the diameter of the nucleus; namely, the difficulty of
squeezing the nucleus through narrow pores.

4.1 Nuclear positioning in 3D migration

A unique form of nuclear positioning has been identified in primary human foreskin
fibroblasts undergoing lobopodial based migration in 3D matrices. Lobopodial migration is
characterized by blunt leading edge lobopodia rather than lamellipodia and elevated Rho
rather than Rac signaling [69, 70]. Whether fibroblasts migrate by one mode vs. the other
depends on the mechanical properties of the 3D matrix: linearly elastic matrices (e.g., cell
derived matrix) stimulate lobopodial migration [69], whereas nonlinearly elastic matrices
(e.g., collagen) activate lamellipodial migration [71]. How cells sense the difference in these
matrices is unknown.
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Interestingly, lobopodial migration depends on the forward translocation of the nucleus
which generates compartmentalized intracellular pressure anterior to the nucleus to drive
lobopodia formation (Figure 3A) [13]. Two components contribute to the generation of
compartmentalized pressure: a forward movement of the nucleus and a diffusion barrier
between the nucleus and adjacent cell membrane. The former requires anteriorly activated
myosin 11 and nesprin-3, which binds vimentin IFs through the adaptor plectin [72].
Vimentin immunoprecipitates contain nesprin-3, myosin Il and actin suggesting a model in
which nesprin-3 and vimentin IFs transmit pulling forces generated by actomyosin to the
nucleus (Figure 3B) [13]. Less clearly defined is the diffusive barrier that allows pressure to
build in the anterior compartment, but it may involve IFs and ER localized around the
nucleus.

Some important elements of the nuclear piston mechanism remain to be established,
including the nature of the molecular link between contractile actin filaments and IFs that
allows force transmission to the nucleus and how this resists the increasing pressure in the
anterior compartment. Also, the molecular nature of the nuclear-plasma membrane “seal”
that compartmentalizes the cell and allows the generation of high pressure in the anterior
compartment is not yet defined. Nonetheless, the nuclear piston is an interesting new
mechanism because it suggests that the nucleus is directly involved in the generation of the
propulsive force for 3D cell migration. Interestingly, fibrosarcoma cells that rely on
lamellipodial protrusion and matrix degradation for 3D motility, can initiate lobopodial
migration if matrix metalloproteases are inhibited [73].

The factors responsible for positioning and moving the nucleus during lamellipodial based
migration in 3D have not been explicitly addressed. Nonetheless, based on similarities
between 2D and 3D lamellipodial migration in the positioning of the nucleus relative to the
centrosome and pulling forces generated by lamellipodia formation, it seems likely at least
in broad outline that similar factors will be involved.

4.2 Nuclear movement through narrow constrictions during 3D migration

The nucleus presents a unique challenge for a fibroblast migrating in a 3D matrix with a
pore size is smaller than the nucleus. In fact, the passage of the nucleus through narrow
constrictions (<3 pm) in dense 3D matrices is rate limiting for migration [74]. This stems
from both the size of the nucleus and its inherent rigidity. Factors that decrease nuclear
rigidity, such as reducing the level of A type lamins, have been shown to enhance the
migration of MEFs and other cell types through narrow constrictions [75, 76]. Studies in
other cell types have suggested active pulling or pushing mechanisms involving myosin Il
and nesprin-2G for translocating the nucleus through narrow pores [15, 77]. Whether
fibroblast nuclei are actively pushed or pulled as they translocate through narrow pores and
the possible molecule mechanisms involved require further study.

5. Conclusions

Studies of nuclear positioning in fibroblasts have yielded interesting new information on
both the mechanisms of nuclear positioning and its functions in cell migration. Nuclear
positioning involves different molecular mechanisms depending whether fibroblasts are

Semin Cell Dev Biol. Author manuscript; available in PMC 2019 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 12

polarizing for migration or in an active state of migration and whether they are migrating on
2D vs. 3D substratum. Importantly, the levels of complexity in nuclear positioning increase
from polarizing cells to 2D migrating cells to 3D migrating cells. The multitude of
mechanisms for nuclear positioning for actively migrating fibroblasts presumably reflect the
need to respond to dynamic changes in intracellular forces during migration and for
plasticity in the cytoskeletal-nuclear linkage.

Also striking are the unique structures that are assembled to move the nucleus in polarizing
and migrating fibroblasts. The identification of adhesion-like TAN lines in polarizing
fibroblasts, the actin cap and FMN2-like adhesions in 2D fibroblasts and the nuclear piston
in 3D migrating cells suggest that the nucleus is a much more active participant in its
positioning that previously suspected. The structures identified to date are all actin-based
and most are dependent on the LINC complex, yet it is clear that MTs and IFs also
contribute to nuclear positioning. It will be important to examine in more detail the
molecular and structural mechanisms by which these other cytoskeletal elements are linked
to the nucleus so that they can generate force to positioning it.

The mechanisms for nuclear positioning identified in migrating fibroblasts are likely to
apply to other migrating cells. Nesprin-2G and SUN2 TAN lines couple the nucleus to actin
cables for rearward nuclear translocation in polarizing C2C12 myoblasts [78]. Nuclear
reorientation and the actin cap have been observed in C2C12 myoblasts and other cell types
[58, 65]. Perinuclear FMN2 adhesion-like structures are observed in many cell types [12].
And the nuclear piston seems to operate in a variety of cells migrating in 3D elastic matrices
[73]. Most of these mechanisms have been identified in cells with rigid nuclei. Whether they
apply to other types of migrating cells with more pliable nuclei will be interesting to test.
For example, LINC complex components are downregulated in neutrophils and so may not
contribute to nuclear positioning in these cells [79]. And, the actin cap is not detected in
U20S osteosarcoma cells [66], which may have more pliable nuclei like other transformed
cells.

Although it appears that the nuclear positioning mechanisms in polarizing, 2D migrating and
3D migrating fibroblasts are distinct and specific for each state, they may be more related
than they currently appear. For example, both the TAN lines and the actin cap appear to
prevent nuclear rotation by attaching the nucleus to actin cables. The actomyosin- and LINC
complex-dependent movement of the nucleus toward lamellipodia observed in 2D migration
is likely to function also in 3D lamellipodial migration. And, even the nuclear piston
mechanism of forward movement in lobopodial migration in 3D requires actomyosin and the
LINC complex, which have also been implicated in forward movement of the nucleus in 2D
migration.

Studies of fibroblasts have also provided dramatic advances in our understanding of the
functions of nuclear position. Nuclear positioning contributes to the generation of cell
polarity as shown by studies of fibroblasts orienting their centrosomes [10, 11, 14]. And it
contributes to the distribution of intracellular tension as shown by studies in 2D migrating
fibroblasts [44, 49] and directly to the generation of cellular protrusion as shown by studies
in 3D migrating fibroblasts [13, 73]. All of these functions are dependent on LINC
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complexes and so are not likely to be restricted to fibroblast migration, thus providing
broader insight into mechanisms of nuclear positioning. Indeed, many of the genes that
contribute to nuclear positioning in fibroblasts are mutated in a large number of diseases,
collectively termed “nuclear envelopathies” [8, 80-82], raising the possibility that one or
more of the functions of nuclear positioning described in fibroblasts may contribute to these
diseases. Our prediction is that studies of nuclear positioning in fibroblasts will continue to
be an important source of information for understanding both normal and disease cellular

physiology.
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Figure 1. Nuclear translocation by TAN lines during fibroblast polarization
A. Model for rearward translocation of the nucleus following LPA stimulation of wound

edge fibroblasts. LPA induces formation and rearward flow of dorsal actin cables (brown)
that couple to the nucleus through TAN lines (yellow). Combined with centrosome
centration (see panel C), nuclear translocation results in anterior orientation of the
centrosome. Purple rectangles are the centrosome. Blue circle is the nucleus. Gray arrows
indicate the direction of actin flow and nuclear translocation in the second and third panels
and the polarity of the cell and direction of migration if the cell is stimulated in the fourth
panel. Adapted from reference [83]. B. Molecular model for TAN lines. A dorsal actin cable
(red) is linked to the nucleus through multiple nesprin-2G (blue) and SUN2 (yellow, shown
as trimer) LINC complexes anchored by lamin A (grey). TAN line associated proteins,
FHOD1 (magenta) and fascin (orange), are only depicted on the central nesprin-2G for
clarity. Both are required for TAN line formation. Samp1 (dark grey) and emerin (green)
contribute to TAN line anchoring. TorsinA (brown/orange) is depicted as a regulator of
LINC complex formation and may also regulate TAN line assembly (see text). Adapted from
reference [84]. C. Schematic of the two Cdc42 pathways activated by LPA that contribute to
centrosome orientation. One is nuclear translocation mediated by dorsal actin cable (brown)
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flow and TAN lines (yellow); the other, centrosome centration mediated by MT anchoring at
cortical sites by dynein/dynactin and Par3. Red arrow indicates the direction of nuclear
translocation.
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Figure 2. Nuclear movements in 2D migrating fibroblasts
A. Nuclear translocation mediated by MTs. Nuclear dynein and dynactin engage

centrosomal MTs to move the nucleus toward the centrosome. Centrosome position is
maintained by cortically anchored dynein and dynactin. B: Nuclear translocation mediated
by actomyosin tension. Lamellipodial protrusion generates actomyosin tension that pulls the
nucleus forward. Tension is coupled to the nucleus through undefined LINC complexes (see
text). C. Nuclear positioning mediated by perinuclear localized FMN2 adhesions. D. Nuclear
rotation mediated dynein and dynactin. Cortically anchored dynein and dynactin maintain
the position of the centrosome. E. Nuclear reorientation mediated by the actin cap. Actin
fibers comprising the actin cap are anchored by focal adhesions at each end and are
connected to the nucleus by undefined LINC complexes (see text). Black arrows: direction
of the nuclear movement. Red molecules/structures: elements responsible for the nuclear
movement.
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Figure 3. Nuclear movement by the nuclear piston in 3D lobopodial migration
A. Linearly elastic 3D matrix triggers lobopodial migration. Rho A-activated actomyosin

contractility moves the nucleus forward to generate higher pressure in the anterior

compartment. B. A zoomed-in view of the boxed region in A. The nesprin-3 connection to

IFs through plectin is proposed to couple the nucleus to actomyosin pulling forces.
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