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The perinuclear actin cap in health and disease
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We recently demonstrated the exis-
tence of a previously uncharacter-
ized subset of actomyosin fibers that form
the perinuclear actin cap, a cytoskeletal
structure that tightly wraps around the
nucleus of a wide range of somatic cells.
Fibers in the actin cap are distinct from
well-characterized, conventional actin
fibers at the basal and dorsal surfaces of
adherent cells in their subcellular loca-
tion, internal organization, dynamics,
ability to generate contractile forces,
response to cytoskeletal pharmacologi-
cal treatments, response to biochemical
stimuli, regulation by components of the
linkers of nucleoskeleton and cytoskel-
eton (LINC) complexes, and response to
disease-associated mutations in LMNA,
the gene that encodes for the nuclear
lamin component lamin A/C. The peri-
nuclear actin cap precisely shapes the
nucleus in interphase cells. The perinu-
clear actin cap may also be a mediator of
microenvironment mechanosensing and
mechanotransduction, as well as a regu-
lator of cell motility, polarization and
differentiation.

Introduction

We recently reported on the existence of
a cytoskeletal structure containing a small
number of thick actomyosin fibers that are
highly organized at the apical surface of
the interphase nucleus in a wide range of
adherent cells (Fig. 1).! These actin fibers
form the perinuclear actin cap, which
is physically connected to the nuclear
envelope through linkers of nucleoskel-
eton and cytoskeleton (LINC) complexes.
Actin filament bundles in the actin cap
are distinct from well-characterized,
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conventional stress fibers located at the
basal and dorsal surfaces of adherent cells
in their subcellular location, internal orga-
nization, dynamics, response to cytoskel-
etal pharmacological treatments, response
to biochemical stimuli, regulation by
components of the LINC complexes,
and response to disease-associated muta-
tions in LMNA, the gene that encodes
for the nuclear lamin component lamin
A/C. The perinuclear actin cap shapes the
nucleus of interphase cells, a function that
is abrogated in cells deficient or mutated
in LMNA, which lack an actin cap. Here,
we aim to further highlight the functional
and structural differences between con-
ventional actin filament structures and the
perinuclear actin cap in both physiological
and pathological conditions. We also dis-
cuss other potential functions of the actin
cap, including as a mediator of cellular
mechanosensing and mechanotransduc-
tion, as well as a regulator of cell motility,
polarization and differentiation.

The Actin Cap in Health

The actin cap can readily be detected by
staining cells for actin with phalloidin and
conventional fluorescence microscopy at
the top of the nucleus (Fig. 1). The actin
cap is composed of thick, parallel actin
filament bundles, which gently curve
around the interphase nucleus (Fig. 1).!
In contrast, well-characterized stress fibers
are confined to the basal and dorsal sur-
faces of the cell. We note that, unlike typi-
cally depicted in textbooks, the nucleus of
adherent cells is not a spherical or an ellip-
soid organelle; the nucleus forms a disk
oriented parallel to the basal surface of
the cell and is 15-25 wm in diameter and
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conventional basal actin only 5-7 wm in thickness.! This vertical
confinement of the nucleus is mediated by
the actin cap. Indeed, cell treatment with
an extremely low dose of the actin depo-
lymerizing drug latrunculin B (<60 nM),
which only affects the actin cap, not con-
ventional stress fibers, induces significant
upward bulging of the nucleus.! Moreover,
movies of live cells at rest or under shear
flow indicate that interphase nuclei of
adherent cells undergo large rotational and
translational excursions in the cytoplasm
(detected by the movements of the nucle-
oli), which are confined to the same plane
of focus, indicating no nuclear movements
around a horizontal axis.> These results

suggest that another function of the acto-
perinuclear actin cap myosin fibers in the actin cap in adherent
cells is to pull the nucleus towards the cel-
lular basal surface in a manner similar to
ropes anchoring a hot-air balloon to the
ground (Fig. 2).

Light microscopy of fixed and live
specimens also reveals that actin filament
bundles in the actin cap, whose number
is of the order of ten (Fig. 1), tend to be
highly parallel to one another within the
actin cap, which is typically itself parallel
to both the long axis of the nucleus and the
long axis of the cell.! In contrast actin fila-
ment bundles forming basal stress fibers
located at the cortex and basal surface of
the cell are much more numerous and dis-
play orientation correlation among them-
rinuclear actin cap selves only locally within the cell (Fig. 1).
Moreover, the orientation of basal stress
fibers is uncorrelated with cellular and
nuclear overall orientations.

Our unpublished observations indicate
that by progressively lowering the plane of
focus of the confocal microscope of cells
stained with phalloidin and antibodies
against focal adhesion proteins vinculin,
reveals that actin filament bundles of the
actin cap are terminated at the basal sur-
face of the cell by focal adhesions confined
to the cell periphery (unpublished results,
Kim D-H and Wirtz D) (Fig. 2). These
actin cap-associated focal adhesions are
larger and more elongated than conven-

tional focal adhesions terminating stress
fibers that lie entirely within the basal
Figure 1. The perinuclear actin cap. (A-C) Fluorescence micrographs showing conventional basal surface of the cell. Unlike actin—cap 2SS0~
stress fibers confined to the basal surface of the cell (A) and the perinuclear actin cap located at
the apical surface of the nucleus (B and C). F-actin was stained using phalloidin (red); nuclear DNA
was stained using DAPI (blue). Scale bar, 20 um.

ciated focal adhesions, conventional focal
adhesions are distributed all over the basal
surface.
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Figure 2. Schematic of subcellular organization of the perinuclear actin cap and associated focal adhesions. The actin cap is tightly connected to the
apical surface of the nuclear envelope, not to the plasma membrane. Inset. Physical connections between the actin cap and the nucleus are mediated
by components of the linker of nucleoskeleton and cytoskeleton (LINC) complexes, including Nesprin-3 and Nesprin-2giant, which are connected

to the nuclear lamina through SUN proteins. Disruption of LINC complexes specifically disorganizes or eliminates the actin cap, without significantly
affecting conventional stress fibers located at the basal surface of adherent cells. Similarly, treatment of cells with low dose (60 nM) of the F-actin-
depolymerizing drug latrunculin B only affects the actin fibers of the actin cap because the actin cap is much more dynamic than conventional basal
actin fibers. Actin filament bundles in the actin cap are terminated by specialized focal adhesions, which we name actin cap-associated focal adhe-
sions. There are about ten actin cap-associated focal adhesions per cell. Actin cap-associated focal adhesions are restricted to the cell periphery and

are larger and longer than conventional focal adhesions, which terminate conventional basal stress fibers.

Live-cell microscopy of cells trans-
fected with EGFP-lifeact suggest that the
actin cap is much more dynamic than
conventional basal stress fibers.! Unlike
EGFP-actin, EGFP-lifeact allows us to
monitor actin dynamics for long durations
(>12 h) without significant photobleach-
ing or interference with cell functions.>*
The actin cap tends to continuously
change its shape and can move large dis-
tances (>5 Lm) over time scales of minutes,
while stress fibers are immobile during
these time intervals.! The fast dynamics
of the actin cap mirrors the movements
of the nucleus, which are faster than the
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movements of the cell.? This suggests that
the actin cap directs the movements of the
nucleus, although more work is required
to determine cause and effect.
Fluorescence recovery after photo-
bleaching (FRAP) analysis of cells trans-
fected with EGFP-actin indicates that
exchange dynamics
in the actin cap and monomeric actin
(G-actin) in the cytoplasm is much faster
that actin exchange dynamics in basal
stress fibers (unpublished data, Khatau
SB and Wirtz D). Moreover, the actin cap
in cells treated with low dose of latrun-
culin B, which sequesters G-actin away

between F-actin
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from the polymerizable pool of actin, dis-
appears quickly, while conventional stress
fibers remain intact for long periods of
time.! Together these results indicate that
the actin cap is a much more dynamic
structure than conventional basal stress
fibers.

A key function of the perinuclear actin
cap is to regulate the shape of the inter-
phase nucleus.! Early work by Champy
and Carleton suggested a correlation
between the overall shape of cells of dif-
ferent origin (including animal and plant
cells) and the shape of their nucleus.” We
first tested whether this strong correlation
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between cellular shape and nuclear
shape still held in a single type of cells,
a hypothesis that, surprisingly, had never
previously been tested. This is despite
the predictive power of nuclear shape in
cancer staging and in a wide range of
other human diseases, including mus-
cular dystrophy and accelerated aging.®”
We found that nuclear shape and cellular
shape strongly correlated within a single
type of cell (here MEFs),' suggesting the
existence of physical connections between
cell periphery and the nuclear envelope.
Because the shape of cells is highly vari-
able for cells plated on culture dishes, cells
were positioned on adhesive fibronectin-
coated microstripes of width between 10
and 50 Wm, i.e., respectively smaller and
larger than the natural size of the cell
(~40 pm) on non-patterned substrates to
control overall cell shape.! These adhe-
sive stripes were flanked by non-adhesive
polyethylene glycol (PEG)-coated stripes
to confine the cells to the adhesive stripes.
Remarkably, cell adhesion to stripes wider
than the size of cells on unpatterned sur-
faces induced rounder nuclei than in cells
on non-patterned surfaces, while cells on
narrow stripes showed highly elongated
nuclei.! This result is not a priori obvious
as nuclei in cells on narrow stripes could
simply bulge out from their basal confine-
ment and, therefore, remain relatively
round. We predicted the existence of a
structure that was keeping nuclei highly
confined not only laterally, but also ver-
tically, promoting a round nuclear shape
in cells on wide stripes and an elongated
nuclear shape in cells on thin stripes.
Confocal microscopy revealed that this

cytoplasmic structure confining the
nucleus was indeed the perinuclear actin
cap.!

To demonstrate that cell shape con-
trolled nuclear shape through the actin
cap, cells were treated with low dose of
latrunculin B.' The shape of nuclei in
latrunculin B-treated cells did not respond
to changes in the width of the underlying
adhesive stripe. As already mentioned
above, latrunculin B does not affect
conventional stress fibers as quickly as it
does the actin cap. Cells treatment with
low doses of drugs inhibiting myosin 11/
ROCK:-based actomyosin contractilicy'*"
affected phosho-MLC content in the actin

340

cap, not in conventional stress fibers, but
they did not affect regulation of nuclear
shape by cell shape on narrow stripes.!
In contrast these inhibitors eliminated
the ability of the actin cap to uniformly
stretch the nucleus beyond its spontaneous
size and roundness." These results suggest
that the cell shape controls nuclear shape
through the contractile actin filament
fibers of perinuclear actin cap.
Micropipette manipulation is routinely
used to probe the mechanical properties
of the nucleus. This method suggests that
lamin A/C greatly contributes to nuclear
mechanics.'? As assessed by immunofluo-
rescence microscopy, F-actin disassembly
and the associated dismantlement of the
actin cap does not significantly affect the
organization of the major nuclear lamina
component lamin A/C.! This important
result suggests that the inability of nuclei
of treated cells to respond to forced cell
shape changes is not due mechanical
weakening of the nuclear lamina, per se.
Rather, this result suggests both that the
nuclear lamina is necessary but not suf-
ficient to shape the nucleus and that the
shape of the nucleus depends on the actin
cap. Unfortunately, to allow for close
contact with the nucleus, micropipette
manipulation requires pre-treatment of
cells using a high dose (>1 uM) of F-actin
depolymerizing drug (e.g., cytochala-
sin D or latrunculin B), which, among
other things, eliminates the actin cap.
Hence micropipette manipulation probes
the intrinsic mechanical properties of
the nucleus, not the mechanical proper-
ties of the nucleus in the larger context
of nucleus-cytoplasm interconnections
mediated by the actin cap."”” One way to
reconcile these seemingly contradictory
results—nuclear shaping by the actin
cap and nuclear mechanics dominated by
lamin A/C—is a model where lamin A/C
determines the intrinsic rigidity of the
nuclear cortex, while the actin cap, which
we discuss below, is directly connected to
the nuclear lamina though specific con-
necting proteins, controls the shape of
the lamin A/C-rich stiff nucleus. We note
that other biophysical methods preserv-
ing the integrity of nucleus-cytoskeleton
connections, including particle tracking
microrheology or magnetic tweezers,'*'¢
have been used to directly probe the
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mechanical properties of the nucleus in
living cells.

In addition to MEFs, for which most
of the work on the actin cap has been
conducted so far, the actin cap has been
detected in a wide range of somatic cells,
including human foreskin fibroblasts,
human lung fibroblasts, human umbili-
cal vein endothelial cells, as well as Swiss
3T3 mouse fibroblasts.! However, the
actin cap in normal human breast epithe-
lial (MCF-10A) cells appeared on top of
the nucleus as short actin filament bun-
dles that formed a reticulated network,
as opposed to parallel bundles (unpub-
lished results, Khatau SB and Wirtz D).
Moreover, actin caps are absent in Hela
cells, a human cervical cancer cell line.
Why actin caps are absent in these cells
remains and whether the absence of actin
caps is a general feature of transformed
cells remain to be explored.

One may wonder whether the actin
cap is an artifact of conventional cell cul-
ture using two-dimensional (2-D) sub-
strates. Clearly, endothelial and epithelial
cells form multicellular structures in vivo
that are essentially locally 2-D. In this
case, the actin cap may play an important
role in vivo, as described above. However,
cells such as fibroblasts reside in an in
vivo milieu that is three-dimensional.
In unpublished studies, we investigated
the organization of the actin cap in cells
that were fully embedded inside a three-
dimensional (3-D) collagen I matrix. We
found that the equivalent structure of the
actin cap is topologically different from
that in cells in two-dimensional (2-D)
cultures, but functionally similar. In
the 3-D case, the actin cap seems to be
composed of thick actin filament bundles
that radiate from the perinuclear region
and impinge on the plasma membrane
to form highly polarized pseudopodial
protrusions, which themselves drive cell
motility (unpublished results, Bloom R]
and Wirtz D)."” Similar to the 2-D case,
the elimination of the 3-D actin cap pre-
vents cells from shaping their nucleus.
As discussed in more details below, the
specific elimination of the actin cap in
cells embedded in a 3-D matrix, dramati-
cally reduce cell speed and persistence of
migration, while this has little effect on
single-cell motility on 2-D substrates.
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The Actin Cap in Disease

Defects in nuclear shape are commonly
used in clinical setting as markers of dis-
ease and differentiation in human cells and
tissues.® In particular, laminopathic cells
harvested from patients and animal mod-
els of a wide range of diseases stemming
from mutations in LMNA are character-
ized by ill-shaped nuclei.”” We investigated
the status of the actin cap in MEFs lacking
LMNA from a mouse model for muscu-
lar dystrophy.” Fluorescence microscopy
detects no significant difference in actin
filament network organization and focal
adhesions between Lmna** and Lmna
~ cells.”® However, while a majority of
Lmna*"* cells show a prominent actin cap,
a majority of Lmna” cells display either
no actin cap or a disorganized actin cap.'
Moreover, Lmna®%53% cells from other
mouse models of laminopathies, includ-
ing cells from mice displaying symptoms
of accelerated aging (progeria),” tend to
show even fewer caps than Lmna™ cells.!
Lmna’™ and Lmna®%'>3% cells both show a
cytoplasm that is significantly softer than
the cytoplasm of wild-type cells, another
consequence of the critical importance of
functional linkages between nucleus and
cytoplasm.'®20:2!

LINC complexes connect lamin A/C
to the cytoskeleton, span the nuclear
envelope, and mediate physical connec-
tions between the nuclear lamina and the
cytoskeleton.?> LINC complex proteins
Sunl and Sun2 recruit KASH-domain-
containing proteins Nesprin-2giant and
Nesprin-3 to the outer nuclear mem-
brane through Sun-KASH interac-
tions.? 2 Lmna” and Lmna™%"53% cells
both display disrupted LINC complexes
at the nuclear envelope. Forced disrup-
tion of the LINC complexes using an
EGFP-KASH2 construct,” which pre-
vents binding between Sun proteins and
nesprins, recapitulates the inability of
Lmna” and Lmna™%"53% cells to shape
their nucleus. KASH2-transfected cells
also show significantly fewer actin caps
than control cells. Importantly, simi-
larly to low-dose treatment of latruncu-
lin B, the disruption of LINC complexes
does not significantly affect the orga-
nization of basal stress fibers organiza-
tion and associated focal adhesions and
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specifically affects the actin cap."*® This
suggests that the actin cap could be topo-
logically disconnected from the rest of
the actin cytoskeleton.

Functions of the Actin Cap

We have already identified a major func-
tion for the actin cap: it shapes the inter-
phase nucleus. Given its location, one can
reason that another function of the actin
cap could be position the nucleus within
the cytoplasm and mediate its translo-
cation. Recent work by our group and
Gundersen and coworkers suggest that
the position of the nucleus in the cell is
not random and is mediated by actin.?*
Given the fact that only actin-cap fibers
are physically attached to the nucleus, it is
likely that nuclear motion and positioning
are mediated by the actin cap, although a
direct demonstration is still missing.
Actin filament bundles that make up
the perinuclear actin cap are terminated
by a subset of focal adhesions, which we
name actin-cap associated focal adhesions.
It is tempting to speculate that actin-cap
associated focal adhesions play a criti-
cal role in cellular mechanosensing and
mechanotransduction, i.e., the ability of
cells to sense and respond to changes in
substrate rigidity and externally applied
forces, respectively.’ Indeed, the dis-
covery of the actin cap and its connec-
tions to the nuclear lamina through the
LINC complexes identifies for the first
time an entirely physical (as opposed to
biochemical) pathway directly connect-
ing the extracellular microenvironment
to the genome.*® This pathway contains
the following components: (1) actin-cap
associated focal adhesions which connect
the extracellular matrix to F-actin bundles
in the actin cap; (2) the actin cap bun-
dles, which bind Nesprins at the nuclear
envelope through either multi-domain
actin-binding protein plectin which binds
Nesprin-3,%**or theactin-bindingdomain
of Nesprin-2giant;*>*¢ (3) Nesprins, which
bind SUN proteins through KASH-SUN
interactions;**% (4) SUN proteins, which
bind lamin A/C;* and (5) finally lamin
A/C, which directly or indirectly interacts
with DNA.?” Therefore, it is plausible that
cellular response to changes in substrate
rigidity or to externally applied forces are
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dominated by the actin cap as opposed to
conventional stress fibers, which are not
connected to the nucleus, although much
more work is required to directly test this
hypothesis. Recent FRAP analysis indi-
cate that LINC complex components are
highly dynamic.?® Therefore, the physical
connections between the LINC complexes
and F-actin in the actin cap, which is
itself highly dynamic, are not permanent,
presumably allowing for rapid response
and remodeling of the actin cap and the
genome to extracellular stimuli, such as
changes in the physical and biochemical
properties of the microenvironment.

Lmna" cells show impaired cell migra-
tion in the wound-healing assay.'® The
wound-healing assay not only involves
intrinsic motility, but also intercellular
contacts, which can affect migration.
Indeed, single cell motility parameters of
single Lmna*"* and Lmna” cells on flat
substrates, including cell speed and persis-
tence, are similar. However, Lmna”’ cells
completely embedded inside a 3-D matrix
show a severe cell motility phenotype
when compared to Lmna*"* cells (unpub-
lished results, Bloom RJ, Khatau SB and
Wirtz D). Lamin-deficient cells show few
actin filament bundles that can produce
protrusions, suggesting the elimination of
the 3-D analog of the actin cap observed
in 2-D cell culture. This combined motil-
ity/protrusion defect is rescued in Lmna
’ cells transfected with EGFP-lamin A/C,
for which actin filament bundles protrud-
ing from the nuclear region are restored,
and is recapitulated in cells transfected
with EGFP-KASH2 for such actin fila-
ment bundles are eliminated (unpublished
results, Bloom RJ, Khatau SB and Wirtz
D). These observations suggest the impor-
tance of nuclear-actin-cap connections in
mediating motility and protrusion activ-
ity for cells in a 3D matrix through the
regulation of the organization of the 3D
actin cap.

The above results suggest a remark-
ably wide range of critically important
functions for the actin cap, functions
mediated by the actin cap as opposed to
other actin structures in the cell, such as
dorsal or basal actin. The above studies
indicate that the perinuclear actin cap is
different from conventional stress fibers
confined to the basal cellular surface in
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terms of organization, orientation, subcel-

lular position, dynamics and functions.

However, future studies will need to iden-

tify molecular markers that are specific

to the actin cap, not basal stress fibers,

and actin-cap associated focal adhesions,

not conventional focal adhesions, both

in 2-D and 3-D micro-environments.*

Moreover, how the actin cap may affect

chromosomal organization through its

connections to the lamina remains to be
studied.
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