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A perinuclear actin cap regulates nuclear shape
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Defects in nuclear morphology often correlate with the onset of
disease, including cancer, progeria, cardiomyopathy, and muscular
dystrophy. However, the mechanism by which a cell controls its
nuclear shape is unknown. Here, we use adhesive micropatterned
surfaces to control the overall shape of fibroblasts and find that the
shape of the nucleus is tightly regulated by the underlying cell
adhesion geometry. We found that this regulation occurs through
a dome-like actin cap that covers the top of the nucleus. This cap
is composed of contractile actin filament bundles containing phos-
phorylated myosin, which form a highly organized, dynamic, and
oriented structure in a wide variety of cells. The perinuclear actin
cap is specifically disorganized or eliminated by inhibition of
actomyosin contractility and rupture of the LINC complexes, which
connect the nucleus to the actin cap. The organization of this actin
cap and its nuclear shape-determining function are disrupted in
cells from mouse models of accelerated aging (progeria) and
muscular dystrophy with distorted nuclei caused by alterations of
A-type lamins. These results highlight the interplay between cell
shape, nuclear shape, and cell adhesion mediated by the perinu-
clear actin cap.

LINC complexes | nucleus

n 1921, Champy and Carleton suggested an apparent corre-

lation between the shape of various types of animal cells and
the shape of their respective nuclei (1). Moreover, defects in
nuclear shape are routinely used in the lab and in clinical settings
as markers of disease and differentiation in human cells and
tissues (2). However, remarkably little is known about the factors
that determine nuclear morphology in living cells. In particular,
the molecular mechanisms that govern the shape of the inter-
phase nucleus are unknown. Here we show that an actin filament
structure that forms a cap or dome located above the apical
surface of the nucleus tightly controls nuclear shape and identify
key associated cytoskeletal regulators of its organization and
nuclear shape-determining function. The organization and func-
tion of the perinuclear actin cap are deregulated in diseased cells
with distorted nuclei.

Results and Discussion

To test the hypothesis of a correlation between the shape of the
nucleus and the overall cell shape, mouse embryonic fibroblasts
were dispersed on fibronectin (FN)-coated glass substrates.
Using morphometric analysis, we found that nuclear shape and
cellular shape correlated (Fig. 1 4 and B). Shape factor, defined
as 4mA/P? (where A and P are the nuclear area and perimeter),
approaches 1 for a rounded nucleus and approaches 0 for an
elongated nucleus. Elongated cells typically showed an elongated
nucleus of low shape factor; rounded cells showed a rounded
nucleus of high shape factor (Fig. 14). To control cell shape and,
therefore, be able to quantify nuclear shape as a function of cell
shape, we developed adhesive FN-coated micropatterned stripes
of width ranging between 10 and 50 wm, which alternated with
stripes covered with nonadhesive polyethylene glycol (PEG)
(Fig. 1C) (3-6). Mouse embryonic fibroblasts were allowed to
spread, and within 30 min, the majority of the cells had moved
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to, and aligned in, the direction of the FN stripes (Fig. 1C). Cells
were restricted to the width of the underlying FN micropatterns
(Fig. 1 C and D). Cells stretched on narrow (e.g., 10 um) FN
stripes had nuclei that were highly elongated along the cell’s long
axis (Fig. 1D, left) with a low shape factor (Fig. 1E), while cells
spread over wider stripes (e.g., 30 um) displayed nuclei that were
significantly more rounded (Fig. 1D, middle). Cells that were
“overspread” on 50-um wide FN stripes, which are wider than
the natural size of the cell, had nuclei with shape factors closer
to unity than did cells plated on unpatterned, uniformly FN-
coated surfaces (Fig. 1 D and E, right). This regulation of nuclear
shape by cellular shape was preserved over a wide variety of cells,
including Swiss 3T3 mouse fibroblasts.

Confocal microscopy showed that DA PI-stained nuclei of cells
elongated on micropatterns or spread on uniform surfaces both
featured a thin disk-like morphology, with a mean thickness
ranging between 2.8 wm for cells on unpatterned surfaces to 3.5
pm for cells on 10-um stripes; values were confirmed in live cells
(not shown).

Three-dimensional (3-D) confocal sectional images of actin
staining in patterned mouse embryonic fibroblasts (MEFs)
revealed thick actin filament bundles organized into a curved
shell or cap above the nucleus (Fig. 24). The 3-D structure of this
perinuclear actin cap resembled a dome (Fig. 2 4 and B). This
cap of actin filaments covers the top of the nucleus with a
curvature equal to that of the nucleus’ apical outer surface, as
readily seen in z-confocal sections through the location of the
nucleus (Fig. 2B, right and lower) and in animated 3-D recon-
structions of the actin cap (Movies S1 and S2) in patterned cells.
Actin filament bundles in the cap above the nucleus were aligned
with the overall cell orientation induced by the patterns (Fig. 24,
red bundles in left). Underneath the nucleus, cells displayed
either no organized actin or fewer and thinner actin filament
bundles (Fig. 24, diagonal green bundles, right).

Unpatterned cells plated either on surfaces uniformly coated
with FN or bare glass also displayed an actin cap (Fig. 2 C and
D, Fig. S1, and Movies S3-S6) and few thin basal actin bundles
underneath the nucleus (Fig. 2 C and D, green bundles in right),
which were often not oriented in the same direction as the actin
bundles in the actin cap. More than 60% of WT MEFs displayed
an actin cap (Fig. 3B). That <10% of WT MEFs showed no actin
cap and approximately 30% showed a disrupted cap may be due
to the fact the cells were at different points in their cell cycle
when imaged. Indeed, postmitotic cells do not display an actin
cap for several hours. The presence of a perinuclear actin cap was
confirmed in live cells (Movie S7 and Fig. S2). Movies of cells
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Fig. 1. Cell shape controls nuclear shape through underlying adhesion geometry. (A) MEFs on FN-coated glass and their respective nuclear shape factor. Nuclei

in elongated cells are typically elongated; nuclei in round cells are typically more rounded. (B) Nucleus shape as a function of cell shape measured by the ratio
of nuclear width over nuclear height to cell width over cell length. Cells (180) were examined. (C) MEFs on 10-um wide FN micropatterns (green). (Scale bar, 20
um.) (D) Typical organization of actin filaments (red) and shape of DAPI-stained nuclei (blue) of cells plated on 10-um (Left), 30-um (Center), and 50-pum wide
(Right) FN micropatterns. Nuclei in cells stretched on thin patterns are elongated; nuclei in cells on micropatterns that are wider than their natural size are more
rounded than in unpatterned cells. (Scale bar, 10 um.) (E) Average shape factor of nuclei in MEFs on FN patterns of controlled width and in unpatterned cells
(lastvalue). The nuclear shape factor, which is o = 4mA/P? where A is the apparent surface area of the nucleus and Pits perimeter, is 1 for a perfectly round nucleus
and approaches 0 for an elongated nucleus. At least 100 cells were examined for each micropattern width. Significance in the difference in nuclear shape factor

between two subsequent micropattern widths is denoted as following: ***, P < 0.001; **, P < 0.01; *, P < 0.05; no star, P > 0.05.

transfected with GFP-lifeact (7) focusing on top of the nucleus
show that the filamentous actin cap is a dynamic structure that
undergoes large extensions and retractions (Movie S7). The actin
cap in live cells orients preferably along the direction of the main
axis of the cell (Fig. S2). The actin filament bundles in the actin
cap contained serine 19 (S19) phosphorylated myosin II (Fig.
2F) and were terminated by vinculin-containing focal adhesions
positioned both at the periphery of the nucleus and at the edge
of the cell at the cell’s basal surface (Fig. S3). Finally, a similar
perinuclear actin cap was observed in Swiss 3T3 fibroblasts
(Fig. 2 F and G and Fig. S4) and C2C12 mouse myoblasts, as
well as human endothelial cells (HU VECs) and human ovarian
epithelial cells, for which the physiological environment is
essentially 2-D.

To determine whether the actin cap is involved in nuclear
shape control and to identify regulators of the actin cap archi-
tecture and function, we perturbed the expression and assembly
of key cytoskeleton proteins, components of the lamina and the
nuclear envelope (NE), and examined the actin cap organization
and nuclear shape response to cell shape changes.

First, cells were treated with a low concentration (80 nM) of
the F-actin depolymerizing drug latrunculin B (Fig. 3 A-E),
which disrupted a significant fraction of the actin caps (Fig. 3B)
while leaving the basal stress fibers largely intact (Fig. 3 4 and
C-E and Movie S8). As a result, the nucleus bulged to an
increased thickness, from 2.8-5.8 um for cells on 10-um stripes
(not shown). We verified that the proportion of cells displaying
an actin cap and treated with DMSO was similar to untreated
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cells (Fig. S5). Latrunculin B treatment led to an almost com-
plete abrogation of the regulation of nuclear shape by cell shape
(Fig. 3F). Together, these results suggest that the integrity of the
perinuclear actin cap depends on F-actin assembly and that the
actin cap plays a critical role in nuclear shape regulation by cell
shape.

Since F-actin in the actin cap plays a role in the control of
nuclear shape and phosphoryated myosin and actin co-localize
in the actin cap (Fig. 2E), we asked whether it was the extent of
actin assembly or myosin-mediated contractility that played the
dominant role. The treatment of cells with drugs inhibiting
actomyosin contractility [Rho kinase inhibitor Y-27632, myosin
light chain kinase (MLCK) inhibitor ML-7] disorganized the
actin cap and/or diminished the number of actin fibers in the cap
(Fig. 3G and Movie S9) compared to control cells. Accordingly,
these drugs significantly abrogated nuclear shape regulation
(Fig. 3H). These defects were typically accompanied by signif-
icant bulging of the nucleus, but to a lesser extent than in cells
treated with latrunculin B. Together these results show that the
architecture of the actin cap and its control of nuclear shape
depend critically on actin assembly and, to a lesser extent, on
actomyosin contractility.

The existence of the perinuclear actin cap and its regulation
by actin filament assembly and contractility suggest a mechanism
by which the shape of the nucleus can be controlled by the
underlying cell adhesion geometry. Contractile actin fibers in the
perinuclear cap pull the nucleus toward the bottom of the cell,
preventing the nucleus from bulging against the cell membrane,
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Fig. 2. The perinuclear actin cap. (A) Confocal microscopy sections of the
actin filament network at the apical surface (red), mid-height (blue), and basal
surface (green) of a MEF ona 10-um wide FN pattern; see also Movie S1. (B) Full
confocal reconstruction (Left) color-coded according to cell height, as well as
width cross-section (Bottom) and length cross-section (Right) through the
nucleus of the 3-D actin filament organization displayed showing the actin cap
in the cell of A; see also Movie S2. (Cand D) Confocal sections, reconstruction,
side view, and profile view of the perinuclear actin cap at the apical surface,
mid-height, and basal surface of a cell on a uniformly FN-coated (unpatterned)
surface; see also Movies $3-56. (E) Colocalization of filamentous actin (Left)
and phosphorylated myosin Il (Center) in the perinuclear actin cap. (F and G)
Apical (Left) and basal (Right) organization of the actin filament network in
MEFs and Swiss 3T3 fibroblasts, which both typically display a prominent actin
cap.

and squeeze the nucleus laterally through anchoring by the
terminal focal adhesions, which are themselves confined laterally
to the micropatterns. The confinement of the nucleus by apical
actin fibers could explain the observed thin disk-like shape of the
nucleus and the nucleus’ inability to move in and out of the plane
of focus during nuclear rotation (8).

Recent results suggest that the actin cytoskeleton is intimately
connected to the outer nuclear membrane through specific
nucleocytoskeletal molecular linkers, which are located on the
NE and form the linker of nucleoskeleton and cytoskeleton
(LINC) complex (9-13). Traditional fluorescence microscopy
focusing on the bottom of the cell suggests that the displacement
of these NE proteins caused by lamin depletion does not affect
actin filament organization (14). Because the NE distribution of
LINC complex proteins is altered in embryonic fibroblasts
derived from mice lacking A-type lamins, a model of dilated
cardiomyopathy and muscular dystrophy (15, 16), we hypothe-
sized that the depletion of lamin A/C from the nucleus would
disrupt the organization of the actin cap and the regulation of
nuclear shape by cell shape. While the organization of actin
fibers away from the nucleus in Lmna~'~ cells (imaged by
focusing on the bottom of the cell) remained largely unchanged
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indeed (17, 18), the actin cap disappeared in a majority of
Lmna~'~ cells (Fig. 4 A and C, Fig. S6, and Movie S10), an effect
that was enhanced by patterning Lmna~'~ and Lmna™'* cells
(Fig. S7). The thickness of the nucleus increased from 2.8 pm for
unpatterned Lmna™'* cells to 6 pm for unpatterned Lmna~'~
cells. Moreover, nuclear morphometric analysis showed that
lamin A/C deficiency greatly reduced the control of nuclear
shape by cell shape (Fig. 4B). Therefore, the loss of nuclear lamin
A/C causes a loss of the actin cap, which attenuates the ability of
the nucleus of Lmna™/~ cells to respond to overall changes in
their cell shape.

Since the absence of lamin A/C can have secondary effects on
gene expression, we characterized the effects of wild-type (WT)
cells expressing EGFP-KASH?2 on the organization of the actin
cap and on nuclear shape regulation. This construct has recently
been shown to displace actin-binding protein Nesprin-2 giant
from the NE (14), which may connect the actin cytoskeleton to
the nucleus (9, 19-21). We found that the fraction of EGFP-
KASH2-transfected cells displaying an organized actin cap was
dramatically decreased compared to WT cells (Fig. 4 D and F).
Moreover, cells transfected with the control EGFP-KASH2ext,
which localizes to the NE but does not displace the LINC
complex, did not affect actin cap organization (Fig. 4 D and F).
The nuclear shape response of EGFP-KASH2-transfected cells
was significantly diminished compared to control and WT cells
(Fig. 4E). We also found that lamin A/C distribution is unaf-
fected in cells expressing EGFP-KASH?2 (Fig. S8). Hence the
disruption of the LINC complexes recapitulates the lamin KO
phenotype, including a disrupted actin cap and a reduced ability
of the cells to regulate nuclear shape. Together these results
indicate that the LINC complexes regulate the organization of
the actin cap and its nuclear shaping function.

Similarly, we investigated the organization of the actin fila-
ment network in primary fibroblasts harvested from an
Lmna>3L530P mouse, a model of accelerated aging (progeria)
(17,22, 23). We have recently shown that LINC complex proteins
are displaced from the nucleus to the ER and cytoplasm in a
majority of Lmna™30F/L330P cells (17). Similarly to Lmna '~ cells,
Lmna™30P/L330P cells show no overt disorganization of their basal
stress fibers compared to control WT cells (17). However, the
actin cap was either disorganized or completely eliminated
(Fig. 4G).

Together these results suggest that basal stress fibers and actin
filament bundles in the perinuclear actin cap are regulated by
distinct pathways; unlike basal stress fibers, the actin cap is
physically connected to the nuclear lamina. Actin cap-nucleus
connections are altered in cells from mouse models of muscular
dystrophy and progeria (17, 24, 25), which disorganizes the actin
cap and may explain the deformed shape of the nucleus in these
diseased cells.

The organization of lamin A/C and the LINC complexes
remained intact in latrunculin-B-treated cells, even with doses
up to 500 nM (Fig. S9). Moreover, latrunculin B treatment at low
dose alone does not affect the organization of basal stress fibers.
Therefore, the elimination of the actin cap seems to be sufficient
to eliminate nuclear shape response of WT cells to forced
changes in overall cellular shape (Fig. 3 C and D) in a manner
similar to that observed in Lmna™'~ and Lmna3%F/L30P cells,
Therefore, together with the results obtained with EGFP-
KASH?2, the diminished response of nuclear shape to changes in
the shape of Lmna=/'~ and Lmna™30PL530P cells is primarily
caused by the disorganization of the actin cap itself, which is
induced by the displacement of the LINC complexes in these
cells.

In conclusion, our results suggest that the shape of the
nucleus is controlled by cell shape through a previously
unreported actin filament structure, the perinuclear actin cap,
which is located above and around the interphase nucleus. The
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Regulation of nuclear shape and the perinuclear actin cap. (A) Representative apical and basal F-actin organization in latrunculin B-treated

unpatterned cells. Arrowhead indicates the absence of the actin cap. (Scale bar, 10 um.) (B) Fraction of control (white bars) and latrunculin B-treated cells
(back bars) showing either an organized, a disorganized, or no actin cap. (C) Fraction of control (white bars) and latrunculin B-treated cells (back bars)
showing disorganized and organized basal stress fiber architecture. (D) Typical confocal reconstruction, side view, and profile view of the F-actin
organization at the apical surface (red), mid-height (blue), and basal surface (green) of a cell treated with a low concentration (80 nM) of latrunculin B
showing no organized actin cap, while basal actin is organized. (E) Representative apical and basal F-actin organization in latrunculin B-treated cells on
10-um wide micropatterns. (F) Averaged shape factor of nuclei in control and latrunculin B-treated MEFs plated on FN micropatterns of controlled width.
There was no significant change in nuclear shape factor in latrunculin B-treated cells. (G) Representative top confocal cross-sections showing the
organization of the actin cap in ML-7-treated and Y-27632-treated cells on 30-um micropatterns. (H) Averaged shape factor of nuclei in control patterned
MEFs and cells treated with either MLCK inhibitor ML-7 or ROCK inhibitor Y-27632. At least 100 cells were examined in E and G for each micropattern width.

Statistical significance in E and G is denoted with stars as in Fig. 1.

actin cap consists of thick, dynamic, actomyosin filament
bundles, which form a highly organized dome that covers the
top of the nucleus, is connected to the NE through the LINC
complex, and is mostly aligned with the overall cell orientation
(Fig. 5). Actin filament bundles in the actin cap are structurally
and functionally distinct from dorsal stress fibers located at the
top of the lamella (26) and the contractile actin ring located at
the division plane during mitosis (27). The perinuclear orga-
nization of the actin cap depends on the integrity of the nuclear
lamina and LINC complexes, as well as actin filament assembly
and contractility.

Experimental Procedures

Cell Culture, Drug Treatments, and Transient Transfection. Unless stated, re-
agents were purchased from Sigma. WT and KO MEFs were cultured in DMEM
[American Type Culture Collection (ATCC)] supplemented with 10% FBS
(ATCC) and 100 U penicillin/100 pg of streptomycin and maintained at 37 °Cin
a humidified, 5% CO, environment. ROCK inhibitor Y-27632 (concentration,
30 uM), myosin Il inhibitor blebbistatin (2.5 or 25 uM), MLCK inhibitor ML7 (25
1M), and actin filament depolymerizing drug latrunculin B (80 nM) were
diluted using the stock medium. Cells were incubated with latrunculin B for 30
min before measurements and 45 min for the other drugs. Transient trans-
fection was carried out as described (14) using Fugene HD transfection re-
agent (Roche) according to the manufacturer’s specifications.

FN Micropatterning. Custom masks were used to create master micropatterns.
Briefly, silicon wafers were cleaned by Piranha clean (3:1 H,504:H,0;) and then
baked at 200 °C for 15 min. Omni-Coat (MicroChem) was spun onto the
treated glass according to manufacturer specifications. SU-8 2010 photoresist
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was then spun onto the silicon at 3,000 rpm for a thickness of 10 um. The
wafers were exposed to UV light through the mask and developed. Finally, the
wafers were hard-baked overnight. PDMS (Corning) was poured over the
master patterns and baked for at least 6 h at 60 °C. Stamps were then cut
out and washed with ethanol before each use. Custom 35-mm glass slides
(MatTek) were functionalized in 5% (in ethanol) mercaptopropyl-
trimethoxysilane (Sigma) in the dark for 20 min. The slides were washed in
ethanol and dried completely with nitrogen. The PDMS stamps were coated
with 200 pL 50 ug/mL FN. After 10 min, the stamps were completely dried with
nitrogen and then put on the treated glass slides. After 1 min, the stamps were
removed, and the slides were treated in 1 mg/mL polyethylene glycol (PEG) for
2 hin the dark. The PEG solution was aspirated, and cells were seeded on the
micropatterns.

Morphometric Measurements and Immunofluorescence Microscopy. Actin fila-
ment and focal adhesion architecture were examined by immunofluorescence
confocal microscopy. Cell were allowed to spread on patterned or unpat-
terned FN-coated surfaces overnight, were fixed with 2% paraformaldehyde
for 1 h, and stained for nuclear DNA, focal adhesion protein vinculin, extra-
cellular matrix molecule FN, nuclear protein lamin A/C, phosphorylated my-
osin, and cytoskeletal filamentous actin. For staining, cells were permeabilized
with 0.1% Triton X-100 for 10 min. BCS, 10%, in PBS was used to block
nonspecific binding for 20 min. The antibodies used were: anti-FN antibody
(Chemicon) at 1:100, anti-vinculin antibody (Sigma) at 1:40, anti-phospho-
myosin light chain 2 (Ser 19) antibody (Cell Signaling Technology) at 1:50, and
anti-lamin A/C antibody (MAb3538; Chemicon). To visualize actin and nuclear
DNA, Alexa-Fluor phalloidin 488 and 300 nM DAPI (Invitrogen) were used,
respectively. In live cells, F-actin organization was visualized using GFP-lifeact,
as described (7, 28).

Fluorescent images were either collected using a Cascade 1K CCD camera
(Roper Scientific) mounted on a Nikon TE2000E microscope with a 60X Plan
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Fig.4. Role of the nuclear lamina and LINC complexes on the presence, organization, and nuclear shaping function of the perinuclear actin cap (A and B). (A)
Representative top confocal cross-section showing the organization of the actin cap in a Lmna~/~ MEF plated on a 10-um wide FN micropattern. (B) Averaged
nuclear shape factor of MEFs lacking lamin A/C (Lmna~/~) and WT cells as a function of FN micropattern width. Statistical significance is denoted with stars as
in Fig. 1. (C) Proportion of WT MEFs and Lmna~/~ MEFs showing an organized, disorganized, or no actin cap on unpatterned FN-coated surfaces. (D)
Representative basal and apical organization of the actin network in an MEF transfected with EGFP-KASH2 and placed on an unpatterned FN-coated surface.
The yellow and white arrowheads indicate the absence of an actin cap in an EGFP-KASH-transfected cell and presence of on actin cap in a control untransfected
cell. (Scale bar, 10 um.) (E) Averaged nuclear shape factor of WT MEFS (black) and MEFs transfected with either EGFP-KASH2 (red) or EGFP-KASH2ext (blue) as
a function of micropattern width. (F) Proportion of WT MEFS and MEFs transfected with either EGFP-KASH2 or EGFP-KASH2ext showing an organized,
disorganized, or no actin cap on unpatterned FN-coated surfaces. (G) Proportion of WT mouse adult fibroblasts (MAFs) and Lmnat339P/L530P M AFs on unpatterned
FN surfaces showing either an organized, a disorganized, or no actin cap on unpatterned FN-coated surfaces.

Fluor lens (N.A. 1.4) or using a Zeiss 510 laser-scanning confocal microscope.
3-D images were analyzed and processed using a combination of LSM Image
Browser (Zeiss), Metaporph, and ImageJ (National Institutes of Health). Spe-
cial attention was paid to use small increments between focal sections (<0.15
m) and to scan the same cell starting at slightly different heights, not to miss
actin structures underneath the nucleus.

DAPI-stained nuclei were individually traced by hand, and size, length of

cell with an actin cap

minor axis, length of major axis, and shape factor were measured using
Metamorph software (Universal Imaging). For cells plated on unpatterned
surfaces, the ratios of width to length of cells (see Fig. 1B) were binned
between 0.00-0.25, 0.26-0.50, 0.51-0.75, and 0.76-1.00, respectively.

The number of cells examined for each FN strip width, drug treatment, and
type of cell is shown in the figures. We verified that addition of DMSO (1:500
volume dilution) alone did not affect the proportion of cells showing an actin

. basal actin

.actin cap

cell without an actin cap

Fig. 5.

Schematic of the actin filament architecture at the basal and apical surface of an adherent cell. (Top) Apical actin fibers (red) wrap around the apical

outer surface of the nucleus, forming the perinuclear actin cap; (bottom) either the depletion of nuclear lamin A/C, the disruption of LINC complexes, actin
filament disassembly, or the inhibition of actomyosin contractility disrupts the organization of the actin cap and its nuclear shaping function.
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cap and the organization of the actin cap (Fig. S5). Mean values, standard error
of measurement (SEM), and statistical analysis of shape factors were calcu-
lated and plotted using Graphpad Prism (Graphpad Software). Two-tailed
unpaired t-tests were conducted to determine significance caused by protein
depletions or drug treatments.
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