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Mutations in LMNA, which encodes A-type lamins, result in dispa-
rate diseases, known collectively as laminopathies, that affect dis-
tinct tissues, including striated muscle and adipose tissue. Lamins
provide structural support for the nucleus and sites of attachment
for chromatin, and defects in these functions may contribute to
disease pathogenesis. Recent studies suggest that A-type lamins
may facilitate connections between the nucleus and the cytoskele-
ton mediated by nuclear envelope nesprin and SUN proteins. In
mammalian cells, however, interfering with A-type lamins does
not affect the localization of these proteins. Here, we used centro-
some orientation in fibroblasts, which requires separate nuclear
and centrosome positioning pathways, as a model system to un-
derstand how LMNAmutations affect nucleus-cytoskeletal connec-
tions. We find that LMNA mutations causing striated muscle dis-
eases block actin-dependent nuclearmovement,whereasmost that
affect adipose tissue inhibit microtubule-dependent centrosome
positioning. Genetic deletion or transient depletion of A-type lam-
ins also blocked nuclearmovement, showing thatmutations affect-
ing muscle exhibit the null phenotype. Lack of A-type lamins, or
expression of variants that cause striated muscle disease, did not
affect assembly of nesprin-2G and SUN2 into transmembrane actin-
associated nuclear (TAN) lines that attach the nucleus to retro-
gradely moving actin cables. Nesprin-2G TAN lines were less stable,
however, and slipped over the nucleus rather than moving with it,
indicating that they were not anchored. Nesprin-2G TAN lines also
slipped in SUN2-depleted cells. Our results establish A-type lamins
as anchors for nesprin-2G–SUN2 TAN lines to allow productive
movement and proper positioning of the nucleus by actin.

nesprin SUN | linker of nucleoskeleton and cytoskeleton complex |
muscular dystrophy

Lamin A and lamin C, the predominant A-type lamins, are
expressed in most differentiated somatic cells. Yet, different

mutations in the LMNA gene encoding these proteins result in
a variety of diseases that affect specific tissues. LMNA mutations
cause autosomal dominant Emery–Dreifuss muscular dystrophy
(EDMD) and related diseases with dilated cardiomyopathy
(DCM) that affect cardiac muscle and skeletal muscle to variable
degrees (1). Other LMNA mutations cause Dunnigan-type fa-
milial partial lipodystrophy (FPLD) that affects adipose tissue
(2), Charcot–Marie–Tooth type 2B1 disease that affects pe-
ripheral neurons (3), and progeroid syndromes with features of
accelerated aging (4, 5). The mechanism whereby mutations in
a single gene that is widely expressed cause such diverse diseases
remains a puzzle.
There are two prevailing hypotheses to explain the patho-

genesis of laminopathies. The mechanical stress hypothesis
proposes that alterations in A-type lamins compromise nuclear
integrity in tissues susceptible to stress, such as striated muscle.
This model is supported by findings that A-type lamin deficiency
disrupts nuclear integrity in model systems (6, 7). The second
hypothesis postulates that LMNA mutations alter interactions of
the nuclear lamina with chromatin, resulting in aberrant gene
expression. This model is supported by findings that lamin A is
necessary to repress inhibitors of MyoD expression (8).

A third possibility is that alterations in lamin A/C might cause
disease by compromising interactions between the nucleus and
cytoskeleton that are necessary for positioning the nucleus.
Interactions between the nucleus and cytoskeleton are mediated
by the linker of nucleoskeleton and cytoskeleton (LINC) complex,
which spans the nuclear envelope via nesprin proteins in the outer
nuclear membrane and SUN proteins in the inner nuclear mem-
brane (9). Nesprins interact with cytoskeletal elements, and both
nesprins and SUNs contribute to nuclear movement and posi-
tioning during development and in migrating cells (10–13). Re-
cent work has shown that multiple LINC complexes assemble into
transmembrane actin-associated nuclear (TAN) lines that attach
nuclei to actin filaments during nuclear movement as fibroblasts
polarize to migrate (13).
The nuclear lamina may contribute to LINC complex function

during nuclear positioning. Disruption of the nuclear lamina
affects nuclear positioning and cell polarity in Drosophila photo-
receptor cells (14) and oocytes (15) and is required for nuclear
localization of Unc84, a SUN protein involved in nuclear posi-
tioning in Caenorhabditis elegans (16). Mammalian LMNA muta-
tions also seem to affect linkage of the nucleus to the cytoskeleton
(17, 18), but nesprins and SUNs localize to the nucleus without A-
type lamins (19); thus, the function of A-type lamins in nuclear-
cytoplasmic connections is unclear.
The hypotheses discussed above have yet to be supported by

data that might explain how distinct LMNA mutations cause
tissue-specific diseases. We examined nuclear movement during
centrosome orientation inmigrating fibroblasts, which requires A-
type lamins (18). We screened 16 different disease-causing lamin
A variants and found that nearly all affected centrosome orien-
tation but only those that cause muscle disease affected nuclear
movement and positioning. A-type lamins were not required for
assembly of LINC complexes into TAN lines but were required to
anchor TAN lines so that actin cable movement produced nuclear
movement. These data identify a unique function for A-type
lamins in anchoring nuclear-cytoplasmic connections and reveal
a subcellular process affected byLMNAmutations that segregates
with disease.

Results
We used wounded NIH 3T3 fibroblast monolayers to explore
whether disease-associated lamin A variants affected nuclear or
centrosome positioning events that orient the centrosome to-
ward the wound edge (20). In this system, the serum factor
lysophosphatidic acid (LPA) activates Cdc42-dependent path-
ways that trigger actin and myosin II-dependent rearward nu-
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clear movement (away from the leading edge) and microtubule-
and dynein-dependent maintenance of the centrosome at the cell
center (20–22). The combined effect of these two processes is the
reorientation of the centrosome to a position between the nu-
cleus and the leading edge.
Mutant prelamin A cDNA constructs were expressed by mi-

croinjection into starved NIH 3T3 fibroblasts at the wound edge,
and centrosome orientation was then triggered with LPA. Prel-
amin A constructs are processed to mature lamin A, and all mu-
tant versions localized to the nucleus (23) (Fig. 1 and Fig. S1).
Nearly all (14 of 16) disease-causing lamin A variants blocked
LPA-stimulated centrosome orientation, whereas WT lamin A
did not (Fig. 1 A and B). To determine whether nuclear or cen-
trosome positioning was affected by expression of the lamin A
variants, we measured the positions of the nucleus and centro-
some relative to the cell centroid in fixed cells (20). Expression of
lamin A variants that cause EDMD or DCM prevented rearward
positioning of the nucleus compared with nonexpressing or WT
lamin A-expressing controls (Fig. 1 A and C). Conversely, ex-
pression of variants that cause FPLD did not affect nuclear po-
sitioning but caused the centrosome to be positioned rearward
with the nucleus rather than near the cell center as in control cells
(Fig. 1 A and C). Direct time-lapse imaging showed that nuclei
failed to move rearward in cells expressing lamin A variants that

cause EDMD (E385K) or DCM (N195K), whereas nuclei moved
rearward in cells that expressed WT lamin A or a variant that
causes FPLD (R482W) (Fig. 1D). These results show that the
lamin A variants inhibiting centrosome orientation did so by in-
ducing specific phenotypes that segregated with respect to disease.
Loss of lamin A results in impaired cell migration (18, 24). We

tested whether disease-causing lamin A variants affected cell mi-
gration by expressing the variants in wound edge cells and stimu-
latingmigration with serum. Cells expressing laminA variants that
causemuscle disease fell behind thewound edge duringmigration,
whereas control cells that expressedGFP,WT laminA, or variants
that cause FPLD remained at the wound edge (Fig. S1A). These
results indicate that defective nuclear movement in cells express-
ing lamin A variants that cause muscle disease interferes with cell
migration, consistent with earlier studies (18, 24).
We tested whether the differential incorporation of the lamin A

variants into the lamina contributed to the different effects on nu-
clear and centrosome positioning. Resistance to detergent extrac-
tion was used as ameasure of incorporation into the lamina, andwe
found thatwith one exception, T528K, all the variantswere resistant
to extraction to about the same degree as WT (Fig. S1B). Further-
more, confocal microscopy of cells expressing the lamin A variants
showed that the ratio of fluorescence in the nuclear rim to the nu-
clear interior was similar forWT and each disease-causing lamin A
variant except T528K (Fig. S1 C and D). These results show that
differential incorporation does not explain the disease-based seg-
regation of polarity defects. That the T528K variant does not affect
centrosome orientation may reflect its lack of incorporation into
thenuclear envelopeandmayalsoexplainwhyT528Kwasanoutlier
in a study on lamin A regulation of ERK signaling (25).
Defective nuclear or centrosome positioning caused by lamin A

variants may represent a gain or loss of function, so we examined
these processes in Lmna−/− mouse embryonic fibroblasts (MEFs)
(26).Asobserved earlier (18),Lmna−/−MEFs failed to orient their
centrosome in response to LPA compared with Lmna+/+ MEFs
(Fig. 2 A and B). Further analysis showed that LPA-stimulated
rearward positioning of the nucleus was defective in Lmna−/−

MEFs (Fig. 2B). Time-lapse microscopy showed that the nucleus
remained stationary in Lmna−/− MEFs in response to LPA,
whereas itmoved rearward in theLmna+/+MEFs (Fig. 2C).Acute
depletion of lamin A/C by siRNA in NIH 3T3 fibroblasts yielded
similar results on centrosome orientation, nuclear positioning,
and nuclearmovement (Fig. 2D andFig. S2A).Depletion of lamin
A/C fromNIH 3T3 fibroblasts also reduced cell migration velocity
compared with control NIH 3T3 fibroblasts (22, 27) (Fig. S2B).
To test whether the effects of the disease-causing lamin A var-

iants on centrosome orientation were intrinsic to the variant pro-
teins, we expressed laminA proteins inLmna−/−MEFs. Expression
of WT lamin A rescued centrosome orientation and nuclear posi-
tioning in Lmna−/− MEFs (Fig. 3 A and B). In contrast, expression
of a variant that causes EDMD failed to rescue either centrosome
orientation or nuclear movement, whereas expression of a variant
that causes FPLD rescued nuclear movement but not centrosome
orientation (Fig. 3 A and B). These results confirmed that lamin A
was specifically required for nuclear movement and that the effects
on centrosome orientation are intrinsic to the expressed lamin A
proteins. Finally, we tested whether centrosome orientation was
affected in cells from a patient with EDMD. Centrosome orienta-
tion and rearward nuclear positioningwere significantly impaired in
fibroblasts derived from an individual with EDMD (R453W mu-
tation) (28) compared with fibroblasts derived from an unaffected
individual (Fig. 3 C and D). Thus, A-type lamins contribute to
nuclear movement in both human and mouse cells, and this activity
is disrupted by LMNA mutations that cause EDMD.
The effects of the FPLD variants on centrosome position are

likely indirect because centrosome positioning involves dynein-
dependent microtubule tethering at the cell cortex (22). We
therefore focused on the immotile nuclear phenotype caused by
EDMD and DCM LMNA variants. Nuclear movement in
fibroblasts is driven by the coupling of retrogradely moving actin
cables to the nucleus through nesprin-2G and SUN2 TAN lines

Fig. 1. Disease-causing variants of lamin A block centrosome orientation. (A)
LPA-stimulatedNIH 3T3fibroblasts expressing FLAG-tagged laminA variants and
stained for FLAG tag (blue), pericentrin for centrosomes and β-catenin for cell
edges (red), and microtubules (green). Arrows denote expressing cells, and
arrowheads denote the centrosome. (Scale bar, 10 μm.) (B) Centrosome orienta-
tion in NIH 3T3 fibroblasts expressing lamin A variants. Centrosomes were con-
sideredorientedwhen theywere in a pie-shaped section facing thewound edge;
random orientation is 33% by this measure (21). Error bars are SEM for >45 cells
from three independent experiments, and centrosome orientation was signifi-
cantly different from that ofWT control (P< 0.001) for all laminA variants except
T528KandR482Q. (C)Nuclear(red)andcentrosome(blue)positionsalongtheaxis
perpendicular to thewoundfor cells expressing laminAvariants. The cell centroid
is zero; positive values are located toward the leading edge, and negative values
are located toward the cell rear. Values are expressed as a percentage of the cell
radius to account for variations in cell size (20, 40). Errorbars are SEMfor>30 total
cells from at least three independent experiments for each variant. The nuclear
position in all EDMDandDCM variants (except T528K) was significantly different
from that of WT (P < 0.001), and the centrosome position in all FPLD variants
(except R482Q) was significantly different from that of WT (P < 0.001). (D) Mon-
tages from movies of NIH 3T3 fibroblasts expressing red fluorescent protein-
tagged versions of the indicated lamin A variants. The leftmost panel shows
aphase image. Thebox (Left) indicates the region shownathighermagnification
in the fluorescence images (Right). Images were acquired every 5 min (time is in
minutes after addition of LPA). (Scale bar, 5 μm.)
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(13); thus, nuclear movement could be disrupted by alterations in
actin or nesprin-2G/SUN2. To examine actin retrograde flow, we
expressed Lifeact-mCherry, which labels all F-actin detected by
phalloidin and does not alter actin distribution in fibroblasts
(29, 13). Movies of Lifeact-mCherry revealed that actin cables
formed normally in response to LPA and that dorsal actin cables
moved retrogradely at comparable rates in both Lmna+/+ and
Lmna−/− MEFs (Fig. 4 A and B). Yet, the nucleus moved with
dorsal actin cables in Lmna+/+ MEFs but remained stationary as
actin cables flowed past in Lmna−/− MEFs (Fig. 4 A and B). These
results indicate that defective nuclear movement in Lmna−/−

MEFs is not caused by defects in actin retrograde flow.
Because TAN lines provide the direct connection between the

nucleus and actin, we examined the assembly and function of TAN
lines in fibroblasts lacking lamin A/C or expressing lamin A var-
iants. The levels of SUN2 are not affected inLmna−/− cells or NIH
3T3 fibroblasts depleted of lamin A/C (19, 30); however, nesprin-
2Ghas been reported to be present at reduced levels in nuclei from
Lmna−/− MEFs (31). We observed a small reduction (5–15%) in
nesprin-2G levels in nuclei of cells expressing 11 of 12 lamin A
variants that cause EDMD or DCM but not in nuclei of cells
expressing WT lamin A or variants that cause FPLD (Fig. 4 C and
Fig. S3A). We tested whether increasing the levels of nesprin-2G
would rescue the defective nuclear movement in Lmna−/− MEFs
by expressing a chimeric construct of nesprin-2G (GFP-minine-
sprin-2G) that contains the N-terminal actin-binding domain and
the C-terminal transmembrane and KASH domains and rescues
nuclear movement in nesprin 2G-depleted NIH 3T3 fibroblasts
(13) (Fig. 4D and Fig. S3B). GFP-mininesprin-2G localized to the

nucleus but did not rescue centrosome orientation or rearward
nuclear positioning in Lmna−/− MEFs (Fig. 4D and Fig. S3B),
suggesting that defective nuclear movement in Lmna−/− MEFs
does not result from decreased levels of nesprin-2G.
We next explored whether TAN lines formed in cells lacking

laminA/C.GFP-mininesprin-2G is a probe forTAN lines (13), and
when expressed in Lmna−/− MEFs, TAN lines containing both
GFP-mininesprin-2G and endogenous SUN2 formed, although
slightly less efficiently than in Lmna+/+ MEFs (Fig. 4E and Fig.
S3C). Additionally, the TAN lines were less persistent in Lmna−/−

MEFs (Fig. 4F).

Fig. 2. Lamin A/C is necessary for nuclear movement. (A) Images of LPA-stim-
ulated Lmna+/+ and Lmna−/− MEFs in a wounded monolayer stained for peri-
centrin and β-catenin (red), nuclei (blue), and microtubules (green). Arrowheads
indicate the centrosome, and thewound is located at the top. (Scale bar, 10 μm.)
(B) Nucleus (red) and centrosome (blue) positions in LPA-stimulated Lmna+/+ and
Lmna−/−MEFs. Centrosome orientation (percentage of cells) is located below the
histogram. Error bars are SEM for >100 cells from at least three independent
experiments. The nuclear position is significantly different between stimulated
Lmna+/+ and Lmna−/− cells (P < 0.001). (C) Phase contrast images from movies of
Lmna+/+ and Lmna−/− MEFs. The boxed region (Left) is shown at higher magni-
fication (Right). Imageswere acquiredevery 5min (time is inminutes). (Scale bar,
10 μm.) (D) Nucleus (red) and centrosome (blue) positions in NIH 3T3 fibroblasts
depleted of lamin A/C and GAPDH. Centrosomeorientation (percentage of cells)
is shown below the histogram. Error bars are SEM for >100 cells from three in-
dependent experiments. The nuclear position is significantly different between
GAPDH- and lamin A/C-depleted NIH 3T3 fibroblasts (P < 0.001).

Fig. 3. Lamin A variants interfere with centrosome orientation and nuclear
movement in Lmna−/− MEFs and in human fibroblasts. (A) Images of LPA-
stimulated Lmna−/− MEFs expressing lamin A variants and stained for the
expressed lamin A (red) and microtubules (green). The wound edge is located
toward the top, and arrows indicate the centrosome. (Scale bar, 10 μm.) (B)
Nucleus (red) and centrosome (blue) positions in the cells described in A. The
centrosome orientation (percentage of cells) is located below the histogram.
Error bars are SEM for >50 cells from at least three independent experiments.
Nuclear position in E358K-expressing cells is significantly different from that in
WT-expressing cells (P < 0.01) but not from that in nonexpressing controls.
Nuclear position in R482W0-expressing cells is significantly different from that
in nonexpressing controls (P < 0.01) but not from that in WT-expressing cells.
The position of the centrosome in R482W-expressing cells is significantly dif-
ferent from that ineachof theother conditions (P<0.05). (C) Imagesofhuman
fibroblasts from an unaffected control and from an individual with EDMD
caused by the R453W LMNA mutation stimulated with LPA and stained for
nuclei (blue), β-catenin and pericentrin (red), and microtubules (green).
Arrows indicate the centrosome, and the wound edge is located at the top.
(Scale bar, 10 μm.) (D) Nucleus (red) and centrosome (blue) positions for the
cells described in C. Centrosome orientation (percentage of cells) is located
below the histogram. Error bars are SEM for >100 cells from at least three
independent experiments. Nucleus position and centrosome orientation in
R453W are significantly different from those in control (P < 0.01).
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To test whether the decreased persistence of the TAN lines in
Lmna−/− MEFs reflected defective interaction between TAN
lines and actin cables, we imaged TAN lines and nuclear
movements in Lmna+/+ and Lmna−/− MEFs. TAN lines and the
nucleus moved at the same rate in Lmna+/+ MEFs, consistent
with their role in linking actin cables to the nucleus for move-
ment (13) (Fig. 5 A–C). TAN lines moved at a similar velocity in
Lmna−/− MEFs compared with Lmna+/+ MEFs; however, they
moved over a stationary nucleus rather than moving with the
nucleus as in Lmna+/+ MEFs (Fig. 5 A–C). TAN lines moved
with the nucleus in NIH 3T3 fibroblasts expressing an FPLD-
causing lamin A variant, whereas they moved over a stationary
nucleus in fibroblasts expressing an EDMD-causing lamin A
variant (Fig. 5 D and E). These results indicate that lamin A/C
anchors TAN lines and that lamin A variants causing striated
muscle disease but not adipose disease disrupt this anchoring.
Nesprin-2G resides in the outer nuclear envelope, whereas

lamin A resides within the nucleoplasm, so one would expect that
lamin A/C anchors nesprin-2G TAN lines through an inner nu-
clear membrane protein such as SUN2, which is also found in
TAN lines. To test this possibility, we expressedGFP-mininesprin-
2G in SUN2-depleted NIH 3T3 fibroblasts. GFP-mininesprin-2G
TAN lines formed in SUN2-depleted cells, but they were less
persistent than in controls (Fig. 4F and Fig. S3C) and moved over
a stationary nucleus just as in theLmna−/−MEFs (Fig. 5 F andG).
Thus, deficiencies in lamin A/C or SUN2 lead to the same phe-
notype of slipping TAN lines on immobile nuclei.

Discussion
We have shown that lamin A/C plays an essential role in nuclear
movement and positioning by contributing to the stability and

anchoring of TAN lines. Lamin A/C interacts with components of
the LINC complex (17, 19, 31–33), and it is likely through these
interactions that it stabilizes and anchors TAN lines. Given that
depletion of SUN2 yielded a similar phenotype on TAN line
stability and anchoring, it is likely that lamin A/C interaction with
SUN2 is responsible for anchoring the nesprin-2G TAN lines.
Lack of lamin A/C had relatively little effect on the formation of
the TAN lines despite the fact that nuclear nesprin-2G is reduced
in cells lacking lamin A/C. This suggests that the assembly of the
individual LINC complexes is not strongly affected by lamin A/C.
The decreased persistence of TAN lines in cells lacking lamin A/C
may reflect an inability of LINC complexes to resist forces exerted
by the moving actin cables. Consistent with these interpretations,
the overall mobility of mininesprin-2G and SUN2 in the nuclear
envelope is increased in cells lacking lamin A/C (33).
TAN line anchoring by lamin A/C allows the force exerted on

the nucleus by moving actin cables to be transmitted to the nu-
cleus for productive movement. This anchoring function of lamin
A/C is distinct from that involved in localizing some inner nuclear
membrane proteins, because, for example, SUN2 localization is
not altered in lamin A/C-deficient cells (19, 34). Also, whereas
nesprin-2G levels are somewhat reduced in lamin A/C-deficient
cells, increasing nesprin-2G levels did not rescue nuclear move-
ment, showing that lamin A/C plays a role beyond simply local-
izing nesprin-2G to the nucleus. There is precedent for anchoring
of nesprin and SUN proteins to resist force: In Schizosacchar-
omyces pombe, orthologs of nesprins and SUN proteins are an-
chored by Ima1, a heterochromatin-binding protein (35). Given
that lamin A/C interacts with heterochromatin, it will be in-
teresting to see whether heterochromatin-binding proteins are
also involved in anchoring TAN lines in mammalian cells.

Fig. 4. Effect of Lamin A/C on actin cables and TAN lines (A) Panels from movies of Lmna+/+ (Upper) and Lmna−/− (Lower) MEFs expressing Lifeact-mCherry
showing dorsal actin cables near the nucleus. Thewound edge is located at the top, yellow circles denote nuclei, and arrows denote actin cables thatmove either
with (Upper) or over (Lower) the nucleus. Time is in minutes after LPA stimulation. (Scale bar, 5 μm.) (B) Velocities of nuclei and actin cables from the cells
described in A. Error bars are SEM from three experiments and 45 total cells. Nuclear velocity in LMNA−/− MEFs was significantly different from that in Lmna+/+

MEFs (P < 0.01; there was no significant difference in the velocity of actin cables). (C) Relative intensity of nesprin-2G immunofluorescence compared with
nonexpressing neighboring cells. Values are the percentage difference from nonexpressing neighboring cells. Error is SEM for >30 cells from three separate
experiments. Nesprin-2G intensity was significantly different (P < 0.05) for all variants that cause EDMD or DCM, except T528K, compared with WT- or FPLD-
causing variants. (D) Nucleus (red) and centrosome (blue) positions in nesprin 2G-depleted NIH 3T3 fibroblasts and Lmna−/− MEFs expressing GFP-mininesprin-
2G. Centrosome orientation (percentage of cells) is located below the histogram. Error bars are SEM for >45 cells from at least three independent experiments.
Centrosome orientation and nuclear position in nesprin 2G-depleted cells expressing GFP-mininesprin-2G were significantly different from those in non-
expressing cells (P < 0.01). (E) Immunofluorescence images of nuclei from a Lmna+/+ MEF (Upper) and Lmna−/− MEF (Lower) expressing GFP-mininesprin-2G
(green in merge) and stained for endogenous SUN2 (red in merge). Arrows indicate colocalized nesprin-2G and SUN2. (Scale bar, 5 μm.). (F) Percentage of GFP-
mininesprin-2G TAN lines that persist >20 min. Error bars are SEM from >40 cells and three independent experiments. The differences between Lmna+/+ and
Lmna−/− MEFs and between GAPDH-depleted and SUN2-depleted NIH 3T3 fibroblasts were significant (P < 0.05).
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A key finding of our study is that only mutations in LMNA that
cause muscle disease affect the LINC complex anchoring func-
tion of lamin A/C. The single (1 of 12) muscle disease-causing
lamin A variant that failed to affect nuclear movement (T528K)
also failed to incorporate into the nuclear lamina, suggesting that
lamin A variant incorporation into the lamina may be necessary
to disrupt nuclear-cytoskeletal interactions. Mechanistically, the
variants that cause muscle disease appear to disrupt the ability of
the lamina to anchor TAN lines, and thus resist force. Because
this appears to occur through a dominant-negative effect, it may
reflect a requirement for multiple points of anchorage and/or for
lamina integrity that is disrupted by the lamin A variants.
Nuclei are precisely positioned in skeletal muscle, with a small

number clustered under the neuromuscular junction and the re-
mainder equally spaced at the periphery of the fiber. In individuals
afflicted with muscular dystrophies, including EDMD, skeletal
muscle nuclei are mispositioned, further suggesting that the role of
A-type lamins in regulating nuclear movement and positioningmay

be physiologically relevant.Mouse studies have shown that nesprins
and SUNs contribute to proper nuclear positioning in skeletal
muscle (36, 37) and that mutations in nesprin genes are associated
with EDMD (38). Coupled with our findings that lamin A variants
causing muscle disease affect nuclear movement and positioning,
these studies suggest that aberrant nuclear movement and posi-
tioning may underlie the pathogenesis of muscle disorders and
provide a previously undescribed avenue for future studies of
muscle disease.

Materials and Methods
Reagents. Reagents are described in SI Materials and Methods.

Cell Culture.NIH 3T3 fibroblasts were cultured and serum-starved as described
previously (39). Lmna+/+ and Lmna−/− MEFs (26) were cultured in DMEM plus
10% (vol/vol) FBS and were starved similar to NIH 3T3 fibroblasts. Human
dermal fibroblasts were obtained from a patient with EDMD and a normal
individual and were cultured as described (28). Centrosome orientation was

Fig. 5. Lamin A/C provides a nucleoplasmic anchor for TAN lines. (A) Panels from movies of GFP-mininesprin-2G in nuclei of LPA-stimulated Lmna+/+ (Upper) and
Lmna−/− (Lower) MEFs. The wound edge is located toward the top. Images were acquired every 5 min (time is minutes after LPA stimulation). Arrows indicate TAN
lines that move with (Upper) or over (Lower) the nucleus. (Scale bar, 5 μm.) (B) Traces of the movement of the front, back, and centroid of the nucleus (gray) and
two TAN lines (black) in a Lmna+/+ MEF (Left) and Lmna−/− MEF (Right). (C) Velocity of the nucleus and TAN lines in the cells described in A. Error bars are SEM for
30 nuclei/TAN Lines from three experiments. Nuclear velocity in Lmna−/−MEFs is significantly different from that in Lmna+/+ MEFs (P < 0.001); there is no significant
difference between TAN line velocities. (D) Panels from movies of GFP-mininesprin-2G in nuclei of LPA-stimulated NIH 3T3 fibroblasts expressing the indicated red
fluorescent protein-tagged lamin A variants. The wound edge is located toward the top. Images were acquired every 5 min (time is minutes after LPA stimulation).
Arrows indicate TAN lines that move with the nucleus (Upper) or over the nucleus (Lower). (Scale bar, 2 μm.) (E) Velocities of nuclei and TAN lines in the cells
described in D. Error bars are SEM for 30 nuclei and TAN lines from three experiments. Nuclear velocity in E358K was significantly different from that in R482W (P
< 0.001); there is no significant difference between TAN line velocities. (F) Panels from a movie of GFP-mininesprin-2G in the nucleus of LPA-stimulated NIH 3T3
fibroblasts depleted of SUN2. The wound edge is located toward the top. Images were acquired every 5 min (time is minutes after LPA stimulation). Arrows
indicate a TAN line that moves over the nucleus. (Scale bar, 5 μm.) (G) Velocity of nuclear and TAN line movements in SUN2- or control (GAPDH)-depleted NIH 3T3
fibroblasts stimulated with LPA. Error bars are SEM for 17 nuclei from four experiments. Nuclear velocity in SUN2-depleted cells was significantly different from
that in GAPDH-depleted cells (P < 0.05); there was no significant difference in TAN line velocities.
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stimulated with 10 μM LPA (Avanti) dissolved in serum-free DMEM as pre-
viously described (31).

DNA Constructs. FLAG-tagged lamin A (23), Lifeact-mCherry (29), and GFP-
mininesprin-2G (12) constructs were previously described. Modified red
fluorescent protein (mRFP) constructs were made by digesting FLAG-tagged
constructs in pGAD424 with EcoN1 and BglII and inserting the digestion
products into mRFP-C1(32) that had been digested with EcoN1 and BamH1.
All constructs were verified by sequencing.

Immunofluorescence. Cells were fixed in −20 °C methanol or 4% (wt/vol)
paraformaldehyde and stained with antibodies as previously described (20).

Analysis of Centrosome Orientation and Position of the Nucleus and Centro-
some. Centrosome orientation and nuclear and centrosome positioning in
fixed and stained cells at the wound edge were determined as previously
described (20, 21, 40). For nucleus and centrosome position, only the distance
along the axis perpendicular to the wound edge is reported because there
was little movement along the axis parallel to the wound edge (19).

siRNA. Duplex siRNA (21-mers) was purchased from Shanghai GenePharma
and transfected using RNAiMAX (Invitrogen). Further details are presented in
SI Materials and Methods.

Time-Lapse Microscopy. Live cell imaging was as previously described (13, 20)
and is detailed in SI Materials and Methods.

Additional Methods. DNA Microinjection, Lamin A/C Incorporation, Quanti-
fication of Nesprin-2G Nuclear Levels, Analysis of TAN Lines, and Statistical
Procedures are described in SI Materials and Methods.
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