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ABSTRACT: Integral proteins of the nuclear envelope inner membrane have been proposed to reach their
sites by diffusion after their co-translational insertion in the rough endoplasmic reticulum. They are then
retained in the inner nuclear membrane by binding to nuclear structures. One such structure is the nuclear
lamina, an intermediate filament meshwork composed of A-type and B-type lamin proteins. Emerin, MAN1,
and LBR are three integral inner nuclear membrane proteins. We expressed these proteins fused to green
fluorescent protein in embryonic fibroblasts from wild-type mice amtha—/— mice, which lack A-type

lamins. We then studied the diffusional mobilities of emerin, MAN1, and LBR using fluorescence recovery
after photobleaching. We show that emerin and MAN1, but not LBR, are more mobile in the inner nuclear
membrane of cells frorhmna —/— mice than in cells from wild-type mice. In cells frobomna —/—

mice expressing exogenous lamin A, the protein mobilities were similar to those in cells from wild-type
mice. This supports a model where emerin and MAN1 are at least partly retained in the inner nuclear
membrane by binding to A-type lamins, while LBR depends on other binding partners for its retention.

Integral membrane proteins synthesized on endoplasmictranslational insertion into the rough ER membrane. They
reticulum (ER}-bound ribosomes are partially translocated are then retained and immobilized at their destinations by
through intramembrane channels and incorporated into thebinding to other proteins or structures.
membrane with topologies determined by their primary  The outer nuclear membrane has ribosomes on its cyto-
structures 1, 2). Many of the integral proteins synthesized plasmic surface and is similar in composition to the rough
on the ER membrane reach the plasma membrane byER, with which it is directly continuousi@, 14). A few
vesicular transport in the secretory pathway-5). Others integral proteins may, however, be specifically localized to
contain specific sequences retaining them in, or targeting the outer nuclear membrane and excluded from the bulk ER
them to, intermediate secretory compartments or organellesby associating with luminal domains of integral proteins of
such as the ER itself, pre-Golgi vesicles, Golgi apparatus, the inner nuclear membrane in the perinuclear spasg (
lysosomes, and endosomés 6). The pore membranes connect the inner and outer membranes

Some integral membrane proteins synthesized on the roughat numerous points and are associated with the nuclear pore
ER are targeted to the membranes of the nuclear envelopecomplexes. Unique integral proteins have been localized to
which are divided into three morphologically distinct but the pore membrane46—18). They are most likely structural
interconnected domains: outer, pore, and inner membranescomponents of the nuclear pore complexes. These proteins
As the membrane domains of the nuclear envelope areare targeted to the pore membrane either by sequences in
continuous with each other and the rough ER, integral their nucleocytoplasmic domains, which presumably bind to
proteins synthesized on ER-bound ribosomes can potentiallyother pore complex proteins, or by sequences in the trans-
reach all of the nuclear membrane domains by lateral membrane domains, which are likely to laterally associate
diffusion in the interconnected proteolipid bilayers. The with resident transmembrane domains in the pore membrane
results of most targeting studies of integral nuclear membrane(19, 20).
proteins are consistent with a diffusion-retention model ( Most of the integral proteins of the inner nuclear mem-
12). In this model, proteins diffuse laterally after co- brane contain targeting and retention signals in the parts of
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B-type lamins are expressed in most cell types, A-type lamin in PBS (solution A), and incubated with the primary

expression is developmentally regulat&)( Because the
lamina is a discontinuous structurgl, the inner nuclear

antibodies diluted in PBS containing 0.1% Tween-20 and
2% bovine serum albumin (solution B)rfd h at room

membrane proteins may also be able to directly associatetemperature. The primary antibodies used were mouse

with the chromatin at certain points. Approximately 80
different integral proteins are localized to the inner nuclear
membrane in interphase cel3?j. Several of these proteins

monoclonal anti-emerin antibody (Novocastra, Newcastle
upon Tyne, U.K.) at a dilution of 1:30, rabbit polyclonal
anti-lamin B1 antibody%5) at a dilution of 1:2000, rabbit

have been shown to bind components of the lamina andpolyclonal anti-MAN1 antibody 350956; a gift from Dr.

chromatin 83—45).

Kunxin Luo, University of California, Berkeley) at a dilution

Studies of several inner nuclear membrane proteins haveof 1:200, and guinea pig polyclonal anti-LBR antibodyy(

shown that they diffuse more rapidly in the ER than in the
inner nuclear membrane, giving support to the diffusion-
retention model §—12). To determine the contribution of

A-type lamins in retention of integral proteins in inner

a gift from Dr. Harald Herrmann, German Cancer Research
Center, Heidelberg, Germany) at a dilution of 1:1000. After
four washes with solution A, the cells were incubated with
the secondary antibodies diluted 1:200 as described for the

nuclear membrane, we studied the targeting and diffusion primary antibodies. Secondary antibodies used were lissa-

of three inner nuclear membrane proteins: emet) 47),
MAN1 (48), and LBR @34, 35). Emerin is known to bind
A-type lamins 41, 42, 44) and requires these proteins for
efficient retention in inner nuclear membrané9{51).
MANZ1 co-fractionates withg2), and binds to45), lamins.
LBR has very weak affinity for A-type laming84) and binds
B-type lamins 84, 38), heterochromatin protein89, 40)
and DNA 38, 43).

EXPERIMENTAL PROCEDURES
Plasmid ConstructionPlasmids encoding nucleoplasmic

inner nuclear membrane targeted domains of LBR (amino

acids +238) and MAN1 (amino acids-1538) and full-
length emerin, fused via their C-termini to the F64L, S65T,

mine rhodamine B-conjugated goat anti-rabbit IgG, fluores-
cein isothiocyanate (FITC)-conjugated goat anti-mouse IgG,
and tetramethyl rhodamine isothiocyanate (TRITC)-conju-
gated donkey anti-guinea pig 1gG. The cells were then
washed four times with solution A and three times with PBS.
The slides were dipped in methanol and air-dried, and
coverslips were mounted using SlowFade Light Anti-fade
Kit (Molecular Probes, Eugene, OR). Immunofluorescence
microscopy was performed on a Zeiss Axiovert 200 M
microscope attached to a Zeiss LSM 510 confocal laser
scanning system (Carl Zeiss, Inc., Thornwood, NY).
Fluorescence Recery after Photobleaching Experiments.
FRAP experiments were performed on a Zeiss Axiovert 200
M microscope attached to a Zeiss LSM 510 confocal laser

H231L variant of green fluorescent protein (GFP), have been scanning system using the 488 nm line of a 30 mW argon

previously described9-11). RFP-C1, a vector encoding
monomeric red fluorescent protein (RA3) inserted in the

place of GFP in an EGFP-C1 vector (Clontech Laboratories,

Inc., Mountain View, CA) was a gift from Dr. Eugene
Marcantonio, Columbia University, New York. Lamin A-
RFP was constructed by inserting lamin A cDNA generated
by PCR with aXhd restriction site engineered at theénd
and aBanHl| restriction site at the'3end into these restriction
sites in the RFP-C1 vector. All cloning procedures were
performed according to standard methds4) (The resulting
cDNA was then sequenced using an ABI 3100 capillary
sequencer (Applied Biosystems, Foster City, CA).

Cell Culture and Transfectioimmortalized mouse em-
bryonic fibroblasts (MEFs) from wild-type arldnna—/—
mice @9) were grown in Dulbecco’s modified Eagle medium
containing 10% fetal bovine serum at 3C and 5% CQ

laser in conjunction with a 46« 0.9 NA objective. The
bleached area was photobleached at full laser power (100%
transmission) for 25 iterations, and recovery of photobleach-
ing was monitored by scanning at low power (5% transmis-
sion) in 2 s intervals. The average intensity of the fluores-
cence signal was measured in the region of interest using
NIH Image J software (http://rsb.info.nih.gov/ij/). It was then
normalized to the change in total fluorescencé.as= Toly/
Tido whereTy is total cellular intensity during prebleack,
total cellular intensity at time poirt lo, the average intensity
in the bleach-region during prebleach; adthe average
intensity in the bleach-region at time point(58). The
normalized fluorescence was then plotted against time after
bleach.

As the immobile fraction (the difference between the
fluorescence intensity in the bleached area prebleach and

For fluorescence recovery after photobleaching (FRAP), cellsthe intensity at infinity after bleach) was different for

were transfected using Lipofectamine PLUS (Invitrogen,
Carlsbad, CA), following the manufacturer’s instructions.
Cells were overlaid with the lipidDNA complexes for ap-
proximately 23 h, the fits5 h of which were in serum-free
OPTI-MEM media (Invitrogen). The cells were transfected

the different proteins and cell types, we used a modified
time of half-recovery valuetl/2), wheretl/2 is the time
after bleach required for the fluorescence levels to reach
the median between levels immediately after bleach and
prebleach, rather than using the median between prebleach

in dishes and split to chambered coverglasses approximatelylevels and steady-state levels. To deterntib@, we used

29 h post-transfection. They were then grown for an
additional 16-40 h before the photobleaching experiments.
Immunofluorescence Microscopgells were grown in

a modification of the method described by Harrington et
al. (569). We plotted In(1— i) versus time after bleach,
wherei; is the average normalized fluorescence intensity in

chamberslides for approximately 24 h before being preparedthe bleach-region at timeand 1 the average normalized
for immunofluorescence microscopy. They were washed fluorescence intensity in the bleach-region prebleach.
three times with phosphate-buffered saline (PBS) and thenThe curves were fitted using MacCurveFit 1.5 (http://

fixed with methanol for 6 min at-20 °C. The cells were
permeabilized with 0.5% Triton X-100 in PBS for 2 min at

www.krs.com.au/mcf.html), antl/2 was calculated &4/2
= In 2(—1/slope). Data from the first 31 s after bleach were

room temperature, washed three times with 0.1% Tween-20used in all experiments.
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+/+ MEF -/- MEF from Lmna —/— mice (Figure 1, row 2). The MAN1
antibodies available to us exhibited some nonspecific cyto-
plasmic background, also seen in wild-type MEFs, which
complicated our analysis of the protein localization. How-
ever, in a “blind” study where two experienced persons
looked at randomly taken confocal micrographs, they identi-
fied MAN1 as partly mislocalized to the ER lomna—/—

and as retained in the nuclear envelope in wild-type cells in
100% of the cases (six micrographs of each cell type). LBR
did not mislocalize to the ER ibmna—/— MEFs, although
some cells exhibited abnormalities as previously described
for lamin B1 @9) (Figure 1, row 3).

Emerin and MAN1 Are More Mobile in the Nuclear
Envelope in MEFs Lacking A-Type Lamins Than in Wild-
Type MEFs, While LBR Is Nd®revious studies have shown
that emerin-GFP, MAN1-GFP, and LBR-GFP are less mobile
in the nuclear envelope than in the E®11). While the
majority of LBR-GFP is essentially immobilized within the
nuclear envelope9j, emerin-GFP and MAN1-GFP can
diffuse slowly, compared to the ER, within the nuclear
envelope 10, 11). On the basis of our results shown in Figure
1, and previous studies showing that A-type lamins bind
emerin and MANL1 41, 42, 44, 45), we hypothesized that
these proteins would be more mobile in the nuclear envelope
of cells lacking A-type lamins than in wild-type cells. To
investigate the diffusional mobility of emerin, MAN1, and
LBR, we performed FRAP. In these experiments, GFP-
tagged proteins in an area in the nuclear envelope or ER of
transiently transfected MEFs were irreversibly bleached using
an argon laser at high power. The fluorescence recovery in
the bleached area, corresponding to the influx of unbleached
molecules from other areas, was then monitored. Figure 2
shows the results from FRAP experiments on emerin-GFP.
Figure 2A shows fluorescence recovery in representative cells
FiGURE 1: Emerin and MANL1 are partly mislocalized to the ER in  after photobleaching. As has previously been notkd), (

MEFs lacking A-type lamins, while LBR and lamin Bl are not. amerin-GFP was not restricted to the nuclear envelope in
Panels show laser scanning confocal immunofluorescence micros-

copy images of immortalized wild-type MEFs (left panels) or MEFs cells overexpressing the proteins but was also pres'ent .in the
lacking A-type lamins (right panels). Cells shown in the first and ER. There was also often some protein accumulation in an
second rows were double-labeled with monoclonal antibodies area most likely representing the Golgi apparatus. Although

against emerin recognized by FITC-conjugated secondary antibodiesan exclusive localization of protein to the nuclear envelope
(first row) and polyclonal antibodies against MAN1 recognized by as more frequent in wild-type MEFs than imna —/—

X . . ) e Wi
lissamine rhodamine B-conjugated secondary antibodies (secon - L
row). Cells shown in the third and fourth rows were double-labeleddMEFS’ wild-type MEFs also often exhibited some fluores-

with polyclonal antibodies against LBR recognized by TRITC- cence in the ER. There was also often a clear accumulation
conjugated secondary antibodies (third row) and polyclonal antibod- of fusion protein in the nuclear envelopelimna—/— MEFs.
ies against lamin B1 recognized by FITC-conjugated secondary Only cells with rim fluorescence and a moderate protein

antibodies (fourth row). Asterisks show a cell where both LBR and : : : )
lamin B1 are excluded from an area of the nuclear envelope in expression level were used in these experiments. Fluores

emerin

MANI

LBR

lamin B1

MEFs lacking A-type lamins. Bar: 10m. cence in ce!ls expressing gmerin—GFP recovered more rapidly
and to a higher degree in the nuclear envelope of MEFs
RESULTS lacking A-type lamins than in wild-type cells (Figure 2B).

Emerin and MAN1 Are Partly Mislocalized to the ER in In the ER, the recovery rates were very similar in the two
MEFs Lacking A-Type Lamins, While LBR Is NBtevious cell types and higher than in the nuclear envelope experi-
work has shown that emerin is mislocalized to the ER in ments (Figure 2C).
embryonic fibroblasts that lack A-type lamins froomna FRAP experiments were performed as described for
—/— mice @9). Several other proteins, such as B-type lamins, emerin-GFP on cells expressing MAN1-GFP. Similar fluo-
are still exclusively localized to the nuclear envelope, rescence patterns were seen as those for emerin (Figure 3A).
although they exhibit abnormalities such as exclusion from The difference in nuclear envelope recovery rates between
one pole of the nucleus in a subset of the cells. Immuno- wild-type and Lmna —/— cells was, however, less pro-
fluorescence microscopy studies on immortalized MEFs from nounced for MAN1-GFP (Figure 3B,C).
wild-type andLmna —/— mice (Figure 1, rows 1 and 4) We also performed FRAP experiments on wild-type and
confirmed previous data49) on emerin and lamin B1. We  Lmna—/— cells transiently transfected to express LBR-GFP
also studied the localization of MAN1 and LBR. MAN1 was, (Figure 4). This protein localized almost exclusively to the
similarly to emerin, partly mislocalized to the ER in cells nuclear rim, with very little fluorescence in the ER in cells
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FiGure 3: The mobility of MAN1-GFP in the nuclear envelope
Ficure 2: The mobility of emerin-GFP in the nuclear envelope (NE) is higher in MEFs lacking A-type lamins (-/- MEF) than in
(NE) is higher in MEFs lacking A-type lamins (-/- MEF) than in  wild-type MEFs (/4 MEF), while the mobility in the ER is the
wild-type MEFs (+/+ MEF), while the mobility in the ER is the same in both cell types. (A) FRAP measurements of mobility of
same in both cell types. (A) FRAP measurements of mobility of MAN1-GFP showing recovery of fluorescence in representative,
emerin-GFP showing fluorescence recovery in representative, transiently transfected MEFs. The fluorescence in the boxed regions
transiently transfected MEFs. The boxed regions were bleached,was bleached, and recovery is shown after 9, 60, and 303 s after
and fluorescence recovery is shown 9, 60, and 303 s after bleachingbleaching. Bar: 1@m. (B and C) Quantitative experiments showing
Bar: 10um. (B and C) Quantitative experiments showing normal- normalized fluorescence recovery after photobleaching regions of
ized fluorescence recovery after photobleaching regions of the the nuclear envelope (B) or ER (C), where 1 is the fluorescence
nuclear envelope (B) or ER (C), where 1 is the fluorescence level level before bleaching. The fluorescence intensity in the bleached
before bleaching. The fluorescence intensity in the bleached regionregion was measured and expressed as relative recovery (see
was measured and expressed as relative recovery (see Experiment&ixperimental Procedures). Error bars indicate SEM; 13 for
Procedures). Error bars indicate SEM= 7. nuclear envelope experiments= 8 for ER experiments.
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Ficure 4: The mobility of LBR-GFP is the same in MEFs lacking
A-type lamins (-/- MEF) and in wild-type MEFsH/+ MEF), both
in the nuclear envelope (NE) and in the ER. (A) FRAP studies of
mobility of LBR-GFP showing fluorescence recovery in representa-

tive transiently transfected MEFs. The fluorescence in the boxed

0

Ficure 5: The mobility of emerin-GFP in the nuclear envelope of
MEFs lacking endogenous A-type lamins expressing emerin-GFP
and lamin A-RFP is similar to the mobility in wild-type MEFs.
(A) Panels show laser scanning confocal microscopy images of
representative MEFs lacking endogenous A-type lamins cotrans-
fected with plasmids encoding emerin-GFP and lamin A-RFP (upper
panels) or emerin-GFP and RFP (lower panels). Barsur0(B)
Diagram showing the time after bleachintl/@) required for
fluorescence from emerin-GFP in regions of the nuclear envelope
bleached as in Figure 2 to recover to the median between the
prebleach value and the value immediately after bleaching. Columns
showt1/2 in MEFs lacking A-type lamins (-/-, blue), wild-type
MEFs (+/+, red), and MEFs lacking endogenous A-type lamins
expressing either lamin A-RFP (-A-LmA), yellow) or RFP alone

(-/- (+RFP), green). Error bars indicate SENM= 17 for MEFs
lacking A-type lamins and wild-type MEF$y = 19 for MEFs
expressing lamin A-RFP, ami= 14 for MEFs expressing RFP.
T-test showed significant differencestii2 betweent/+ cells and

- cells (0 = 0.00013) and between -/- cells and -+L(mA) cells

(p = 2.5 x 1075). There were no significant differences between
t1/2 from +/+ cells and -/- ¢-LmA) cells (p = 0.20) or -/- cells

and -/- GRFP) cells p = 0.057).

with or without A-type lamins. However, some fluorescence
was seen in the ER of cells expressing the protein at high
levels (Figure 4A). There were no differences in the
fluorescence recovery rates between wild-type MEFs and
Lmna—/— MEFs (Figure 4B,C). The recovery rates in the
nuclear envelope were much lower than those seen for emerin
or MAN1, while the rates in the ER were similar for all three
proteins.

Expression of Recombinant Lamin A Decreases the Mobil-
ity of Emerin-GFP and MAN1-GFP in the Nuclear &gtope
of MEFs without Endogenous A-Type Lamifs.verify that

regions was b|eached, and recovery is shown after 9’ 60, and 303the |nCreased dlfoSIona| mObI|Ity Of emel’ln |n the nUC|eaI’

s after bleaching. Bar: 10m. (B and C) Quantitative experiments

envelope oLmna—/— MEFs was due to the lack of A-type

showing normalized fluorescence recovery after photobleaching lamins, we cotransfectedmna —/— MEFs with plasmids

regions of the nuclear envelope (B) or ER (C), where 1 is the

encoding lamin A-RFP and emerin-GFP (Figure 5A) and

fluorescence level before bleaching. The fluorescence intensity in .
the bleached region was measured and expressed as relativ@erformEd FRAP as described above. As a control, we also

recovery (see Experimental Procedures). Error bars indicate SEM,cotransfected cells with a plasmid encoding RFP. Lamin
n =7 for nuclear envelope experimentss 6 for ER experiments.  A-RFP localized to the nuclear rim, similarly to endogenous
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Ficure 6: The mobility of MAN1-GFP in the nuclear envelope of
MEFs lacking endogenous A-type lamins expressing MAN1-GFP
and lamin A-RFP is similar to the mobility in wild-type MEFs.
(A) Panels show laser scanning confocal microscopy images of
representative MEFs lacking endogenous A-type lamins cotrans-
fected with plasmids encoding MAN1-GFP and lamin A-RFP
(upper panels) or MAN1-GFP and RFP (lower panels). Bars: 10
um. (B) Diagram showing the time required after bleachitig?)

for fluorescence from MANL1-GFP in regions of the nuclear
envelope bleached as in Figure 3 to recover to the median betwee
the prebleach value and the value immediately after bleaching.
Columns show1/2 in MEFs lacking A-type lamins (-/-, blue), wild-
type MEFs (+/+, red), and MEFs lacking endogenous A-type
lamins expressing either lamin A-RFP (-#I(mA), yellow) or RFP

(-/- (+RFP), green). Error bars indicate SEM= 28 for MEFs
lacking A-type lamins and wild-type MEF$y = 25 for MEFs
expressing lamin A-RFP, amd= 11 for MEFs expressing RFP.
T-test showed significant differences itv2 from +/+ cells and

-/- cells p = 0.010) and from -/- cells and -/-HLmA) cells (p =
0.022). There were no significant differences betw&ga from
+/+ cells and -/- LmA) cells (p = 0.81) or -/- cells and -/-
(+RFP) cells p = 0.45).

lamin A, while RFP alone was present in both nuclei and
cytoplasm (Figure 5A). To compare the initial recovery rates
between the different experiments, we calculated the time

after bleach required for the fluorescence levels to reach the

median between levels immediately after bleach and pre-
bleach levelst(/2; see Experimental Procedures for further
details). Thet1/2 values for emerin-GFP fluorescence were
significantly different between wild-type MEFs aranna
—/— MEFs (Figure 5B). Theal/2 values for emerin-GFP
fluorescence irbmna —/— MEFs expressing emerin-GFP
and lamin A-RFP were similar to those in wild-type MEFs
and significantly different from those ibmna—/— MEFs

not expressing lamin A-RFP (Figure 5B). ThE2 values

in cells expressing emerin-GFP and RFP were similar to
those inLmna—/— MEFs with no expressed lamin A-RFP.
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We also performed FRAP experiments on cells cotrans-
fected with plasmids encoding MAN1-GFP and lamin A-RFP
or RFP (Figure 6A) and calculateil/2 values as described
above for cells expressing emerin-GFP and lamin A-RFP or
RFP (Figure 6B). Similar results were seen. ThR values
for MAN1-GFP fluorescence were significantly different
between wild-type MEFs andmna —/— MEFs. Thet1/2
values for MAN1-GFP fluorescence iomna —/— MEFs
expressing MAN1-GFP and lamin A-RFP were similar to
those in wild-type MEFs and significantly different from
those inLmna—/— MEFs not expressing lamin A-RFP. The
t1/2 values in cells expressing MAN1-GFP and RFP were
similar to those ir.mna—/— MEFs with no expressed lamin
A-RFP. In conclusion, for both emerin-GFP and MAN1-
GFP, there is a statistically significant difference between
t1/2 in wild-type MEFs and.mna —/— MEFs, and this
difference is abolished when lamin A-RFP is expressed in
the Lmna—/— cells.

DISCUSSION

Both emerin and MAN1 have been shown to bind to
A-type lamins 41, 42, 44, 45), and emerin mislocalizes to
the ER inLmna —/— MEFs @49). We have shown that
emerin-GFP and MAN1-GFP are significantly more mobile
in the nuclear envelope of MEFs lacking A-type lamins than
in wild-type fibroblasts. This provides additional support for
the “diffusion and retention” model, which has been proposed
for the targeting of integral membrane proteins to the inner
nuclear membrane7{12). The results also support the
hypothesis that A-type lamins are partly responsible for
anchoring emerin and MANL1 in the inner nuclear membrane
after their post-translational diffusion from the ER mem-
branes. Both emerin and MAN1 also bind to several other

rProteins, among them B-type lamingl{ 45 and the

chromatin protein barrier-to-integration factod5( 60).
Interactions with such proteins in cells lacking A-type lamins
can explain why emerin and MAN1 are still more mobile in
the ER than in the inner nuclear membraneLofna —/—
MEFs. Retention by interaction with barrier-to-integration
factor does, however, seem less likely as this protein diffuses
more rapidly at the nuclear envelope than emerin and MAN1
(61). We did not detect any difference in the mobility of
LBR in the nuclear envelope between cells with or without
A-type lamins. This is consistent with findings that LBR has
very weak affinity for A-type lamins 34) and is likely
retained in the inner nuclear membrane by binding other
partners, such as B-type lamin34( 38), heterochromatin
proteins 89, 40), and DNA @38, 43).

Mutations in A-type lamins, emerin, MAN1, and LBR
cause human diseases. MutationsMNA, encoding lamins
A and C, cause a wide range of human disorders affecting
several different tissues62). Examples are limb-girdle
muscular dystrophy and autosomal dominant Emery-Dreifuss
muscular dystrophy, both affecting cardiac and skeletal
muscle, lipodystrophy syndromes sometimes combined with
abnormalities in skin and bone, peripheral neuropathy, and
premature aging syndromes. Mutations in emerin, in most
cases leading to a loss of the protein, cause X-linked Emery-
Dreifuss muscular dystroph¥®). MAN1 mutations cause
osteopoikilosis, Buschke-Ollendorff syndrome, and nonspo-
radic melorheostosis, diseases affecting mainly bone and skin
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(64). Heterozygous mutations in the LBR gene cause Pelger- 9.
Hué& anomaly, a benign alteration in neutrophil nuclear
morphology 65), while homozygous mutations cause fatal
HEM/Greenberg skeletal dysplasi&6f. The pathogenic
mechanisms of most of these diseases are not understood.10.
FRAP studies on transfected cells have shown that some
lamin A mutants that cause disease are more mobile in the
nuclear envelope than wild-type lamin &%, 68). Emerin

is also partly mislocalized to the ER in some cells transfected
with plasmids encoding certain lamin A and C mutas$@-

71). However, emerin appears to be exclusively localized to
the nuclear envelope in cells from human subjects heterozy-
gous for dominant A-type lamin mutations examined by
immunofluorescence microscopy2—74). Emerin is also
localized exclusively to the nuclear envelope in mice, both
heterozygous and homozygous for thrana’??2F/H222Pmyta-

tion, which in humans causes autosomal-dominant Emery- 14.
Dreifuss muscular dystrophy'9).

Subtle changes in the localization or dynamics of emerin
and MAN1, secondary to mutations in A-type lamins and
not detected by light microscopy, could affect the functions
of these proteins. The function of emerin is poorly under-
stood, but it interacts with several nuclear proteins, including
transcription factors, and has been suggested to anchor thesel /-
to the inner nuclear membranég). Emerin also appears to
be involved in transcriptional regulation of mechanosensitive
genes in response to straifi7f. Smad proteins are intracel-
lular mediators of transforming growth factgt, bone
morphogenic proteins, and activin signalingg8). MAN1
binds to Smads and antagonizes these signaling pathways
(56, 64, 79—-81), potentially by sequestering the Smad
proteins at the inner nuclear membrane and competing with 20
other Smad-binding proteins for formation of transcription
activator complexes. Alterations in A-type lamins may
therefore affect the mobility of MANL1 in the inner nuclear
membrane, as suggested by our studies, in turn affecting 21-
Smad sequestration.
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