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Abstract. The nuclear lamina is a filamentous nuclear
structure intimately connected to the inner nuclear mem-
brane. It is composed of lamins, which are also present in
the nuclear interior, and lamin-associated proteins. The
nuclear lamina is involved directly or indirectly in many
nuclear activities, including DNA replication and tran-
scription, nuclear and chromatin organization, cell cycle
regulation, cell development and differentiation, nuclear
migration and apoptosis. Mutations in nuclear lamina
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genes cause a wide range of heritable human diseases, the
molecular mechanisms for which are not well under-
stood. This review describes our current knowledge of in-
teractions between nuclear lamina proteins and chro-
matin, chromatin-remodeling factors, specific transcrip-
tion factors and RNA polymerase II transcription
machinery. Recent studies provide new insights into the
nature and regulation of these interactions and suggest
additional roles for the nuclear lamina.
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Introduction

The separation of nuclear and cytoplasmic compartments
by the nuclear envelope is the most remarkable character-
istic of the eukaryotic cell. The nuclear envelope is a com-
plex structure composed of the outer and inner nuclear
membranes, nuclear pore complexes (NPCs) and the nu-
clear lamina. The two lipid bilayer membranes are sepa-
rated by a lumen and joined at the nuclear pore com-
plexes. The outer nuclear membrane (ONM) is continu-
ous with the endoplasmic reticulum (ER) and is covered
with ribosomes, whereas the inner nuclear membrane
(INM) faces the chromatin and contains a unique set of
proteins. NPCs are large complex protein structures that
mediate bidirectional transport of macromolecules be-
tween the cytoplasm and the nucleus. The nuclear lamina
is a protein meshwork located between the INM and the
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peripheral chromatin. However, some nuclear lamina
components are also present in the nuclear interior (fig.
1). The components of the nuclear lamina are lamins,
which are nuclear intermediate filament proteins [1], plus
a growing number of lamin-associated proteins such as
emerin, lamina-associated polypeptides 1 and 2 (LAP1,
LAP2), nesprin-1, lamin-B receptor (LBR), MAN1,
otefin and young arrest (YA) [2–5]. Other integral pro-
teins of the INM, including UNC-84, UNC-83, nurim and
ring finger binding protein (RFBP),  are also considered
to be part of the nuclear lamina, as they interact directly
or indirectly with lamins [6, 7]. The nuclear lamina is
evolutionarily conserved in metazoa. However, the num-
ber and complexity of nuclear lamina proteins increased
during metazoan evolution [8, 9]. 
Many functions have been attributed to the nuclear lam-
ina. These functions include the maintenance of nuclear
morphology  [10, 11], correct spacing of the NPCs [12,
13] and the provision of docking sites for chromatin at the



nuclear periphery [12, 14, 15]. The lamina is also in-
volved in the mitotic disassembly and reassembly of the
nuclear envelope [16], apoptosis [17, 18], DNA replica-
tion and transcription [14, 19–21], cell cycle regulation
[10], chromosome segregation [10], programmed nuclear
migration [22, 23] and differentiation [24, 25].

Interactions between the nuclear lamina and 
chromatin

The intimate association between the nuclear lamina and
the peripheral chromatin, which includes a large fraction
of the transcriptionally silent chromatin, is seen in elec-
tron micrographs of metazoan nuclei [26]. Three-dimen-
sional analyses of Drosophila interphase and polytene
nuclei revealed that centromeres, telomeres and inter-
calary heterochromatin juxtapose the nuclear lamina
[27]. Associations between the nuclear envelope, telo-
meres and centromeres were also shown in other organ-
isms, including plants, budding yeast, fission yeast and
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mouse meiotic cells  [28]. However, these associations
are not maintained in somatic mammalian nuclei. Under-
standing the interactions and possible protein complexes
that the nuclear lamina forms with chromatin is an im-
portant goal for future studies. Insights into these protein
complexes are beginning to emerge [29]. 

Nuclear lamins and their interactions with 
chromatin
Lamins are type V intermediate filament (IF) proteins.
They are classified as either A- or B-type according to
their primary sequence, expression pattern and biochem-
ical properties. A-type lamins are predominantly ex-
pressed in differentiated cells, have a neutral isoelectric
point and are solubilized and dispersed during mitosis. B-
type lamins are expressed in all somatic cells, have an
acidic isoelectric point and remain mostly associated with
membranes during mitosis [1]. The differences in mem-
brane attachment between A- and B-type lamins can be
explained by specific sequences in their C-terminal (tail)

Figure 1. Schematic view of the nuclear envelope, lamina and chromatin. The inner and outer nuclear membranes are joined at the nuclear
pore complexes (NPC) and are separated by the nuclear lumen. Lamins (both A- and B-types) are shown as thicker filaments at the nuclear
periphery and as thinner filaments in the nucleoplasm. However, the filamentous nature of the lamins, especially in the nucleoplasm, re-
mains hypothetical. Also shown are selected proteins of the inner nuclear membrane and proteins that interact with lamins in the nuclear
interior. The green circles represent interactions with lamins. Also depicted are the LEM domain and the LEM-like domain. Chromatin at
the nuclear periphery is structurally condensed, since it is mostly transcriptionally silent. 



domain and by the presence or absence of a CaaX box
in the C-terminus, which undergoes posttranslational mo-
difications including proteolysis of the last three resi-
dues, methyl-esterification and farnesylation [1]. Some
B-type lamins may be also both palmitoylated and far-
nesylated [30]. 
Like other IF proteins, lamins contain a short N-terminal
head domain, an a-helical rod domain and a long globu-
lar tail domain. The coiled-coil (rod) domain mediates
dimerization; thus, the fundamental ‘unit’ of lamins is the
dimer. At their next level of structural organization, lamin
dimers associate as polar head-to-tail polymers [31, 32].
These polymers associate laterally to form 10-nm thick
filaments, which can further associate to form 50–
200 nm thick lamin fibers [1, 33]. The number of lamin
genes increased during evolution. There is only a single
B-type lamin gene in Caenorhabditis elegans [34] and
one B-type lamin and one A-type lamin gene in
Drosophila [35, 36]. Mammals have three different A-
type and B-type lamin genes that give rise to at least
seven different spliced isoforms [37–40]. 
Nuclear lamins are not exclusively located within the nu-
clear lamina meshwork underlying the inner nuclear
membrane but are also found inside the nucleus, as shown
in mammalian cells [41–43] and C. elegans [10].  Bel-
mont et al. [44], used a combination of sophisticated
techniques to show that the in vivo distribution of lamin
B is highly correlated to the underlying chromatin distri-
bution and that lamin B directly covers the surface of nu-
clear envelope-associated large-scale chromatin do-
mains. 
Lamins can bind directly to DNA both in vivo and in
vitro. Photocrosslinking experiments showed that Droso-
phila interphase lamins, but not mitotic lamins, are asso-
ciated with nucleic acid in vivo [45]. In vitro, lamins bind
matrix attachment/scaffold-associated regions (MARs/
SARs) [46] and centromeric and telomeric sequences
[47, 48] with high affinity. MARs/SARs are regions of
AT-rich DNA that are organized into topologically con-
strained loops and attach to the nuclear matrix/scaffold
[49, 50]. Lamins can also bind single-stranded DNA, but
with lower affinity than MARs/SARs sequences [51].
Lamin binding to DNA is mediated through the rod do-
main and requires lamin polymerization [52]. It is cur-
rently unclear whether lamin-DNA interactions are sig-
nificant in vivo. In particular, it is not known whether the
nucleoplasmic lamins bind to DNA directly.
In vitro, lamins from different species interact with chro-
matin from other species [53–57], suggesting that these
interactions are evolutionarily conserved. Lamins can
bind in vitro assembled chromatin [57], isolated mam-
malian mitotic chromosomes [55, 58], polynucleosomes
[54] and isolated mammalian and Xenopus histones (table
1) [56, 59]. While lamin binding to DNA is mediated by
its rod domain, its binding to chromatin requires the tail

domain. Two separate regions are required for Drosophila
lamin Dm0 (a B-type) binding to mitotic chromosomes:
strong binding involves residues 425–473, and weaker
binding involves residues 572–622 [56]. Human lamin
A/C binding to chromosomes involves residues
396–430, located immediately adjacent to the rod do-
main [59]. Similarly, Xenopus lamin B2 binding to chro-
mosomes involves residues 404–419, located eleven
residues downstream of the rod domain, and residues
432–467 [53]. These chromatin binding regions of dif-
ferent lamins have conserved stretches in the tail domain,
including the RAT/S (single letter code) and the nuclear
localization signal (NLS) motifs, which are probably in-
volved in the binding to chromatin [A. Mattout-Drubezki
and Y. Gruenbaum, unpublished]. Interestingly, these se-
quences are just outside the Ig globular domain in an un-
structured region of the lamin tail [60, 61]. Lamins from
Drosophila, turkey and humans interact in vitro with
polynucleosomes [54, 56, 59]. The binding affinities of
the human lamin-A tail for both polynucleosomes and
purified core histones are similar, in the range of
0.12–0.3 mM [59]. Drosophila lamin Dm0 binds specifi-
cally the histone H2A/H2B dimer, with an affinity of 
~1 mM [56]. Lamin Dm0 can bind the tail domain of his-
tone H2B. Acetylation of histone H2B does not affect this
binding [62]. However, lamin Dm0 binds the histone H2B
tail more weakly than full-length H2B, and it remains to
be seen if the histone tail is the target in vivo for lamin
binding to H2B. The interactions between lamins, chro-
matin and DNA are intriguing because they have the po-
tential to influence higher-order chromatin organization
structure and to help direct lamin binding proteins to the
chromatin.

Lamin-associated proteins and their interactions
with chromatin
Lamin-associated proteins also interact with chromatin
(table 1). LBR is a 58-kDa protein with eight putative
transmembrane segments and a nucleoplasmic amino ter-
minal domain. LBR interacts with B-type lamins and has
a sterol C14 reductase activity [63–66]. LBR also binds
chromatin [67], dsDNA [68], heterochromatin protein
HP1 [69], histone H3/H4 tetramer [70] and the chro-
matin-associated protein HA95 [71]. HP1 contains both a
chromodomain and a chromo shadow domain and is a key
heterochromatin protein originally identified in Droso-
phila, where it functions as a suppressor of position-ef-
fect variegation [72]. HP1 is conserved in evolution and
regulates gene expression by binding to the methylated
lysine 9 residue in histone H3 (H3K9) [73]. The interac-
tion between LBR and HP1 requires the N-terminal do-
main of LBR [69] and the chromo shadow domain of
HP1. The chromo shadow domain is also necessary for
the self-association of HP1 [69]. LBR can form a quater-
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nary complex with HP1 and core histones H3/H4 [70].
Supporting the role of LBR in chromatin organization is
the Pelger-Huet anomaly (PHA), caused by mutations in
the LBR gene. PHA is an autosomal dominant disorder
characterized by abnormal chromatin organization and
nuclear lobulation in blood granulocytes [74]. It remains
to be tested whether LBR-HP1 interaction directly medi-
ates the peripheral localization of heterochromatin or has
a nonstructural role. The recent discovery that homozy-
gous mutations in LBR also cause the Greenberg skeletal
dysplasia/HEM demonstrates roles for LBR in a variety
of tissues [75]. The fetal death involves elevated levels of
cholesta-8,14-dien-3 -ol, indicating that the sterol C-14
reductase activity of LBR is essential for its functions.
Another chromatin-associated INM protein is RFBP
[76]. RFBP contains the structural features of type IV P-
type ATPase proteins but lacks the domain required for
pump activity. RFBP binds RUSH, which belongs to the
SWI2/SNF2 RING-finger motif-containing transcription

factors that bind to the uteroglobin promoter and are in-
volved in chromatin remodeling [76]. 
The lamina proteins LAP2, emerin, MAN1, otefin and
several other uncharacterized proteins contain an ~40-
residue-long motif, termed the LEM domain [6, 77]. All
lamina-associated LEM-domain proteins probably inter-
act with barrier-to-autointegration factor (BAF) [78–80]
[Y. Gruenbaum, unpublished]. BAF is a small, conserved
metazoan protein that was first identified for its role in
retroviral DNA stability and integration [81, 82]. BAF
binds DNA without any detectable sequence specificity.
The protein forms dimers and has the ability to bridge ds-
DNA in vitro [15, 83]. 
The LAP2 gene is alternatively spliced to give rise to at
least six different products [84]. Four of these products
(LAP2b, LAP2g, LAP2d and LAP2e) are type II integral
proteins of the INM, whereas two others (LAP2a and
LAP2z) are soluable proteins [84, 85]. All isoforms of
LAP2 have the same N-terminal ‘constant’ domain,
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Table 1. Summary of known interactions between nuclear lamina proteins and chromatin. The  major binding sites related to these inter-
actions within the nuclear lamina proteins are mentioned.

Nuclear lamina Chromatin binding partners Major binding site(s) References
proteins

Lamin ssDNA, MARs/SARs lamin rod domain 45, 46, 51
telomeric and centromeric DNA 47, 48

interphase chromatin lamin C-terminal domain 45, 53
mitotic chromosomes 55, 58
core histones H2A and H2B 56, 59

LBR chromatin N-terminal nucleoplasmic domain 67
dsDNA residues 1–53 68, 69
HP1 residues 97–174 69
histone H3/H4 ND 70
HA95 ND 71

LAP2a DNA LEM-like domain (residues 1–50) 86

chromatin residues 1–85 146
C-terminal LAP2a-specific domain 91
(residues 270–615)

BAF LEM domain (residues 111–152) 78, 79

LAP2b DNA LEM-like domain (residues 1–50) 86
residues 244–296 147

Chromatin residues 1–85 146
BAF LEM domain (residues 111–152) 78, 79
HA95 residues 137–242; 299–373 71, 88

Emerin BAF LEM domain (residues 1–50) 80

MAN1 BAF N-terminal domain 141

RFBP RUSH RFBP conformationally flexible loop 76

YA Interphase chromatin 24
polytene chromosomes Binding requires four domains: 102
mitotic chromosomes residues 1–117; 270–396; 397–472
dsDNA and 506–696
histone H2B 103



which includes both a LEM domain and a LEM-like do-
main. The LEM domain is essential for binding BAF and
BAF-DNA complexes [79, 86], while the LEM-like do-
main binds directly to DNA [86]. Interestingly, LAP2b
has higher affinity for BAF-DNA complexes than for
BAF dimers alone [79]. LAP2b also interacts with B-type
lamins, germ cell-less (GCL) [87], a transcriptional re-
pressor (discussed below) and HA95. This latter interac-
tion has been recently demonstrated to be required for the
initiation of DNA replication [88].
LAP2a is the major nucleoplasmic isoform of the LAP2
gene that binds only A-type lamins [89, 90]. During in-
terphase, newly synthesized LAP2a first binds to an
unidentified chromosomal protein through its a-specific
domain and subsequently binds BAF through its LEM
domain [91]. 
Emerin is a type II integral membrane protein that is
about 40% homologous to LAP2b outside the LEM do-
main [92, 93]. Mutations in the emerin gene cause X-
linked Emery-Dreifuss muscular dystrophy [94, 95].
Emerin binds to both A and B-type lamins [96, 97]. Nu-
clear envelope localization of emerin requires an intact
lamina, since reduced amounts of lamin A in humans and
reduced Ce-lamin in C. elegans causes emerin to be mis-
localized to the ER [98, 99]. Emerin binds directly to
BAF through its LEM domain [80], and emerin LEM-
BAF interactions are critical for membrane recruitment
and chromatin decondensation during postmitotic nu-
clear assembly [15]. 
YA is an essential Drosophila gene that is required for the
transition from meiosis to early embryonic mitotic divi-
sions [100]. The maternally encoded YA protein is a pe-
ripheral protein of the INM during the first two hours of
zygotic development, where it binds lamin Dm0 [101].
During this developmental period, YA is essential for
proper chromatin condensation [24]. Ectopically ex-
pressed YA associates with polytene chromosomes in
vivo and with mitotic chromosomes in vitro [102]. This
binding involves interactions with dsDNA and core his-
tone H2B, but not other core histones [103]. Four do-
mains of YA, including two zinc fingers, a Ser/Thr-rich
region, and a potential DNA-binding motif (SPKK), are
required to bind chromosomes, DNA and H2B [103]. 

Posttranslational modifications regulate the nuclear
lamina-chromatin interactions
The nuclear lamina is a dynamic structure that disassem-
bles during mitosis and that is involved in nuclear growth
during G1. Posttranslational modifications of lamina pro-
teins regulate these dynamic changes. Mitotic phospho-
rylation by CDK1 causes lamins to depolymerize and dis-
sociate from chromatin [104, 105]. During interphase,
lamin Dm0 is phosphorylated on serine 25 and on one of
the threonine residues in the sequence TRAT (single let-

ter code) [106, 107]. The latter phosphorylation could be
involved in lamin Dm0 binding to core histones [56] [ A.
Mattout-Drubezki and Y. Gruenbaum, unpublished]. The
binding of LBR to chromatin is enhanced by interphase
phosphorylation of a region rich in arginine-serine re-
peats (residues 1–53), whereas mitotic phosphorylation
at different residues in the same region probably sup-
presses this binding [108]. LAP2a and LAP2b also inter-
act with chromosomes in a phosphorylation-dependent
manner [89, 109].
Acetylation of core histones regulates their binding 
to HP1 and LBR, since acetylated H3/H4 cannot bind
HP1 or LBR, whereas nonacetylated histones can bind
[70]. Likewise, HP1 binds specifically to methylated
H3K9, but acetylation of K9 inhibits that binding [73,
110], suggesting that LBR-HP1 binding to chromatin is
sensitive to histone modifications that determine its ac-
cessibility.

Regulation of gene expression by nuclear lamina
proteins

Interactions between the nuclear lamina, DNA and chro-
matin-associated proteins at the nuclear periphery and
nucleoplasm are proposed to tether chromatin to the nu-
clear envelope and organize chromatin, respectively.
These interactions also have functional significance for
regulation of gene expression.

Heterochromatin at the nuclear periphery
Heterochromatin, including centromeres, telomeres and
repetitive DNA, is preferentially positioned near the nu-
clear envelope. Boyle et al., used chromosome painting to
show that in human lymphoblastoid cells, gene-poor
chromosomes are preferentially positioned near the nu-
clear periphery, whereas gene-rich chromosomes are po-
sitioned more centrally in the nucleus [111], indicating
that the genes are not randomly distributed with respect
to the nuclear lamina. The inactive condensed (hete-
rochromatic) X chromosome is also localized to the nu-
clear periphery of interphase female mammalian cells,
while the active X chromosome is localized in a more in-
terior position [112, 113], suggesting a silencing role for
the nuclear periphery. Several experiments support this
role. For example, insertion of a heterochromatin region
into the brown locus in Drosophila causes its association
with other heterochromatic regions on the same chromo-
some and targets the brown locus to the nuclear envelope
[114]. When a functional enhancer is inserted near a si-
lenced transgene, it activates the transgene by displacing
it from centromeric peripheral heterochromatin to a more
interior nuclear domain [115]. Likewise, targeting of the
VP16 acidic activation domain to a specific locus initi-
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ates transcription in that region and causes the redistribu-
tion of this locus from predominantly peripheral to a
more internal nuclear domain [116]. These data suggest
that the INM may be a repressive environment for tran-
scription of many genes. However, there is still no direct
evidence that the association of the heterochromatin with
the nuclear envelope causes gene silencing, and some ac-
tive genes are also located near the INM, so the situation
is unclear.
Transcriptional silencing in yeast also correlates with
perinuclear localization of the chromatin. For example,
when the yeast transcription activator Gal4 fused to a
transmembrane protein is targeted to the nuclear mem-
brane, the Gal4 binding sites become anchored to the nu-
clear periphery, leading to silencing of a nearby reporter
gene [117]. This silencing requires the activity of the
yeast silent information regulators (SIR) as well as the
yKU, RAP1, MLP1, MLP22 and ESC1 genes [118; re-
viewed in 119]. Intriguingly, yeast does not contain any
known metazoan nuclear lamina genes [6]. Therefore, nu-
clear periphery-dependent transcriptional repression in
yeast probably occurs by a mechanism different from
metazoans or is mediated by an unidentified lamina ho-
mologous structure in yeast. 
Direct evidence for nuclear lamina involvement in chro-
matin organization comes from genetic analysis of lam-
ina genes. Chromatin attachment to the peripheral nu-
clear lamina is abnormal in human emerin-deficient cells
[120], in mouse cells lacking lamin A/C [121, 122], in
Drosophila cells lacking lamin Dm0 [123] and in C. ele-
gans cells lacking Ce-lamin [12].

The nuclear lamina and the regulation of specific
transcription factors
The interaction of transcription factors or chromatin-re-
modeling factors with the nuclear lamina supports a role
for the nuclear lamina in gene regulation. There are now
many examples of specific transcription factors that bind
lamins or lamin-associated proteins.  
GCL is a BTB/POZ-domain transcriptional repressor
first identified in Drosophila and is required for germ-
line specification [124]. The gcl gene is conserved in evo-
lution, and the mouse gcl (mGcl) can complement a
Drosophila gcl mutation [125]. The GCL protein was lo-
calized to the vicinity of the NPCs in Drosophila [126]
and at the nuclear envelope and nucleoplasmic speckles
in mammalian cells [127]. mGcl was independently iso-
lated as a binding partner of the DP3a subunit of the E2F-
DP transcriptional complex [128] and as a binding part-
ner for LAP2b [127]. Both LAP2b and GCL can directly
repress the E2F-DP complex in transient transfection as-
says. However, full repression of the E2F-DP complex re-
quires both LAP2b and GCL, suggesting that these re-
pressors act cooperatively [127].

LAP2b binds GCL through its b-specific domain [127].
GCL also binds directly to emerin. GCL co-immunopre-
cipitates with emerin from HeLa cells and forms stable
complexes with emerin and lamin A [129]. Interestingly,
BAF competes with GCL for binding to emerin, suggest-
ing that emerin forms at least two distinct types of nuclear
complexes in vivo [129].
The retinoblastoma p110Rb (pRb) protein controls pro-
gression through the cell cycle by repressing E2F tran-
scriptional complexes in a phosphorylation-dependent
manner and by recruiting histone deacetylase complexes
[130]. The pocket C domain in the hypophosphorylated
(repressive) form of pRb binds to the coil 2 domain of
lamin A/C both in vivo and in vitro [131–133]. The same
domain in lamin A/C binds the MOK2 transcription fac-
tor [134] (see below), suggesting that A-type lamins pro-
vide docking sites for many transcription factors. 
LAP2a binds lamin A/C and also binds tightly to the
pocket C (and weakly to the pocket B) regions of pRb.
Reduced levels of LAP2a mislocalize pRb. Also, aber-
rant localization of lamin A/C or LAP2a causes similar
redistribution of hypophosphorylated pRb [133], sug-
gesting that hypophosphorylated pRb is anchored by
binding to LAP2a-lamin A/C complexes.
MOK2 is a transcription factor with a Krupper/TFIIIA-
related zinc-finger domain that binds DNA and RNA and
represses the interphotoreceptor retinoid-binding protein
gene [135, 136]. Human MOK2 also binds lamin A/C in
vitro and colocalizes with lamin A/C in vivo [134]. It re-
mains to be seen if repression by MOK2 requires its colo-
calization with lamins. 
Familial partial lipodystrophy (FPLD) is an autosomal
dominant inherited disease caused by mutations in the tail
domain of lamin A [137, 138]. Sterol regulatory element
binding proteins 1 and 2 (SREBP1 and SREBP2) are ac-
tivators of the complete program of cholesterol and fatty-
acid biosynthesis in the liver [139]. The N-terminal do-
main of SREBP1 (residues 227–487) can bind in vitro to
the tail domain of lamin A. Lipodystrophy-causing muta-
tions in lamin A reduce that binding [140]. It is important
to test whether the SREBP1-lamin A interaction occurs in
vivo, and whether this might explain the disease mecha-
nism. 
The C. elegans MAN1 gene (Ce-MAN1) binds both Ce-
lamin and Ce-BAF. Ce-MAN1 is an essential gene. Elim-
ination of Ce-MAN1 together with Ce-emerin causes
chromatin condensation in interphase and anaphase chro-
matin bridges in mitosis [141], leading to early embry-
onic lethality. In Xenopus, the MAN1 homolog
(XMAN1) has an important role in antagonizing the bone
morphogenetic protein (BMP) pathway [142].
Several other transcription factors show a correlation be-
tween nuclear peripheral localization and transcriptional
activity. In young or immortalized cells, Oct-1 represses
the collagenase gene and colocalizes with B-type lamins
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[143]. During senescence, Oct-1 dissociates from the nu-
clear periphery, and collagenase gene expression is
highly induced. It was therefore suggested that Oct-1
must associate with the nuclear lamina to be repressive
[143]. In pancreatic beta cells, the insulin promoter fac-
tor-1 (IPF-1/PDX-1) transactivates the insulin promoter.
At low extracellular glucose concentration, the inactive
IPF-1/PDX-1 is localized to the nuclear periphery,
whereas at high glucose levels it rapidly translocates to
the nucleoplasm and stimulates the transcription of the
insulin gene [144]. Sp3 is a GC box-binding transcription
factor that can function as either a transcriptional activa-
tor or a repressor, depending on the gene. Sp3-dependent
transcriptional activity is repressed by SUMO-1 (small
ubiquitin-like midifier 1) modification of Sp3. Endoge-
nous Sp3 is sumoylated and localized to the nuclear pe-
riphery and in nuclear dots, whereas removal of the
SUMO-1 modification converts Sp3 to a strong activator
with a nucleoplasmic distribution [145]. 
Interestingly, in all known cases the association of the
transcription factor with lamins leads to transcriptional
repression. Further studies are needed to understand the
mechanism of repression conferred by the nuclear lam-
ina.

RNA polymerase II activity requires nuclear lamins
Recent studies provided direct evidence for nuclear lamina
involvement in RNA polymerase II (Pol II)-dependent
transcription [21, 43]. Expression of a dominant-negative
lamin mutant lacking the head domain disrupts lamin A
filaments and inhibits Pol II activity in both mammalian
cells and transcriptionally active embryonic nuclei from
Xenopus laevis. This transcriptional inhibition is specific
to Pol II, does not affect Pol I or Pol III, and involves re-
distribution of the TATA-binding protein [21]. Likewise,
expression of modified lamin A or C in HeLa cells affects
the distribution of internal lamins and down-regulates Pol
II transcription [43]. In addition, treatment of HeLa cells
with the Pol II inhibitors a-amanitin or 5,6-dichlorobenz-
imidazole riboside (DRB) causes lamin A to aggregate,
whereas subsequent removal of DRB allows Pol II to reac-
tivate and causes nucleoplasmic, but not peripheral, lamins
to properly re-localize [43]. The latter results suggest that
Pol II transcription is organized by internal (nucleoplas-
mic) lamins and does not involve the peripheral lamins.

Acknowledgments. We thank Drs Kathy Wilson, Malini Manghara-
mani and Michael Brandeis for critical reading of this manuscript.
We also thank the Israel Science Foundation, the USA-Israel Bina-
tional Science Foundation and the National Institutes of Health
(GM64535) for grant support.

1 Stuurman N., Heins S. and Aebi U. (1998) Nuclear lamins:
their structure, assembly and interactions. J. Struct. Biol. 122:
42–66

2 Gruenbaum Y., Wilson K. L., Harel A., Goldberg M. and Co-
hen M. (2000) Nuclear lamins-structural proteins with funda-
mental functions. J. Struct. Biol. 129: 313–323

3 Dechat T., Vlcek S. and Foisner R. (2000) Lamina-associated
polypeptide 2 isoforms and related proteins in cell cycle-de-
pendent nuclear structure dynamics. J. Struct. Biol. 129:
335–345

4 Goldman R. D., Gruenbaum Y., Moir R. D., Shumaker D. K.
and Spann T. P. (2002) Nuclear lamins: building blocks of nu-
clear architecture. Genes Dev. 16: 533–547

5 Holaska M., Wilson K. L. and Mansharamani M. (2002). The
nuclear envelope, lamins and nuclear assembly. Curr. Opin.
Cell Biol. 14: 357–364

6 Cohen M., Lee K. K., Wilson K. L. and Gruenbaum Y. (2001a)
Transcriptional repression, apoptosis, human disease and the
functional evolution of the nuclear lamina. Trends Biochem.
Sci. 26: 41–47

7 Burke B. and Ellenberg J. (2002) Remodelling the walls of the
nucleus. Nat. Rev. Mol. Cell. Biol. 3: 487–497

8 Cohen M., Wilson K. L. and Gruenbaum Y. (2001) Membrane
proteins of the nuclear pore complex: Gp210 is conserved in
Drosophila, C. elegans and Arabidopsis. Gene Ther. Mol.
Biol. 6: 47–55

9 Riemer D., Wang J., Zimek A., Swalla B. J. and Weber K. (2000)
Tunicates have unusual nuclear lamins with a large deletion in
the carboxyterminal tail domain. Gene 255: 317–325

10 Liu J., Rolef-Ben Shahar T., Riemer D., Spann,P., Treinin M.,
Weber K. et al. (2000)Essential roles for Caenorhabditis ele-
gans lamin gene in nuclear organization, cell cycle progres-
sion and spatial organization of nuclear pore complexes. Mol.
Biol. Cell 11: 3937–3947

11 Schirmer E. C., Guan T. and Gerace L. (2001) Involvement of
the lamin rod domain in heterotypic lamin interactions impor-
tant for nuclear organization. J. Cell Biol. 153: 479–490

12 Cohen M., Tzur Y. B., Neufeld E., Feinstein N., Delannoy M.
R., Wilson K. L. et al. (2002) Transmission electron micro-
scope studies of the nuclear envelope in C. elegans embryos.
J. Struct. Biol. 140: 232–240

13 Lenz-Bohme B., Wismar J., Fuchs S., Reifegerste R., Buch-
ner E., Betz H. et al. (1997) Insertional mutation of the
Drosophila nuclear lamin dm(0) gene results in defective nu-
clear envelopes, clustering of nuclear pore complexes and ac-
cumulation of annulate lamellae. J. Cell Biol 137: 1001–
1016

14 Spann T. P., Moir R. D., Goldman A. E., Stick R. and Goldman
R. D. (1997) Disruption of nuclear lamin organization alters
the distribution of replication factors and inhibits DNA syn-
thesis. J. Cell Biol. 136: 1201–1212

15 Segura-Totten M., Kowalski A. K., Craigie R. and Wilson K.
L. (2002) Barrier-to-autointegration factor: major roles in
chromatin decondensation and nuclear assembly. J. Cell Biol.
158: 475–485

16 Gant T. M. and Wilson K. L. (1997) Nuclear assembly. Annu.
Rev. Cell Dev. Biol. 13: 669–695

17 Rao L., Perez D. and White E. (1996) Lamin proteolysis facil-
itates nuclear events during apoptosis. J. Cell Biol. 135:
1441–1455

18 Ruchaud S., Korfali N., Villa P., Kottke T. J., Dingwall C.,
Kaufmann S. H. et al. (2002) Caspase-6 gene disruption re-
veals a requirement for lamin A cleavage in apoptotic chro-
matin condensation. EMBO J. 21: 1967–1977

19 Ellis D. J., Jenkins H., Whitfield W. G. and Hutchison C. J.
(1997) GST-lamin fusion proteins act as dominant negative
mutants in Xenopus egg extract and reveal the function of the
lamina in DNA replication. J. Cell Sci. 110: 2507–2518

20 Izumi M., Vaughan O. A., Hutchison C. J. and Gilbert D. M.
(2000) Head and/or CaaX domain deletions of lamin proteins
disrupt preformed lamin A and C but not lamin B structure in
mammalian cells. Mol. Biol. Cell. 11: 4323–4337

CMLS, Cell. Mol. Life Sci. Vol. 60, 2003 Review Article 2059



21 Spann T. P., Goldman A. E., Wang C., Huang S. and Goldman
R. D. (2002) Alteration of nuclear lamin organization inhibits
RNA polymerase II-dependent transcription. J. Cell Biol. 156:
603–608

22 Starr D. A., Hermann G. J., Malone C. J., Fixsen W., Priess J.
R., Horvitz H. R. et al. (2001) unc-83 encodes a novel com-
ponent of the nuclear envelope and is essential for proper nu-
clear migration. Development 128: 5039–5050

23 Lee K. K., Starr D., Liu J., Cohen M., Han M., Wilson K. et al.
(2002) Lamin-dependent localization of UNC-84, a protein
required for nuclear migration in C. elegans. Mol. Biol. Cell
13: 892–901

24 Liu J. and Wolfner M. F. (1998) Functional dissection of YA,
an essential, developmentally regulated nuclear lamina pro-
tein in Drosophila melanogaster. Mol. Cell. Biol. 18: 188–
197

25 Furukawa K. and Hotta Y. (1993) cDNA cloning of a germ cell
specific lamin B3 from mouse spermatocytes and analysis of
its function by ectopic expression in somatic cells. EMBO J.
12: 97–106

26 Franke W. W. (1974) Structure, biochemistry, and function of
the nuclear envelope. Philos. Trans. R. Soc. Lond. B. Biol. Sci.
268: 67–93

27 Marshall W. F. and Sedat J. W. (1999) Nuclear architecture.
Results Probl. Cell Differ. 25: 283–301

28 Franklin A. E. (1999) Nuclear organization and chromosome
segregation. Plant Cell 11: 523-534.

29 Gruenbaum Y., Goldman R. D., Meyuhas R., Mills E., Mar-
galit A., Fridkin A. et al. (2003) The nuclear lamina and its
functions in the nucleus. Int. Rev. Cytol., in press

30 Hofemeister H., Weber K. and Stick R. (2000) Association of
prenylated proteins with the plasma membrane and the inner
nuclear membrane is mediated by the same membrane-target-
ing motifs. Mol. Biol. Cell 11: 3233–3246

31 Gieffers C. and Krohne G. (1991) In vitro reconstitution of re-
combinant lamin A and a lamin A mutant lacking the carboxy-
terminal tail. Eur. J. Cell Biol. 55: 191–1999

32 Heitlinger E., Peter M., Lustig A., Villiger W., Nigg E. A. and
Aebi U. (1992) The role of the head and tail domain in  lamin
structure and assembly: analysis of bacterially expressed
chicken lamin A and truncated B2 lamins. J. Struct. Biol. 108:
74–89

33 Harel A., Goldberg M., Ulitzur N. and GruenbaumY. (1998)
Structural organization and biological roles of the nuclear
lamina. Gene Ther. Mol. Biol. 1: 529–542

34 Riemer D., Dodemont H. and Weber K. (1993) A nuclear
lamin of the nematode Caenorhabditis elegans with unusual
structural features; cDNA cloning and gene organization. Eur.
J. Cell Biol. 62: 214–223

35 Gruenbaum Y., Landesman Y., Drees B., Bare J. W., Saumwe-
ber H., Paddy M. R. et al. (1988) Drosophila nuclear lamin
precursor Dm0 is translated from either of two developmen-
tally regulated mRNA species apparently encoded by a single
gene. J. Cell Biol. 106: 585–596

36 Bossie C. A. and Sanders M. M. (1993) A cDNA from
Drosophila melanogaster encodes a lamin C-like intermediate
filament protein. J. Cell Sci. 104: 1263–1272

37 McKeon F. D., Kirschner M. W. and Caput D. (1986) Ho-
mologies in both primary and secondary structure between
nuclear envelope and intermediate filament proteins. Nature
319: 463–468

38 Fisher D. Z., Chaudhary N. and Blobel G. (1986) cDNA se-
quencing of nuclear lamins A and C reveals primary and sec-
ondary structural homology to intermediate filament proteins.
Proc. Natl. Acad. Sci. USA 83: 6450–6454

39 Hoger T. H., Krohne G. and Franke W. W. (1988) Amino 
acid sequence and molecular characterization of murine lamin
B as deduced from cDNA clones. Eur. J. Cell Biol. 47: 283–
290

40 Furukawa K., Inagaki H. and Hotta Y. (1994) Identification
and cloning of an mRNA coding for a germ cell-specific A-
type lamin in mice. Exp. Cell Res. 212: 426–430

41 Moir R. D., Spann T. P., Lopez-Soler R. I., Yoon M., Goldman
A. E., Khuon S. et al. (2000) The dynamics of the nuclear
lamins during the cell cycle-relationship between structure
and function. J. Struct. Biol. 129: 324–334

42 Hozak P., Sasseville A. M., Raymond Y. and Cook P. R. (1995)
Lamin proteins form an internal nucleoskeleton as well as a
peripheral lamina in human cells. J. Cell Sci. 108: 635–644

43 Kumaran R. I., Muralikrishna B. and Parnaik V. K. (2002)
Lamin A/C speckles mediate spatial organization of splicing
factor compartments and RNA polymerase II transcription. J.
Cell Biol. 159: 783–793

44 Belmont A. S., Zhai Y. and Thilenius A. (1993) Lamin B dis-
tribution and association with peripheral chromatin revealed
by optical sectioning and electron microscopy tomography. J.
Cell Biol. 123: 1671–1685

45 Rzepecki R., Bogachev S. S., Kokoza E., Stuurman N. and
Fisher P. A. (1998) In vivo association of lamins with nucleic
acids in Drosophila melanogaster. J. Cell Sci. 111: 121–129

46 Luderus M. E., de Graaf A., Mattia E., den Blaauwen J.,
Grande M. A., de Jong L. et al. (1992) Binding of matrix at-
tachment regions to lamin B1. Cell 70: 949–959

47 Baricheva E. A., Berrios M., Bogachev S. S., Borisevich I. V.,
Lapik E. R., Sharakhov I. V. et al. (1996) DNA from Droso-
phila melanogaster beta-heterochromatin binds specifically
to nuclear lamins in vitro and the nuclear envelope in situ.
Gene 171: 171–176

48 Shoeman R. L. and Traub P. (1990) The in vitro DNA-binding
properties of purified nuclear lamin proteins and vimentin. J.
Biol. Chem. 265: 9055–9061

49 Hart C. M. and Laemmli U. K. (1998) Facilitation of chro-
matin dynamics by SARs. Curr. Opin. Genet. Dev. 8: 519–
525

50 Blasquez V. C., Sperry A. O., Cockerill P. N. and Garrard W. T.
(1989) Protein:DNA interactions at chromosomal loop at-
tachment sites. Genome 31: 503–539

51 Luderus M. E., den Blaauwen J., de Smit O., Compton D. A.
and van Driel R. (1994) Binding of matrix attachment regions
to lamin polymers involves single-stranded regions and the
minor groove. Mol. Cell. Biol. 14: 6297–6305

52 Zhao K., Harel A., Stuurman N., Guedalia D. and Gruenbaum
Y. (1996) Binding of matrix attachment regions to nuclear
lamin is mediated by the rod domain and depends on the lamin
polymerization state. FEBS Lett. 380: 161–164

53 Hoger T. H., Krohne G. and Kleinschmidt J. A. (1991) Inter-
action of Xenopus lamins A and LII with chromatin in vitro
mediated by a sequence element in the carboxyterminal do-
main. Exp. Cell Res. 197: 280–289

54 Yuan J., Simos G., Blobel G. and Georgatos S. D. (1991) Bind-
ing of lamin A to polynucleosomes. J. Biol. Chem. 266: 9211–
9215

55 Glass J. R. and Gerace L. (1990) Lamins A and C bind and as-
semble at the surface of mitotic chromosomes. J. Cell Biol.
111: 1047–1057

56 Goldberg M., Harel A., Brandeis M., Rechsteiner T., Rich-
mond T. J., Weiss A. M. et al. (1999) The tail domain of lamin
Dm0 binds histones H2A and H2B. Proc. Natl. Acad. Sci.
USA 96: 2852–2857

57 Ulitzur N., Harel A., Feinstein N. and Gruenbaum Y. (1992)
Lamin activity is essential for nuclear envelope assembly in a
Drosophila embryo cell-free extract. J. Cell Biol. 119: 17-25.

58 Burke, B. (1990) On the cell-free association of lamins A and
C with metaphase chromosomes. Exp. Cell Res. 186: 169–
176

59 Taniura H., Glass C. and Gerace L. (1995) A chromatin bind-
ing site in the tail domain of nuclear lamins that interacts with
core histones. J. Cell Biol. 131: 33–44

2060 A. Mattout-Drubezki and Y. Gruenbaum Nuclear-lamina regulation of nuclear activities



60 Krimm I., Ostlund C., Gilquin B., Couprie J., Hossenlopp P.,
Mornon J. P. et al. (2002) The Ig-like structure of the C-termi-
nal domain of lamin a/c, mutated in muscular dystrophies,
cardiomyopathy, and partial lipodystrophy. Structure 10:
811–823

61 Dhe-Paganon S., Werner E. D., Chi Y. I. and Shoelson S. E.
(2002) Structure of the globular tail of nuclear lamin. J. Biol.
Chem. 277: 17381–17384

62 Benvenuto G., Formiggini F., Laflamme P., Malakhov M. and
Bowler C. (2002) The photomorphogenesis regulator DET1
binds the amino-terminal tail of histone H2B in a nucleosome
context. Curr. Biol. 12: 1529–1534

63 Simos G. and Georgatos S. D. (1992) The inner nuclear mem-
brane protein p58 associates in vivo with a p58 kinase and the
nuclear lamins. EMBO J. 11: 4027–4036

64 Ye Q. and Worman H. J. (1994) Primary structure analysis and
lamin B and DNA binding of human LBR, an integral protein
of the nuclear envelope inner membrane. J. Biol. Chem. 269:
11306–11311

65 Holmer L., Pezhman A. and Worman H. J. (1998) The human
lamin B receptor/sterol reductase multigene family. Genomics
54: 469–476

66 Worman H. J., Evans C. D. and Blobel G. (1990) The lamin B
receptor of the nuclear envelope inner membrane: a polytopic
protein with eight potential transmembrane domains. J. Cell
Biol. 111: 1535–1542

67 Kawahire S., Takeuchi M., Gohshi T., Sasagawa S., Shimada
M., Takahashi M. et al. (1997) cDNA cloning of nuclear lo-
calization signal binding protein NBP60, a rat homologue of
lamin B receptor, and identification of binding sites of human
lamin B receptor for nuclear localization signals and chro-
matin. J. Biochem. 121: 881–889

68 Duband-Goulet I. and Courvalin J. C. (2000).Inner nuclear
membrane protein LBR preferentially interacts with DNA
secondary structures and nucleosomal linker. Biochemistry
39: 6483–6488

69 Ye Q., Callebaut I., Pezhman A., Courvalin J. C. and Worman
H. J. (1997) Domain-specific interactions of human HP1-type
chromodomain proteins and inner nuclear membrane protein
LBR. J. Biol. Chem. 272: 14983–14989

70 Polioudaki H., Kourmouli N., Drosou V., Bakou A., Theo-
doropoulos P. A., Singh P. B. et al. (2001) Histones H3
/H4 form a tight complex with the inner nuclear membrane
protein LBR and heterochromatin protein 1. EMBO Rep. 2:
920–935

71 Martins S. B., Eide T., Steen R. L., Jahnsen T., Skalhegg B. S.
and Collas P. (2000) HA95 is a protein of the chromatin and
nuclear matrix regulating nuclear envelope dynamics. J. Cell
Sci. 113: 3703–3711

72 Eissenberg J. C. and Elgin S. C. (2000) The HP1 protein fam-
ily: getting a grip on chromatin. Curr. Opin. Genet. Dev. 10:
204–210

73 Dillon N. and Festenstein R. (2002) Unravelling heterochro-
matin: competition between positive and negative factors reg-
ulates accessibility. Trends Genet. 18: 252–258

74 Hoffmann K., Dreger C. K., Olins A. L., Olins D. E., Shultz
L. D., Lucke B. et al. (2002) Mutations in the gene encoding,
the lamin B receptor produce an altered nuclear morphology
in granulocytes (Pelger-Huet anomaly). Nat. Gen. 31:
410–414

75 Waterham H. R., Koster J., Mooyer P., Noort G.v. G., Kelley R.
I., Wilcox W. R. et al. (2003) Autosomal recessive HEM/Green-
berg skeletal dysplasia is caused by 3 beta-hydroxysterol delta
14-reductase deficiency due to mutations in the lamin B recep-
tor gene. Am. J. Hum. Genet. 72: 1013–1017

76 Mansharamani M., Hewetson A. and Chilton B. S. (2001) 
Cloning and characterization of an atypical Type IV P-type
ATPase that binds to the RING motif of RUSH transcription
factors. J. Biol. Chem. 276: 3641–3649

77 Lin F., Blake D. L., Callebaut I., Skerjanc I. S., Holmer L.,
McBurney M. W. et al. (2000) MAN1, an inner nuclear mem-
brane protein that shares the LEM domain with lamina-asso-
ciated polypeptide 2 and emerin. J. Biol. Chem. 275:
4840–4847

78 Furukawa K. (1999) LAP2 binding protein 1 (L2BP1/BAF) is
a candidate mediator of LAP2-chromatin interaction. J. Cell
Sci. 112: 2485–2492

79 Shumaker D. K., Lee K. K., Tanhehco Y. C., Craigie R. and
Wilson K. L. (2001) LAP2 binds to BAF-DNA complexes: re-
quirement for the LEM domain and modulation by variable re-
gions. EMBO J. 20: 1754–1764

80 Lee K. K., Haraguchi T., Lee R. S., Koujin T., Hiraoka Y. and
Wilson K. L. (2001) Distinct functional domains in emerin
bind lamin A and DNA-bridging protein BAF. J. Cell Sci. 114:
4567–4573

81 Lee M. S. and Craigie R. (1998) A previously unidentified
host protein protects retroviral DNA from autointegration.
Proc. Natl. Acad. Sci. USA 95: 1528–1533

82 Cai M., Huang Y., Zheng R., Wei S. Q., Ghirlando R., Lee M.
S. et al. (1998) Solution structure of the cellular factor BAF
responsible for protecting retroviral DNA from autointegra-
tion. Nat. Struct. Biol. 5: 903–909

83 Zheng R., Ghirlando R., Lee M. S., Mizuuchi K., Krause M.
and Craigie R. (2000) Barrier-to-autointegration factor (BAF)
bridges DNA in a discrete, higher-order nucleoprotein com-
plex. Proc. Natl. Acad. Sci. USA 97: 8997–9002

84 Berger R., Theodor L., Shoham J., Gokkel E., Brok-Simoni F.,
Avraham K. B. et al. (1996) The characterization and lo-
calization of the mouse thymopoietin/lamina-associated poly-
peptide 2 gene and its alternatively spliced products. Genome
Res. 6: 361–370

85 Foisner R., and Gerace L. (1993) Integral membrane proteins
of the nuclear envelope interact with lamins and chromo-
somes, and binding is modulated by mitotic phosphorylation.
Cell 73: 1267–1279

86 Cai M., Huang Y., Ghirlando R., Wilson K. L., Craigie R. and
Clore G. M. (2001) Solution structure of the constant region
of nuclear envelope protein LAP2 reveals two LEM-domain
structures: one binds BAF and the other binds DNA. EMBO J.
20: 4399–4407

87 Vlcek S., Dechat T. and Foisner R. (2001) Nuclear envelope
and nuclear matrix: interactions and dynamics. Cell. Mol. Life
Sci. 58: 1758–1765

88 Martins S., Eikvar S., Furukawa K. and Collas P. (2003) HA95
and LAP2 beta mediate a novel chromatin-nuclear envelope
interaction implicated in initiation of DNA replication. J. Cell
Biol. 160: 177–188

89 Dechat T., Gotzmann J., Stockinger A., Harris C. A., Talle M.
A., Siekierka J. J. et al. (1998) Detergent-salt resistance of
LAP2alpha in interphase nuclei and phosphorylation-depen-
dent association with chromosomes early in nuclear assembly
implies functions in nuclear structure dynamics. EMBO J. 17:
4887–4902

90 Dechat T., Korbei B., Vaughan O. A., Vlcek S., Hutchison C. J.
and Foisner R. (2000) Lamina-associated polypeptide 2alpha
binds intranuclear A-type lamins. J. Cell Sci. 113: 3473– 3484

91 Vlcek S., Just H., Dechat T. and Foisner R. (1999) Functional
diversity of LAP2alpha and LAP2beta in postmitotic chromo-
some association is caused by an alpha-specific nuclear tar-
geting domain. EMBO J. 18: 6370–6384

92 Wilson K. L., Zastrow M. S. and Lee K. K. (2001) Lamins and
disease: insights into nuclear infrastructure. Cell 104: 647–
650

93 Morris G. E. (2001) The role of the nuclear envelope in
Emery-Dreifuss muscular dystrophy. Trends Mol. Med. 7:
572–577

94 Bione S., Maestrini E., Rivella S., Mancini M., Regis S.,
Romeo G. et al. (1994) Identification of a novel X-linked gene

CMLS, Cell. Mol. Life Sci. Vol. 60, 2003 Review Article 2061



responsible for Emery-Dreifuss muscular dystrophy. Nat.
Genet. 8: 323–327

95 Manilal S., Nguyen T. M., Sewry C. A. and Morris G. E.
(1996) The Emery-Dreifuss muscular dystrophy protein,
emerin, is a nuclear membrane protein. Hum. Mol. Genet. 5:
801–808

96 Fairley E. A., Kendrick-Jones J. and Ellis J. A. (1999) The
Emery-Dreifuss muscular dystrophy phenotype arises from
aberrant targeting and binding of emerin at the inner nuclear
membrane. J. Cell Sci. 112: 2571–2582

97 Clements L., Manilal S., Love D. R. and Morris G. E. (2000)
Direct interaction between emerin and lamin A. Biochem.
Biophys. Res. Commun. 267: 709–714

98 Worman H. J. and Courvalin J. C. (2002) The nuclear lamina
and inherited disease. Trends Cell Biol. 12: 591–598

99 Gruenbaum Y., Lee K. K., Liu J., Cohen M. and Wilson K. L.
(2002) The expression, lamin-dependent localization and
RNAi depletion phenotype for emerin in C. elegans. J. Cell
Sci. 115: 923–929

100 Lin H. F. and Wolfner M. F. (1991) The Drosophila maternal-
effect gene fs(1)Ya encodes a cell cycle-dependent nuclear en-
velope component required for embryonic mitosis. Cell 64:
49–62

101 Goldberg M., Lu H., Stuurman N., Ashery Padan R., Weiss A.
M., Yu J. et al. (1998) Interactions among Drosophila nuclear
envelope proteins lamin, otefin and YA. Mol. Cell. Biol. 18:
4315–4323

102 Lopez J. M. and Wolfner M. F. (1997) The developmentally
regulated Drosophila embryonic nuclear lamina protein
‘Young Arrest’ (fs(1)ya) is capable of associating with chro-
matin. J. Cell Sci. 110: 643–651

103 Yu J. and Wolfner M. F. (2002) The Drosophila nuclear lam-
ina protein YA binds to DNA and histone H2B with four do-
mains. Mol. Biol. Cell 13: 558–569

104 Dessev G., Iovcheva D. C., Bischoff J. R., Beach D. and Gold-
man R. (1991) A complex containing p34cdc2 and cyclin B
phosphorylates the nuclear lamin and disassembles nuclei of
clam oocytes in vitro. J. Cell Biol. 112: 523–533

105 Heald R. and McKeon F. (1990) Mutations of phosphorylation
sites in lamin A that prevent nuclear lamina disassembly in mi-
tosis. Cell 61: 579–589

106 Stuurman N., Maus N. and Fisher P. A. (1995) Interphase
phosphorylation of the Drosophila nuclear lamin: site-map-
ping using a monoclonal antibody. J. Cell Sci. 108: 3137–
3144

107 Rzepecki R. and Fisher P. A. (2002) In vivo phosphorylation
of Drosophila melanogaster nuclear lamins during both inter-
phase and mitosis. Cell. Mol. Biol. Lett. 7: 859–876

108 Takano M., Takeuchi M., Ito H., Furukawa K., Sugimoto K.,
Omata S. et al. (2002) The binding of lamin B receptor to
chromatin is regulated by phosphorylation in the RS region.
Eur. J. Biochem. 269: 943–953

109 Foisner R. and Gerace L. (1993) Integral membrane proteins
of the nuclear envelope interact with lamins and chromo-
somes, and binding is modulated by mitotic phosphorylation.
Cell 73: 1267–1279

110 Lachner M., O’Carroll D., Rea S., Mechtler K. and Jenuwein
T. (2001) Methylation of histone H3 lysine 9 creates a binding
site for HP1 proteins. Nature 410: 116–120

111 Boyle S., Gilchrist S., Bridger J., Mahy N., Ellis J. and Bick-
more W. (2001) The spatial organization of human chromo-
somes within the nuclei of normal and emerin-mutant cells.
Hum. Mol. Genet. 10: 211–219

112 Belmont A. S., Bignone F. and Ts’o P. O. (1986) The relative
intranuclear positions of Barr bodies in XXX non-trans-
formed human fibroblasts. Exp. Cell Res. 165: 165–179

113 Hennig W. (1999) Heterochromatin. Chromosoma 108: 1–9
114 Dernburg A. F., Broman K. W., Fung J. C., Marshall W. F.,

Philips J., Agard D. A. et al. (1996) Perturbation of nuclear ar-

chitecture by long-distance chromosome interactions. Cell 85:
745–759

115 Francastel C., Walters M. C., Groudine M. and Martin D. I.
(1999) A functional enhancer suppresses silencing of a trans-
gene and prevents its localization close to centrometric hete-
rochromatin. Cell 99: 259–269

116 Tumbar T. and Belmont A. S. (2001) Interphase movements of
a DNA chromosome region modulated by VP16 transcrip-
tional activator. Nat. Cell Biol. 3: 134–139

117 Andrulis E. D., Neiman A. M., Zappulla D. C. and Sternglanz
R. (1998) Perinuclear localization of chromatin facilitates
transcriptional silencing. Nature 394: 592–595

118 Andrulis E. D., Zappulla D. C., Ansari A., Perrod S., Laiosa C.
V., Gartenberg M. R. et al. (2002) Esc1, a nuclear periphery
protein required for Sir4-based plasmid anchoring and parti-
tioning. Mol. Cell. Biol. 22: 8292–8301

119 Hediger F. and Gasser S. M. (2002) Nuclear organization and
silencing: putting things in their place. Nat. Cell Biol. 4: E53–
E55

120 Ognibene A., Sabatelli P., Petrini S., Squarzoni S., Riccio M.,
Santi S. et al. (1999) Nuclear changes in a case of X-linked
Emery-Dreifuss muscular dystrophy. Muscle Nerve 22: 864–
869

121 Raharjo W. H., Enarson P., Sullivan T., Stewart C. L. and Burke
B. (2001) Nuclear envelope defects associated with LMNA
mutations cause dilated cardiomyopathy and Emery-Dreifuss
muscular dystrophy. J. Cell Sci. 114: 4447–4457

122 Favreau C., Dubosclard E., Ostlund C., Vigouroux C., Capeau
J., Wehnert M. et al. (2003) Expression of lamin A mutated in
the carboxyl-terminal tail generates an aberrant nuclear phe-
notype similar to that observed in cells from patients with
Dunnigan-type partial lipodystrophy and Emery-Dreifuss
muscular dystrophy. Exp. Cell Res. 282: 14–23

123 Guillemin K., Williams T. and Krasnow M. A. (2001) A nu-
clear lamin is required for cytoplasmic organization and egg
polarity in Drosophila. Nat. Cell Biol. 3: 848–851

124 Jongens T. A., Hay B., Jan L. Y. and Jan Y. N. (1992) The germ
cell-less gene product: a posteriorly localized component nec-
essary for germ cell development in Drosophila. Cell 70:
569–584

125 Leatherman J. L., Kaestner K. H. and Jongens T. A. (2000)
Identification of a mouse germ cell-less homologue with con-
served activity in Drosophila. Mech. Dev. 92: 145–153

126 Jongens T. A., Ackerman L. D., Swedlow J. R., Jan L. Y. and
Jan Y. N. (1994) Germ cell-less encodes a cell type-specific
nuclear pore-associated protein and functions early in the
germ-cell specification pathway of Drosophila. Genes Dev. 8:
2123–2136

127 Nili E., Cojocaru1 G. S., Kalma Y., Ginsberg D., Copeland N.
G., Gilbert D. J. et al. (2001) Nuclear membrane protein,
LAP2b, mediates transcriptional repression alone and to-
gether with its binding partner GCL (germ cell-less). J. Cell
Sci. 114: 3297–3307

128 de la Luna S., Allen K. E., Mason S. L. and La Thangue N. B.
(1999) Integration of a growth-suppressing BTB/POZ domain
protein with the DP component of the E2F transcription fac-
tor. EMBO J. 18: 212–228

129 Holaska J. M., Lee K. K., Kowalski A. K. and Wilson K. L.
(2003) Transcriptional repressor germ cell-less (GCL) and
barrier-to-autointegration factor (BAF) compete for binding
to emerin in vitro. J. Biol. Chem. 278: 6969–6975

130 Kaelin W. G. Jr (1999) Functions of the retinoblastoma pro-
tein. Bioessays 21: 950–958

131 Mancini M. A., Shan B., Nickerson J. A., Penman S. and Lee
W. H. (1994) The retinoblastoma gene product is a cell cycle-
dependent, nuclear matrix-associated protein. Proc. Natl.
Acad. Sci. USA 91: 418–422

132 Ozaki T., Saijo M., Murakami K., Enomoto H., Taya Y. and
Sakiyama S. (1994) Complex formation between lamin A and

2062 A. Mattout-Drubezki and Y. Gruenbaum Nuclear-lamina regulation of nuclear activities



the retinoblastoma gene product: identification of the domain
on lamin A required for its interaction. Oncogene 9: 2649–
2653

133 Markiewicz E., Dechat T., Foisner R., Quinlan R. A. and
Hutchison C. J. (2002) Lamin A/C binding protein LAP2alpha
is required for nuclear anchorage of retinoblastoma protein.
Mol. Biol. Cell 13: 4401–4413

134 Dreuillet C., Tillit J., Kress M. and Ernoult-Lange M. (2002)
In vivo and in vitro interaction between human transcription
factor MOK2 and nuclear lamin A/C. Nucleic Acids Res. 30:
4634–4642

135 Ernoult-Lange M., Kress M. and Hamer D. (1990) A gene that
encodes a protein consisting solely of zinc finger domains is
preferentially expressed in transformed mouse cells. Mol.
Cell. Biol. 10: 418–421

136 Arranz V., Harper F., Florentin Y., Puvion E., Kress M. and
Ernoult-Lange M. (1997) Human and mouse MOK2 proteins
are associated with nuclear ribonucleoprotein components
and bind specifically to RNA and DNA through their zinc fin-
ger domains. Mol. Cell. Biol. 17: 2116–2126

137 Cao H. and Hegele R. A. (2000) Nuclear lamin A/C R482Q
mutation in Canadian kindreds with Dunnigan-type familial
partial lipodystrophy. Hum. Mol. Genet. 9: 109–112

138 Shackleton S., Lloyd D. J., Jackson S. N., Evans R., Niermeijer
M. F., Singh B. M. et al. (2000) LMNA, encoding lamin A/C, is
mutated in partial lipodystrophy. Nat. Genet. 24: 153–156

139 Horton J. D., Goldstein J. L. and Brown M. S. (2002) SREBPs:
activators of the complete program of cholesterol and fatty
acid synthesis in the liver. J. Clin. Invest. 109: 1125–1131

140 Lloyd D. J., Trembath R. C. and Shackleton S. (2002) A novel
interaction between lamin A and SREBP1: implications for

partial lipodystrophy and other laminopathies. Hum. Mol.
Genet. 11: 769–777

141 Liu J., Lee K. K., Segura-Totten M., Neufeld E., Wilson K. L.,
and Gruenbaum Y. (2003) MAN1 and emerin have overlapp-
ing function(s) essential for chromosome segregation and cell
division in C. elegans. Proc. Natl. Acad. Sci. USA 15: 4598–
4603

142 Osada S., Ohmori S. Y., and Taira M. (2003) XMAN1, an in-
ner nuclear membrane protein, antagonizes BMP signaling by
interacting with Smad1 in Xenopus embryos. Development
130: 1783–1794

143 Imai S. I., Nishibayashi S., Takao K., Tomifuji M., Fujino T.,
Hasegawa M. et al. (1997) Dissociation of Oct-1 from the 
nuclear peripheral structure induces the cellular aging-associ-
ated collagenase gene expression. Mol. Biol. Cell 8: 2407–
2419

144 Rafiq I., Kennedy H. J. and Rutter G. A. (1998) Glucose-de-
pendent translocation of insulin promoter factor-1 (IPF-1) be-
tween the nuclear periphery and the nucleoplasm of single
MIN6 beta-cells. J. Biol. Chem. 273: 23241–23247

145 Ross S., Best J. L., Zon L. I. and Gill G. (2002) SUMO-1 mod-
ification represses Sp3 transcriptional activation and modu-
lates its subnuclear localization. Mol. Cell. 10: 831–842

146 Furukawa K., Fritze C. E. and Gerace L. (1998) The major nu-
clear envelope targeting domain of LAP2 coincides with its
lamin binding regionbut is distinct from its chromatin interac-
tion domain. J. Biol. Chem. 273: 4213–4219

147 Furukawa K., Glass C. and Kondo T. (1997) Characterization
of the chromatin binding activity of lamina-associated
polypeptide (LAP) 2. Biochem. Biophys. Res. Commun. 238:
240–246

CMLS, Cell. Mol. Life Sci. Vol. 60, 2003 Review Article 2063


