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PREFACE

oughly twenty-five years of studies of the nuclear envelope have

revealed that it is more than just a bag of membranes enwrapping

chromosomes. The nuclear envelope consists of several domains that
interface the cell cytoplasm and the nucleus: the outer and inner nuclear
membranes, connected by the pore membrane, the nuclear pore complexes
and the filamentous nuclear lamina. Each domain is marked by specific sets
of proteins that mediate interactions with cytoplasmic components (such as
cytoskeletal proteins) or nuclear structures (such as chromosomes). The
nuclear envelope is a highly dynamic structure that reversibly disassembles
when cells divide. How these nuclear envelope domains and proteins are
sorted at mitosis, and how they are targeted back onto chromosomes of the
reforming nuclei in each daughter cell are two fascinating questions that
have dominated the field for many years. Another item which in my mind
makes the field of the nuclear envelope exciting is the range of organisms in
which it has been studied: yeast, sea urchin, star fish, C. elegans, Drosophila,
Xenopus, mammalian cells and more. Each model organism displays com-
mon features in the ways the nuclear envelope breaks down and reforms, but
also pins differences in its organization and dynamics. Another source of
enthusiasm is the variety of experimental systems that have been developed
to investigate the dynamics of the nuclear envelope. These range from cell-
free extracts (again, from eggs or cells of many organisms), to the use of
synthetic beads (which a priori have nothing to do with a nucleus), genetic
studies in C. elegans and recent elaborate 4-D imaging studies in living mam-
malian cells. All these provide unique angles to our view of nuclear envelope
behavior. Finally, for many, the nuclear envelope has experienced a ‘rebirth’
after the identification of mutations in two of its components, the inner
nuclear membrane protein emerin, and nuclear lamins A and C. Mutations
in these proteins are the cause of several forms of dystrophies of skeletal and
cardiac muscles and are life-threatening.

In twelve chapters, prominent experts in their field deliver the latest
views on how molecules and pathways are orchestrated to build, or
disassemble, the nuclear envelope. Each chapter is meant to lead the reader
to a specific domain of the nuclear envelope or to a particular process, whether
this takes place in an egg, an embryo or a somatic—healthy or diseased—cell.

Editing this book would have not been possible without the formidable
contributions from all authors—many thanks to all of them, an initiative
from Ron Landes and the technical support from Cynthia Dworaczyk.

I hope this volume will provide the reader with a better appreciation
of the biology of the nuclear envelope. Have a good time reading it.

Philippe Collas



CHAPTER 1

Dynamics of the Vertebrate Nuclear Envelope

Malini Mansharamani, Katherine L. Wilson and James M. Holaska

Abstract
he cell nucleus is a complicated organelle that houses the genome of humans and other
I eukaryotic organisms. Chromosomes are enclosed by the nuclear envelope, and
‘communicate’ with the cytoplasm by the regulated movement of molecules across
nuclear pore complexes. In multicellular animal eukaryotes (‘metazoans’), a special set of nuclear
membrane proteins and lamin filaments interact with chromatin to provide key structural and
functional elements to the nucleus. Remarkably, these structures are reversibly disassembled
during mitosis. This Chapter describes the structure and major constituent proteins of the
metazoan nuclear envelope, our current understanding of nuclear envelope dynamics during
mitosis, and pathways for the reversible breakdown and reassembly of the nuclear envelope and
nuclear infrastructure. This field is moving quite fast. A better understanding of these
fundamental aspects of nuclear envelope structure and dynamics will provide new insights into
an emerging class of inherited human diseases, including Emery-Dreifuss muscular dystrophy,
dilated cardiomyopathy, and lipodystrophy. Further work in this field may also suggest novel
anti-viral therapies for HIV or herpesvirus, which specifically disrupt nuclear envelope struc-
ture during their life cycles.

Interphase Nuclear Envelope Structure

The nucleus of metazoan cells includes highly stable structures such as the chromosomes,
the nuclear envelope and lamina plus highly mobile proteins responsible for RNA production
and nuclear metabolism. This complex architecture is reversibly disassembled during mitosis.
In this Chapter, we summarize interphase nuclear structure, and the events and mechanisms of
nuclear envelope disassembly and reassembly during mitosis.

The nuclear envelope defines and encloses the cell nucleus. The envelope is composed of
two concentric membranes (outer and inner) and nuclear pore complexes that are anchored by
a network of filaments termed the nuclear lamina. The outer membrane is continuous with,
and has the same protein composition as the rough endoplasmic reticulum (ER). The outer
and inner nuclear membranes fuse periodically to form nuclear pores. Pores have a diameter of
~100 nm and are occupied by nuclear pore complexes. Nuclear pore complexes actively medi-
ate the transport of macromolecules between the nucleus and the cytoplasm. They also provide
aqueous channels through which ions and small proteins (<40-60 kD) can diffuse passively.'
Unlike the nuclear outer membrane, the inner membrane has a unique protein composition
and can thus be viewed as a highly specialized subdomain of the ER. Proteins unique to the
nuclear inner membrane include the lamin B receptor (LBR),? several isoforms each of the
lamina associated polypeptides (LAPs) 1 and 2,3 emerin,®” MAN1,%? nurim'® and the
RING Finger Binding Protein (RFBP).'! Many of these proteins can bind directly to
nuclear lamins, which are abundant near the inner membrane. We will refer to the lamin

Nuclear Envelope Dynamics in Embryos and Somatic Cells,
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2 Nuclear Envelope Dynamics in Embryos and Somatic Cells

filaments and lamin-binding proteins collectively as the nuclear lamina. The lamina comprises
a major element of nuclear architecture and nuclear function.'>!?

Lamin filaments are composed of nuclear-specific type V intermediate filament proteins
named lamins (reviewed in 14). Lamins have a small N-terminal ‘head’ domain followed by an
a-helical coiled-coil ‘rod’ and a C-terminal globular ‘tail’. The rod sequence is highly conserved
with other intermediate filament proteins, except for a lamin-specific extension in the second
a-helical segment of the rod domain,'® whereas the head and tail domains of lamins are more
divergent from cytoplasmic intermediate filaments."” The coiled-coil rod mediates the forma-
tion of parallel dimers, which pair into anti-parallel tetramers. The tetramers polymerize head-
to-tail into polymeric filaments.'® There are two classes of lamins, A-type and B-type, based on
their biochemical properties and sequence homology. B-type lamins are found in all cell types,
including embryonic cells."” In contrast, A-type lamins are expressed predominantly in differ-
entiated cells and are therefore proposed to contribute to cell-type specific functions.'® Verte-
brates have three lamin genes. Two genes code for B-type lamins; LMNBI encodes lamin B1"
and LMNB2 encodes lamins B2 and B3.4 The third gene, LMNA, encodes four isoforms of A-
type lamins, through differential splicing: lamins A, AA10, C1 and C2.2°* Interestingly, lamins
C2 and B3 are both expressed uniquely in germ cells,”> 2 suggesting roles in the meiosis-
specific reorganization of nuclear and chromosomal structure.?> As discussed in a later Chap-
ter, mutations in A-type lamins are now linked to at least five hereditary diseases that affect a
variety of specific tissues.

Without lamins, nuclear structure is severely impaired. In cell-free extracts of Xenopus eggs,
which will assemble nuclei around added chromatin, the addition of dominant negative mu-
tant lamin proteins prevents nuclear envelope reassembly after mitosis.® When lamins are
immunodepleted from extracts, the resulting nuclei are fragile and cannot replicate their
DNA?"% indicating that nuclear lamins are required for DNA replication. LMNA knockout
mice are born normal, but by three weeks after birth, develop a severe form of muscular
dystrophy.?” These mice die by eight weeks. Similarly, RNAi-mediated depletion of the only
lamin in C. elegans (B-type) causes embryonic lethality.>® There is currently no data for the
phenotype of B-lamin knockout in any organism with more than one lamin gene. Neverthe-
less, the phenotypes of lamin-null C. elegans and the LMNA knockout mice strongly suggest
that B-type lamins are essential for life, whereas A-type lamins are tailored to the functions of
specific cell types and tissues. A-type lamins are also essential for long-term viability of indi-

viduals.

Inner Nuclear Membrane Proteins

Many different proteins located at the inner nuclear membrane are known to bind lamins,
and these interactions are important for attaching lamin filaments to the inner membrane. The
first lamin-binding membrane protein to be discovered was LBR, the ‘lamin B receptor’. LBR
is a 58 kD membrane protein, which has a ~25 kD nucleoplasmic domain followed by eight
transmembrane domains.? The nucleoplasmic domain of LBR binds directly to lamin B>"%2
and also interacts with a chromatin protein named HP1, which is required for repressive chro-
matin structure in Drosophila.>*>* The next proteins to be discovered were named Lamina
associated polypeptides (LAPs)1 and 2. The LAPI gene is proposed to encode three LAP1
protein isoforms (A, B and C) by alternative splicing.”® The A and B isoforms of LAP1 interacted
with all lamins tested, including lamins A, C and B1.>® LAP1C is the most abundant, and is
currently the only isoform for which the full cDNA sequence is published.”> LAP1C binds
strongly to lamin B.3” More is known about the ZAP2 gene, which encodes six isoforms in
mammals by alternative splicing.*> LAP2 is the largest membrane-bound LAP2 isoform, and
directly binds lamin B. LAP2f also has a growing number of additional partners including
BAF (Barrier-to-Autointegration Factor; a small DNA binding protein),3 839 DNA* and GCL,
a transcriptional repressor.*! LAP2p is known to play roles in DNA replication competence
and nuclear reassembly®*? by mechanisms that are not yet understood. Interestingly, LAP2f
itself can function as a transcriptional repressor.?! The other widely expressed isoform of LAP2,
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LAP2a., does not have a transmembrane domain and is distributed throughout the nucleo-
plasm, where it forms stable complexes with A-type lamins and an unidentified chromatin
partner.” In theory, all LAP2 isoforms are capable of binding to chromatin through the DNA-
and BAF-binding domains present at their shared N-terminal constant region.***°

The BAF-binding domain of LAP2 is conserved in several other nuclear envelope proteins,
including emerin and MANT, in a 40-residue region called the LEM domain.? The atomic
structure of the LEM-domain has been solved for LAP2 and emerin.***4%> The LEM-domain
mediates binding to BAE*® BAF is a 10 kD protein that forms a stable 20 kD homodimer, and
binds to double-stranded DNA non-specifically. 48 BAF is highly conserved in metazoans,
but is absent (along with lamins and all other nuclear envelope proteins discussed here) in
yeast and plants. Like the B-type lamins, BAF is essential for the viability of dividing cells,
suggesting fundamental roles in nuclear structure and function.*®

Emerin directly binds both A- and B-type lamins as determined by in vitro binding assays
and coimmunoprecipitations, but may have higher affinity for A-type lamins,* and specifi-
cally lamin C.”° The nuclear localization of emerin depends on lamins, since deletion of the
only lamin in C. elegans causes the loss of emerin protein from the nuclear envelope.”® Another
inner nuclear membrane protein, named RFBP (RING Finger Binding Protein) binds the
SWI2/SNF2 related RUSH transcription factors.!' REBP has nine transmembrane domains;
it has not yet been tested for binding to lamins. Important areas for future work include the
identification of binding partners for RFBP and other newly identified nuclear membrane
proteins, including the LEM-domain protein MAN1? and nurim. '

The interactions of inner nuclear membrane proteins with lamins are thought to have func-
tional implications for the nucleus. Importantly, a growing number of transcription factors are
localized to the lamina. Oct-1, a ubiquitously expressed transcription factor, co-localizes with
lamin B.>? Retinoblastoma (Rb), a transcriptional repressor with major roles in growth control,
co-localizes with lamin A in its functionally repressive form.>® Finally, a transcriptional repres-
sor named GCL (germ-cell-less) binds directly to the B-specific region of LAP23, and GCL
and LAP2f together are as effective as Rb in repressing transcription.?! Therefore, the lamina
provides not only mechanical strength to the nucleus, but may also help localize or stabilize
protein complexes essential for gene regulation, as discussed here, and DNA replication as
discussed earlier.

Nuclear Envelope Disassembly

During mitosis in multicellular eukaryotes, prophase is marked by the disassembly of the
nuclear envelope. The nuclear envelope then begins to re-form even while the chromosomes
segregate during late anaphase and telophase. Nuclear disassembly is a regulated process, in
which the chromosomes condense, the pore complexes disassemble, the lamina filaments undergo
a slow depolymerization, and nuclear membranes and inner membrane proteins are dispersed
into the ER.>*%¢ Disassembly is driven by site-specific phosphorylation of key target proteins
by the mitotic cyclin-dependent kinase cdc2 (also known as p34°> or MPF, maturation
promoting factor)’” or protein kinase C.”® The major events and mechanisms of nuclear
disassembly are discussed below. It is important to note that lamin disassembly, chromatin
condensation and membrane dispersal are all independent events.”® Functional nuclear pore
complexes are required for nuclear lamina disassembly, to allow the entry of cell-cycle regula-
tory proteins including cdc25% and cyclin B,*'which are critical for activating mitotic kinase
activity inside the nucleus.®*®

Nuclear Pore Complex Disassembly

Nuclear pore complexes (NPCs) are the first structures to disassemble during mitosis.
Terasaki and colleagues®® proposed an elegant model in which the disappearance of NPCs
leaves behind open unstabilised pores (holes) in the nuclear envelope; these holes allow the
mitotically-phosphorylated inner membrane proteins to diffuse freely to the outer membrane
and hence into the ER network. The NPC is a supramolecular structure with an estimated

64,65
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maximum mass of 124x10° Da.! Each NPC is composed of about 40 distinct proteins
(nucleoporins or Nups), each of which is present in 8 copies or multiples of 8 copies. Identified
vertebrate Nups have been reviewed elsewhere.®® Similar to other nuclear envelope compo-
nents, NPC disassembly appears to be driven by mitotic phosphorylation. Interestingly, the
disassembled Nups remain associated as soluble subcomplexes that disperse throughout the
cytoplasm during mitosis.”” The nucleoporins Nup97 and Nup200 are directly phosphory-
lated by the cdc2/cyclin B kinase, and exist in complexes of masses ~1000 kD and 450 kD,
respectively, in mitotic Xenopus egg cytosol.®® Other mitotically hyperphosphorylated
nucleoporins include Nup153 (a component of the intranuclear NPC basket), and Nup214
and Nup358 (which are found on cytoplasmic NPC filaments). It is worth noting that some
nucleoporins may also be é)hosphorylated during interphase, potentially for the purpose of
regulating NPC function.”” Gp210, which is one of only two known integral membrane
nucleoporins, is not phosphorylated durin% interphase but is specifically phosphorylated at Ser
1880 during mitosis, by cdc2/cyclinB.®”” It is proposed that this phosphorylation disrupts
binding between the exposed gp210 tail and an unknown partner, and might disrupt the an-
choring of NPCs to the pore membrane. More work, particularly on gp210 and the other
membrane nucleoporin POM121, is needed to understand the mechanisms of NPC disassembly.

Membrane Disassembly

The mechanism of nuclear membrane disassembly has been a matter of some confusion
until recently. In fractionated egg extracts from Xenopus laevis, heterogenous 80-300 nm vesicles
were seen to bind chromatin and fuse to form the nuclear envelope.”"”? It was proposed that
these vesicles arose during mitosis by a mechanism similar to the formation of ER transport
vesicles, and that the nuclear membranes therefore disassembled by vesiculation.”®> Upon the
inactivation of mitotic kinases, these nuclear vesicles would be permitted to fuse and reassemble
the envelope.”*”> However, cell fractionation procedures might have converted tubular
membranes into vesicles. The question of nuclear membrane disassembly has been clearly
answered for mammalian cells using live-cell imaging studies, in which the dynamic properties
of LBR and POM121, an integral membrane protein of the NPC, were studied during mitosis
using fluorescence recovery after photobleaching (FRAP).*7 These experiments showed that
GFP-labeled LBR and POM121 were stably localized at the inner membrane and NPC during
interphase, but were dispersed into a relatively intact ER network during mitosis.

It has been suggested that all nuclear proteins that are mitotically phosphorylated may
contribute to nuclear envelope structure in some way. LBR contains phosphorylation sites for
PKA®' and the mitotic cyclin-dependent kinase cdc2/cyclin B.%*”7 Consistent with mutual
structural roles, the chromatin partner for LBR, a protein named HP1, is also phosphorylated
in a cell cycle dependent manner.”® The B and v isoforms of LAP2 are phosphorylated on
multiple residues during interphase, suggesting that the interphase functions of LAP2 are
regulated by several different kinases.”” In addition, LAP2 isoforms become differentially
phosphorylated at mitosis.*® Phosphorylation at mitotic-specific residues causes LAP2p to dis-
sociate from lamin B in vitro.*® Emerin is also differentially phosphorylated during mitosis,
and like other nuclear membrane proteins becomes dispersed throughout the ER.%

Until recently, phosphorylation was viewed only in the context of mitosis. However because
of growing evidence for regulated phosphorylation during interphase, investigators now need
to map both mitotic and interphase sites of phosphorylation. It will also be useful to consider
additional modifications such as glycosylation, which is a common modification of several
nucleoporins.®!

Lamina Disassembly
Gerace and colleagues®” localized lamins by immunofluorescence and electron microscopy
during both interphase and mitosis. They showed that lamins are prominent at the nuclear
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periphery during interphase, yet become dispersed throughout the cell during mitosis. Their
subsequent discovery that nuclear lamin proteins were reversibly depolymerized during mito-
sis, and that depolymerization correlated with hyperphosphorylation, provided key insights
into the mechanism of nuclear envelope breakdown.’* Furthermore, the A-and B-type lamins
had distinct behaviors during mitosis in many cell types; the B-type lamins remained associ-
ated with membranes during mitosis, whereas lamins A and C were completely solubilized.”**3
Both A- and B-type lamins are post-translationally modified by prenylation at their C-termini,
which confers greater affinity for membranes.®* Prenylated A-type lamins are recognized by
Narf, a newly-identified protein inside the nucleus.®> However, the prenyl modification is then
cleaved from A—tyge lamins during proteolytic processing of the C-terminus, to yield mature
lamins A and C.*® Both A- and B-type lamins are mitotically ;)hossphorylated on conserved
serine residues, located at each end of the coiled-coil rod domain.” ¥ Phosphorylation appears
to change the conformation of lamin dimers such that the dimers or tetramers are released
from the lamin polymer. Further work on lamins will be facilitated by knowing the structure of
the tail domain of lamin A, which was recently solved independently by the Shoelson and
Zinn-Justin laboratories.

Nuclear Assembly

The metaphase-anaphase transition during mitosis is triggered by the proteolytic degrada-
tion of cyclins and cohesins, which inactivates the mitotic kinases and sister-chromatid ‘glue’
proteins, respectively.®! Once the mitotic kinase is inactivated, phosphatases rapidly de-phos-
phorylate the dispersed nuclear membrane proteins, lamins, and nucleoporins.”* Nuclear en-
velope components begin to re-assemble while the chromosomes are segregating during anaphase
and telophase. Typically, each set of daughter chromosomes is completely re-enclosed within a
nascent nuclear envelope by late telophase.”* In the ensuing second phase of re-assembly, which
is more poorly understood, the nascent nucleus re-imports a multitude of dispersed soluble
nuclear proteins, including lamins, and must re-assemble its interior infrastructure, decondense
the chromatin, and expand to reform a functional interphase nucleus.

The mechanisms of nuclear envelope formation have been studied primarily using fraction-
ated, reconstituted extracts from Xenopus eggs, Drosophila embryos, and sea urchin eggs which
contain stockpiles of mitotically disassembled nuclear components.”® °3 Recent advances in
fluorescent imaging and the ability to express specific nuclear envelope proteins fused to the
Green Fluorescent Protein (GFP), have allowed investigators to follow nuclear assembly in
living cells in real time. These advances, combined with the recent use of C. elegans as an
experimental organism,* are increasing our understanding of nuclear envelope assembly.*%”>

The mechanisms of nuclear envelope assembly will be discussed chronologically, starting
with the proposed mechanisms for targeting (or sorting) membranes that contain inner nuclear
membrane proteins (e.g., LAP2f3, emerin, MAN1) to the chromatin during late anaphase and
telophase. We will then discuss the assembly of nuclear pores and NPCs, which are essential to
re-establish nuclear transport activity, and the role of nuclear transport in nuclear growth.
Finally, we will discuss nuclear lamina assembly, which remains an important open question.

Nuclear Membrane Targeting and Fusion

The nuclear envelope can be viewed as a highly-specialized subdomain of the ER. To re-
assemble the nuclear envelope, ER membranes that carry the inner nuclear membrane proteins
must (a) bind the chromatin surface, (b) fuse together to enclose the chromosomes, and (c)
flatten and fuse periodically to form pores and NPCs.”#?4%> As discussed earlier, the nuclear
membranes (and inner membrane proteins) mix with the ER membrane proteins during mito-
sis. It is still not understood which membrane proteins have structural roles in nuclear envelope
assembly, primarily due to our inability to specifically deplete integral membrane proteins
from isolated membranes and extracts. For this reason genetic systems such as C. elegans and
Drosophila will be critical for the functional analysis of nuclear membrane proteins.
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Nuclear Membrane Protein Targeting to Chromatin

Despite being dispersed throughout the ER, most nuclear-specific membrane proteins re-
accumulate at the chromatin surface within minutes after the metaphase-anaphase transition,
as determined by fluorescence imaging.**°®’> The kinetics of nuclear membrane protein
recruitment (or sorting) to the reforming nuclear envelope is of great interest to the field, and
has been followed using various fluorescently-labeled nuclear envelope proteins in both fixed
and living cells.”*?**” ER membranes gain access to chromatin during late anaphase and telo-
phase, and membrane-chromatin contacts are likely to be stabilized by the binding of nuclear
membrane proteins to their appropriate ligands on chromatin. Chromatin contacts gradually
increase in number as additional inner membrane proteins reach the chromatin surface by
diffusing along the ER membrane.”>?” Access of dispersed nuclear proteins to the reforming
nuclear envelope may be enhanced by the ongoing fusion and fission activities of ER tubules
with the outer nuclear membrane.

DNA itself is recognized directly by both LAP2**" and lamins.”®'* Lamins also bind
directly and specifically to histones H2A and H2B,”®'! as well as DNA.'® In addition, two
non-histone chromatin-associated proteins, named heterochromatin binding protein 1 (HP-1)
and Barrier to autointegration factor (BAF), interact with one or many nuclear membrane
proteins. HP-1 localizes to chromatin during metaphase and binds LBR.****1%2 The other
chromatin-associated protein, BAE is proposed to interact with all LEM domain proteins,
including LAP2, emerin, MAN1, and LEM-3 and otefin.'20%193 BAF has been shown bio-
chemically to bind directly to both LAP2%*%° and emerin.!* New evidence suggests that emerin
and BAF interact in vivo, and that BAF is required for the recruitment of emerin, LAP2f3 and
lamin A (but remarkably not lamin B) to reforming nuclear envelopes.'%1°> BAF and HP-1
are sub-localized to different regions of the chromatin for a brief time (-4 minutes) during late
anaphase and telophase. BAF and emerin co-localize at the so-called ‘core’ region, which com-
prises the surfaces of the massed telophase chromatin that are closest to, and opposite to, the
spindle pole.'® In contrast, HP-1 localizes to centromeres, whereas another isoform of HP1,
HP1y, localizes to the chromosome arms.”® These transient spatial distinctions are important
because emerin co-localizes with BAF at the ‘core’,'® and LBR co-localizes separately with
HP-1,% suggesting that these interactions may regulate specific steps in nuclear assembly. A
few minutes later, all of these proteins spread out and become uniformly distributed around
the nuclear envelope. An emerin mutant that cannot bind BAF also cannot re-assemble into
reforming nuclear envelopes,'*’ suggesting that BAF-emerin co-localization at the ‘core’ is critical
to recruit emerin during nuclear envelope assembly, and possibly also to assemble lamin A-
dependent structures inside the nucleus. Preliminary experiments in tissue culture cells suggest
that HP1-LBR interactions are also important for nuclear assembly.!%?

Nuclear Membrane Fusion

Nuclear membrane fusion at the chromatin surface is likely to involve a mechanism by
which ER tubules fuse, termed ‘homotypic fusion’.!? 'Lateral' fusion between adjacent nuclear
envelope cisternae encloses the chromatin. Further fusion events enlarge the nucleus.'®” The
fusion of nuclear membranes also requires GTP hydrolysis.'**!'° The GTPase responsible for
this hydrolysis has not been identified, although it was shown that one particular GTP binding
protein, ARE, is not required.!'""!1? There is growing evidence that Ran, a GTPase that regu-
lates the directionality of nuclear transport, may also mediate membrane fusion events. How-
ever, more work is needed to determine if Ran’s role in membrane fusion is direct or indirect.!1*!14

Nuclear Pore Formation

The assembly of nuclear pore complexes (NPCs) is essential for the growth phase of nuclear
assembly, because many different structural and regulatory proteins must be re-imported and
assembled in the nucleus. One major class of proteins that are transported through NPCs are
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the A-type nuclear lamins.”* Whereas B-type lamins are membrane- associated during mitosis
in vertebrate cells, A-type lamins are soluble and must be imported into nascent nuclei prior to
their polymerization at the nuclear envelope.”%!!® Interestingly, NPCs are also needed to re-
assemble nuclear membrane proteins and lipids. Because the chromatin is completely enclosed
by membranes, the pore membrane domain is essential for nuclear membrane proteins to gain
diffusional access to the inner membrane. The pore membrane domain also allows lipids to
move to the inner membrane, which might be essential for the nuclear envelope to expand
back to its full, interphase size.

Individual nuclear pore complexes form very rapidly and are seen within seven minutes in
reconstituted Xenopus egg extracts.''® Pore formation begins as soon as membranes attach and
flatten onto the chromatin surface.”>!'¢ However, pore formation does not require chromatin,
since NPCs can assemble into stacked ER-like membranes termed ‘annulate lamellae” in the
absence of chromatin.''”"!'® Tnitiation of pore formation is an interesting question, because
eukaryotic evolution depended on having a mechanism to allow the genome to communicate
with the cytoplasm. The fusion of all biological membranes is triggered by proteins, which help
lipid bilayers overcome their mutual surface charge repulsion.!'>? ‘Porogenic’ fusion between
the inner and outer nuclear membranes is proposed to require protein domains that extend
into the lumenal space of the nuclear envelope. Vertebrates have two known integral mem-
brane nucleoporins, named POM121'?! and gp210.'2*!?* Based on the membrane topology
of gp210, which has a small, exposed C-terminal domain and a massive lumenal domain,
gp210 was hypothesized to be the fusogenic protein.!?%!?> Recent evidence is consistent with
gp210 having a fusogenic role, and also suggests that the exposed C-terminal tail of gp210 may
have a role in dilating small, nascent pores (1-5 nm diameter) immediately after the membrane
fusion event.'*® FRAP experiments show that during interphase, POM121 is an extremely
stable component of the NPC, with a half-time of turnover of more than 20 hours.”® Unex-
pectedly, gp210 is relatively mobile during interphase, with an estimated half-time for move-
ment of 6 hours (Bodoor and Burke, personal communication). These different mobilities may
explain why POM121, but not gp210, re-accumulates rapidly during nuclear assembly,'?” but
do not yet reveal the mechanism of pore membrane fusion. Determining the ‘porogenic’ mem-
brane fusion mechanism is essential for understanding how functional nuclei form at the end
of mitosis.

Assembly of the NPC

Pore formation and NPC assembly are challenging unsolved problems in cell biology. Func-
tional NPCs are required for the first morphologically detectable step in nuclear envelope
growth, termed ‘smoothing’.!'® An ordered self-assembly pathway for NPC formation has been
proposed based on the visualization of structures termed membrane ‘dimples’, ‘stabilizing pores,
and ‘star-rings’ in Xenopus nuclear assembly reactions.'®® ‘Dimples” are indentations in the
outer membrane, and are inferred to be intermediates in the membrane fusion events that
generate the pores. ‘Stabilizing pores’ have irregular shapes, but are typically ~35-45 nm in
diameter, and are thought to reveal how the NPC appears at a very early stage of assembly. The
next two proposed intermediates in NPC assembly, termed star-rings and thin-rings, contain
additional structures (cytoplasmic ring and underlying components) and can exhibit the
characteristic eight-fold symmetry of mature NPCs.'#® Similar NPC-related structures have
been seen in vivo in Drosophila embryonic nuclei.'*” Among the final steps of NPC formation
are the assembly of filaments that emanate from the nucleoplasmic ring.°*'? Little is known
about the assembly of NPC substructures located within the nucleus. Even less is known about
the formation of interior filaments that attach to NPCs, except that these filaments may consist
of the Tpr protein in association with nucleoporins Nup98 and Nup153.'30-132

Biochemical intermediates in NPC formation have been characterized using annulate lamel-
lae, which are NPC-rich stacks of membrane cisternae.!'” NPCs in annulate lamellae have
similar biochemical composition and structure as NPCs formed in vivo. Forbes and colleagues
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used annulate lamellae formation in Xenopus egg extracts to study NPC assembly in vitro.!'#13%-

13 They found that reagents that block the homotypic fusion of membranes into cisternae
(GTPyS and NEM) also block NPC assembly. They further discovered that BAPTA, a calcium
buffering agent,'”’ profoundly inhibited pore formation at the earliest stages.'>> BAPTA can
also arrest NPC formation at the ‘star-ring’ stage.'*® A number of soluble nucleoporins are O-
glycosylated, and removal of these nucleoporins from cytosol, by WGA-Sepharose depletion,
can either produce malformed NPCs''®'% or completely block pore formation.'?!%¥ The
removal of O-GlcNAc-modified nucleoporins has distinct effects on both early and later stages
of NPC assembly, 813

Enlargement of the Nucleus

Because lamins play such fundamental roles in nuclear structure and shape, their re-assem-
bly may be central to the formation of functional nuclei.”*!® In reconstituted Xenopus egg
extracts, chromosome decondensation is inhibited by blocking the polymerization of lamin
B.2® In mammalian cells, most A-type lamins do not integrate into filaments until the middle
of G1.1110 These differences suggest that A- and B-type lamin filaments may assemble dis-
tinctly and deliberately, providing a plausible mechanism to both drive and control the increase
in nuclear volume over time.

One of the biggest open questions for lamin polymerization is what role(s), if any, are
played by the growing number of lamin-binding inner membrane proteins. Nuclei assembled
in the presence of exogenous LAP2f fragments fail to expand, even though the nuclear enve-
lope has NPCs and appears normal.*>*> This block of nuclear growth might be due to LAP2
being required for lamin assembly. For example, LAP2 may promote lamin B polymerization
at the nuclear envelope, and the soluble isoform, LAP20. may promote filament formation by
A-type lamins in the nuclear interior. Alternatively, LAP2 proteins might bind lamins only as a
localization mechanism, and contribute to nuclear expansion by regulating chromatin struc-
ture or the transcription of genes required for expansion.

Assembly of Non-Lamin Intra-Nuclear Structures

While the structure and assembly of nuclear lamins are still poorly understood, even less is
known about other interior structures of the nucleus. These structures include an extensive
network of intra-nuclear filaments that attach to the NPC and extend throughout the
nucleus. " 13114 One component of these NPC-linked filaments is Tpr, a coiled-coil protein
of 270 kDa that is localized at NPC baskets and can form parallel homodimers in solution.*?
NPC-linked filaments are proposed to facilitate the intra-nuclear movement of cargo destined
for nuclear export.'**!3! A mobile nucleoporin, Nup98, which associates with export receptors,
co-localizes extensively with NPC-linked filaments.'*® The three-dimensional assembly and
function of the NPC-linked filaments and lamin filaments are important challenges for future
work.

Concluding Remarks

Further study of the structure, assembly and dynamics of the nucleus will be important to
understand the functions of this complex organelle, which is home to the human genome. A
basic understanding of nuclear envelope structure may lead to rational therapies for an emerg-
ing class of human diseases, including Emery-Dreifuss muscular dystrophy, dilated cardiomy-
opathy, limb girdle muscular dystrophy and familial partial lipodystrophy, which are caused by
defects in nuclear lamins and lamin-binding proteins.'***1%* In addition, an understanding of
nuclear envelolpe structure and dynamics may also lead to improved anti-viral therapy in the
case of HIV'* and herpesvirus,'> both of which disrupt nuclear envelope structure as a re-
quired part of their life-cycle.
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CHAPTER 2

Dynamics of Nuclear Envelope Proteins
During the Cell Cycle in Mammalian Cells

Jan Ellenberg

Abstract

reakdown and reformation of the nuclear envelope (NE) during cell division is one of
B the most dramatic structural and functional changes in higher eukaryotic cells. NE

breakdown (NEBD) marks a highly regulated switch in chromosome confinement by
membranes in interphase to microtubules in M-phase. The boundary of interphase nuclei has
arigid and highly interconnected architecture made up of a concentric double membrane with
embedded nuclear pores, underlying intermediate filaments and the connected chromosome
territories. Upon entering mitosis, cells completely and rapidly dismantle the connections be-
tween these structures to allow chromosomes to condense and be captured by the mitotic
spindle which then accurately partitions them to daughter cells. Once segregation is
accomplished, the complex interphase architecture is quickly re-established to enable essential
functions such as transcription and replication to start anew. Several excellent recent reviews
have touched upon this subject from several angles."® In this Chapter, I intend to present a
global picture of the dynamics of nuclear envelope proteins during mitosis in mammalian cells
and also touch upon other cellular structures important for nuclear envelope remodeling in-
cluding chromosomes and the mitotic spindle.

Why Should Nuclear Envelope Proteins Be Dynamic?

The NE forms a selective boundary around the chromosomes and acts as a peripheral scaf-
fold to spatially organize chromatin. As a consequence, most NE proteins have structural func-
tions in organizing the interphase nuclear architecture. For structural proteins the intuitive
assumption is that their behavior is rather static. However, both in non-dividing and dividing
cells there are aspects of NE function that require dynamic exchange of its proteins. Before we
review these, it is useful to remind ourselves that the NE has a unique topology. Its two mem-
branes, inner nuclear membrane (INM) and outer nuclear membrane (ONM) are connected
at several thousand nuclear pores via a short stretch of lipid bilayer sometimes referred to as the
pore membrane (POM) (Fig. 1). The outer membrane is continuous with the endoplasmic
reticulum (ER) and is indistinguishable from the ER in terms of its protein composition in-
cluding attached and translating ribosomes. Viewed from the cytoplasm, the NE is simply a
specialized subcompartment of the ER, a large spherical ER cisterna studded by nuclear pores
and wrapped around lamins and chromosomes (Fig. 1).

What then are the situations in which NE proteins have to be dynamic? The first need arises
when cells replicate their set of chromosomes which causes nuclear volume and NE surface to
grow significantly. This expansion requires the targeting of proteins to the NE to equip it with
new molecules. A good example for this is that the number of nuclear pores doubles during this
time.” Secondly, nuclear architecture needs to be remodeled in response to external stimuli. It
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Figure 1. Schematic view of the organization of the interphase nuclear envelope.

(Left) Nuclear membranes can be seen clearly as a subcompartment of the ER studded by nuclear pores and
closely apposed to the nuclear lamina and peripheral chromatin. Also shown are the exclusively cytoplasmic
microtubules and centrosomes.

(Right) The four major structural components of the NE drawn to their approximate molecular scale. The
cytoplasm (white) is separated from the nucleoplasm (gray) by the nuclear membranes consisting of outer
nuclear membrane (ONM) facing the cytoplasm, pore membrane embedded in the nuclear pore complex
(NPC), and inner nuclear membrane (INM) facing the nuclear lamina. Peripheral chromatin is shown
schematically as a 30 nm fiber composed of DNA wrapped around nucleosomes. Substructures of the
nuclear pore complex shown are the central spoke ring complex (embedded in the membranes), as well as
cytoplasmic and nuclear fibrils and the central plug. Scale bar: 50 nm.

is becoming increasingly clear that chromosome attachment to the nuclear envelope can influ-
ence replication timing and transcription activity.5'% When cells activate peripherally located
genes or replicate them, these attachments must be remodeled in a dynamic fashion. NE pro-
tein dynamics become essential when a cell divides. The stable structure of the NE poses a
formidable barrier to mitosis in metazoan cells which have exclusively cytoplasmic microtu-
bules. These cells undergo an open mitosis, disassembling their NE at the transition to M-
phase so that the mitotic spindle can access and attach to the chromosomes. Conversely, after
sister chromatids have been successfully separated, new NEs have to be reformed quickly to
allow a new cycle of metabolic activity.

What is the Nuclear Envelope Made of?

Opver the recent years we have obtained an almost comprehensive list of the proteins present
in the NE in vertebrates especially with the advances made by recent proteomics studies.'""!?
Based both on the identified proteins and on morphological considerations it makes sense to
subdivide the NE into four main structures (Fig. 1), each of which are reviewed in more detail
in other Chapters of this volume. The first of these, the nuclear lamina consists of lamins,
proteins of the intermediate filament family that are divided into two classes, namely B type
(ubiquitous) and A/C type lamins (found only in differentiated cells).!>!* These rod-shaped
proteins form a peripheral branched polymer of 10-nm filaments which provides structural
support to the NE.'” The second NE structure is the inner nuclear membrane (INM). It con-
tains a unique set of membrane proteins and protein families which reside only at low levels in
the ER and the secretory pathway. Most of these more than 10 proteins function as adaptors
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linking the INM to the lamina and/or chromosomes? and some authors have now extended
he definition of the lami Iso the lami iated ins.!®!” The third
the definition of the lamina to encompass also the lamina associated proteins. e thir
structure is the nuclear pore complex (NPC), a 125-MDa large protein assembly that forms an
aqueous channel through the NE, thereby joining the inner and outer NM. Mammalian cells
contain one to several thousand of these channels per nucleus. Each NPC is made of nucleoporins
(Nups), a class of more than 20 soluble and only two integral membrane proteins. The NPC
mediates all nucleocytoplasmic traffic'® but may also be involved in nuclear organization in
general.'” Some nucleoporins interact both with the lamina and chromosomes'** and direct
connections between the lamina and the nuclear face of the NPC can be visualized by electron
i ! Thel fth hich is classicall

microscopy.”’ The last structure of the NE, which is classically not counted among NE compo-
nents is the peripheral chromatin which contains several proteins that interact with the lamina
and/or the INM. In interphase these four units of NE architecture are connected by a multi-
tude of protein-protein interactions and the NE appears as a complex, highly cross-linked
structural protein network (Fig. 1).1¢

Studying Nuclear Envelope Protein Dynamics

True insight into NE protein dynamics has mostly come from studying these proteins in
their natural environment in living cells. In mammalian cells this has been achieved through
the analysis of fluorescently labeled derivatives of NE proteins. Fusion to green fluorescent
protein (GFP)** and subsequent stable or transient expression has been the method of choice
in many cases, especially for the many transmembrane proteins, for which recombinant
expression, labeling with chemical fluorophores and reintroduction into live cells is not feasible.
Once the NE protein of interest has been labeled successfully (and without impairing its func-
tion!) several techniques can be used to characterize its dynamics. In this Chapter, I will de-
scribe results mostly from two approaches. The first is time-lapse fluorescence imaging. Here a
fluorescence microscope, either confocal or wide field, is used to take images of the protein
distribution in live cells and document changes of localization over time. Time-lapse imaging,
if performed quantitatively, can document the fluxes of a given protein within the cell with
high spatial resolution and even in three dimensions.”” The second method is fluorescence
recovery after photobleaching or FRAP?* In FRAP a portion of the fluorescently labeled pro-
tein is bleached irreversibly with a high intensity laser beam. After the bleach, the exchange of
the bleached molecules with the surrounding unbleached molecules is then measured by moni-
toring the recovery of fluorescence in the bleached area. If the bleached molecules do not
exchange during the time of the experiment, fluorescence does not recover and the patterns
bleached by the laser can be used to mark regular geometries inside cells. This approach is
referred to as pattern bleaching and has been very useful to characterize surface dynamics of the
NE as we will see below.

Dynamics in Interphase

INM Proteins are Targeted by Selective Retention

INM proteins are defined by their specific localization to the nucleoplasmic face of the
nuclear membranes. Since the NE is an ER subcompartment, it is interesting to ask how these
proteins are confined to just the INM and largely excluded from the ER. Initial experiments
focused on identifying “sorting signals” in INM proteins, analogous to the short consensus
sequences that govern localization of membrane proteins in the secretory pathway.?>** How-
ever, the sequences identified turned out to be binding motifs to nuclear proteins rather than
classical signals for transport adaptors. We now know that most INM proteins contain se-
quence motifs in their nucleoplasmic domains that mediate interactions to lamins, chromatin
or other INM proteins in an often redundant fashion. The ability of INM proteins to bind to
nuclear partners turns out to be sufficient to account for their specific localization by a mecha-
nism based on selective retention (Fig. 2A). INM proteins start their life in the ER where they
are inserted into the membrane. In the ER, their binding domains are exposed to the cytoplasm
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and do not encounter nuclear proteins. As a result, INM proteins can freely diffuse within the
ER and also have access to the INM through the membrane connection between ONM and
INM at the periphery of each NPC (Figs. 1 and 2A). Importantly, this access is driven by
diffusion and is thus independent of signals and not directional. The only restriction to diffu-
sion through the POM appears to be the size of the cytoplasmic domain; it can inhibit localiza-
tion when it becomes too bulky to pass through the peripheral channels of the NPC.?” Once
an INM protein has reached the inner face of the NE, its now nucleoplasmic binding domain
encounters nuclear interaction partners to which it attaches, preventing its diffusion back into
the ER. This selective retention of INM proteins but not of general ER proteins in the INM
elegantly explains their retention and concentration in the INM ER-subdomain (Fig. 2A).
Selective retention makes two clear predictions for the dynamics of integral INM proteins: (i)
INM proteins can be targeted in interphase (as opposed to just after mitosis) and (ii) the
mobility of these proteins should be reduced upon localization to the NE. Indeed, interphase
targeting was demonstrated by following the localization of newly synthesized GFP-tagged
lamin B receptor (LBR) after microinjection of an expression plasmid in interphase cells. Ini-
tially fluorescence was equally distributed between ER and NE, but after a few hours it was five
times more concentrated in the NE.?® The reduced mobility in the INM has been confirmed
by FRAP of three INM proteins, GFP-tagged emerin, LBR and MAN1 %%, The fact that
localization of emerin to the INM depends in part upon lamin A provides further evidence for
this mechanism.®"** We will revisit selective retention again when discussing nuclear mem-
brane dynamics in mitosis where switching on and off the retaining interactions is responsible
for loss and reestablishment of the INM domain of the ER (Fig. 2B, C).

The Interphase Lamina: A Stable but Elastic Polymer

Several recent studies have examined the properties of GFP tagged A and B type lamins.
Time lapse sequences on interphase cells demonstrate that the lamina can undergo dynamic
deformations, such as folds and indentations that typically occur during cellular movements or
nuclear rotations (Fig. 3A). To assay how stable fluorescent lamins were incorporated into the
lamin polymer, FRAP was used to determine if bleached lamin molecules could be replaced by
new fluorescent lamins. Both for A and B type lamins, recovery was found to be extremely slow
and complete recovery could not be observed in experiments ranging from 10 minutes * to
more than 40 hours.> This indicated a very low dissociation rate of lamins from the polymer
in interphase. On the other hand overexpressed lamins can be incorporated into the lamina of
interphase cells in less than 20 h probably reflecting the capability of excess lamin monomers to
be absorbed into the lamina in addition to, but not replacing the already polymerized filaments.
The elasticity of the lamina was directly addressed by taking advantage of the very slow recovery
of GFP-tagged B type lamins in pattern bleaching experiments. Here bleaching by a laser beam
is used to create geometrical patterns such as stripes and grids on the surface of the smooth
peripheral lamina surface, which can then be tracked during cellular movements (Fig. 3B).
These experiments clearly demonstrated that the lamina behaves as a two dimensional polymer
that can undergo elastic deformations during cellular movement but relaxes back into the
original geometrical arrangement when movement ceases. > The stable and elastic properties
of the lamin polymer have confirmed in vivo what could be predicted from its ultrastructural
mesh-like appearance!® and its resistance to biochemical extractions since the 70’.%

NPCs Form Networks and Have a Stable Core

So far only three studies have started to characterize the dynamics of NPCs in intact mam-
malian cells.”*?*3 The NPC is a remarkable protein complex in many ways. It is very large
(125 MDa), consists of more than 30 different proteins in vertebrates each of which occurs in
probably 8-24 copies, reflecting the eightfold rotational symmetry of the complex.'? The core
of the NPC forms a flat hollow cylinder with dimensions of ~120 nm in width and ~40 nm in
length, and an inner channel diameter of ~40 nm whose walls are embedded in the POM (Fig.
1). This cylinder surrounds the so-called central plug, proteinaceous material located in the

33-35
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Figure 2. Selective retention in interphase and mitosis.

Schematic illustrating how INM proteins can be localized to the ER and INM-subdomain in interphase and
mitosis. ER/nuclear membranes contain a typical chromatin binding INM protein (dots) and are in close
proximity to chromatin. In interphase binding is enabled (arrows), the INM protein can exchange between
ER and INM by diffusion and is retained in the INM by binding to chromatin. In prometaphase binding
is disabled (arrows) by phosphorylation and the INM protein dissociates from chromatin and equilibrates
with the ER by diffusion. In telophase binding is switched back on (arrows) by dephosphorylation and INM
proteins diffusing in ER cisternae that come in contact with chromatin are retained and thus reform the
INM subdomain by attaching this face of the ER cisterna.
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Figure 3. Dynamic properties of the peripheral lamin polymer.

(A) 3D confocal time-lapse sequence of a PtK; cell expressing GFP-lamin B134 in interphase. DIC and
fluorescence images are overlaid. Insets show a top projection of GFP fluorescence only. Note nuclear
rotations and reversible deformation of the nuclear lamina. Time: hh:mm:ss, bar:10 wm.

(B) Elastic deformations of the prophase lamina. Confocal time lapse sequence of a NRK expressing GFP-
lamin B1. Vertical stripes were bleached across the whole nuclear surface in prophase as geometrical land-
marks. Note the pronounced stretching occurring on the top and the contraction on the bottom surface.
Time: m:ss, t = 0 corresponds to nuclear permeabilization; bar: 5 wm.
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middle of the aqueous channel. From the rims of the cylinder emanate eight cytoplasmic and
nuclear filaments the latter being joined by a distal ring to form the nuclear basket (Fig. 1).
Using five GFP-tagged nucleoporins Nup98, Nup 153, POM121, and Nup107/Nup 133,
these studies again employed time-lapse fluorescence microscopy and FRAP to assay the dynamics
of nucleoporins in interphase. The core of the NPC represented by the transmembrane protein
POM121 and Nup107/Nup133 was found to form an extremely stable complex that did not
exchange any of the three Nups over many hours in interphase. Strikingly, Nup153 and Nup98
which are both localized to the nuclear face of the NPC were found to associate only transiently
with the NPC 3%

Using markers of the NPC core, the mobility of the whole NPC itself in the plane of the
NE was also examined. The notion that NPCs might be mobile was prompted by earlier stud-
ies in yeast, which reported movement of NPC across the surface of nuclei after karyogamy of
haploid cells.“*4! In contrast to yeast, mammalian NPCs were found to be completely immobile
in the surface of the NE unless it was deformed by folds and indentations. Under those circum-
stances NPC movements correlated precisely with those of the underlying lamina.** These in
vivo experiments support ultrastructural data that proposed a direct link between the NPC and
the lamina meshwork.?!
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Chromosomes Do not Move Much in Interphase

Our insight into the dynamics of the chromatin class of NE envelope proteins is unfortu-
nately very limited at the moment. Only for one of them, the DNA crosslinker barrier to
autointegration factor (BAF), do we have any data from living cells, which mostly addresses the
localization of a GFP fusion during nuclear assembly.*> No FRAP data on the lifetime of
chromatin-NE interactions are available at the moment, although for BAF and heterochroma-
tin protein 1 it appears as if they might be more dynamic than those reported for the INM,
NPC and lamina (J.E., unpublished observations). However, we know more about the dynam-
ics of chromosomes themselves in interphase mammalian nuclei from several approaches. In
one approach developed by Daniele Zink and coworkers, chromatin domains are labeled with
pulses of microinjected fluorescent nucleotides during replication and can then be traced over
several cell cycles.”*> A second approach pioneered by Andrew Belmont and coworkers em-
ploys a system of multimeric repeats of lac operators integrated into the genome of cell lines.
These arrays can then be labeled by expression of lac repressor-GFP fusion proteins.® Using
global DNA labeling with intercalating dyes, FRAP has also been used to address chromatin
dynamics 4. The consensus from all of these studies is that chromatin typically does not un-
dergo long range movement over several hours in interphase but is restricted to local con-
strained motion. However this rather static picture can change if transcription is activated,
which can lead to decondensation and movement to the interior of the affected locus. %
Another phase of repositioning seems to be replication of a locus, which again can be associated
with movement towards the interior.’® In summary, we can assume that the position of periph-
eral chromatin is rather static during interphase, consistent with the exceptional stability of the
NE protein network. It will be important to find out in the future how long chromatin-NE
adaptors stay bound to chromosomes and if these interactions are specifically regulated during
transcription activation or replication of peripheral chromatin.

Opverall the interphase dynamics of all NE proteins studied so far have reinforced the view
of a protein network that is very stable, made up of long lived interactions that serve to maintain
the structure of the interphase nucleus.

Dynamics in Mitosis

The interphase NE which so efficiently separates nuclear from cytoplasmic processes com-
plicates life of metazoan cells when it is time to divide. To successfully complete mitosis, the
microtubules of the spindle apparatus which are exclusively cytoplasmic must come in contact
with chromosomes which are shielded by the NE protein network. To achieve this, mamma-
lian cells break down their NE completely in prometaphase and undergo an “open” mitosis,
releasing chromosomes into the cytoplasm to accomplish segregation. The process of NE break-
down (NEBD) and reformation involves the disassembly and dispersal of all four structural
units of the NE. Once mitosis is completed, the dispersed NE proteins are then used again to
assemble new nuclei in the next cell generation. As expected from the complex interphase
architecture, NE breakdown and assembly are complicated processes that require the coordi-
nated action of many cellular activities such as mitotic phosphorylation/ dephosphorylation,
nucleocytoplasmic transport, membrane fusion as well as the action of microtubule motor-
proteins. Currently, a consensus model of NE dynamics is emerging that can explain all the
changes in NE structure and dynamics that have been documented during cell division.

INM Proteins: Switching Retention Off and Back On

The Old Model: Mitotic Phosphorylation of NE Proteins and Vesiculation
of Nuclear Nembranes

Many biochemical studies have shown that NE proteins are subject to phosphorylation in
M-phase by MPE, the complex of cgfclin B and p34°? in mammalian cells. Phosphorylation
depolymerizes and disperses lamins®**!"? and some nucleoporins.’*>> Several INM proteins
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have also been shown to be targeted by cdc2 (ref. 2) but the consequence of their modification
is much less clear. We currently assume that it abolishes their ability to interact with lamins
and/or chromatin, which would allow the INM to detach from chromosomes. The fate of
nuclear membrane proteins during M-phase has been an issue of some contention in the recent
literature.! Nevertheless, most textbooks present a seemingly simple model according to which
the NE vesiculates after the lamin polymer has been depolymerized through mitotic phospho-
rylation.’® It is useful to take a brief look at how we arrived at this model. In the early ‘80s
nuclear assembly and breakdown was reconstituted in amphibian oocyte extracts’”® a system
that subsequently lead to a wealth of biochemical data from many other laboratories. Since the
procedure of this assay results in fragmented membrane homogenates, such “vesicles” were
assumed to be the natural starting material to assemble new nuclear membranes. Additional
support for mitotic NE vesicles came from a contemporary EM study showing ER vesiculation
in dividing rat thyroid cells.” Based on these two lines of evidence, NE vesiculation was quickly
accepted as the mechanism that would do in cells what homogenization did in nuclear
reconstitution assays: produce precursor membrane fragments for nuclear assembly. Another
attractive feature postulated by this model was that many small precursor membrane fragments
can be partitioned efficiently by a stochastic mechanism such as diffusion between the two
daughter cells.

The Modern (and Traditional!) View: ER Absorption by Switching
Off Retention

However, if one steps back even further in time and looks at the pioneering electron
microscopic work done on mitotic plant and animal cells in the ‘60s%%? it is clear that assays in
extracts are not ideally suited to evaluate the dynamic morphological changes nuclear membranes
undergo in mitosis. The first EM observations of mitotic cells already documented that mitotic
nuclear membranes became indistinguishable from tubules and cisternae of the ER when cells
entered M-phase and that nuclear membranes assembled after mitosis seemed to derive from
the ER. This view has been confirmed strongly in recent studies in intact mammalian cells that
revisited the fate of the NE in mitosis and demonstrated that the ER serves as the reservoir for
nuclear membrane proteins in M-phase.?®3%3¢%3 That the ER network, rather than membrane
vesicles, is the precursor for NE assembly is also suggested by recent dynamic in vitro studies on
NE assembly, which show that also in Xenopus egg extracts, network formation from vesicles is
an intermediate step prior to NE assembly.®4

How then do INM proteins move back into the ER in prometaphase and how is the INM
subdomain of the ER reestablished? If we remind ourselves how INM proteins are targeted in
interphase, and take into account the disruptive force of mitotic phosphorylation on protein-
protein interactions the answer becomes immediately clear. In interphase nuclear membrane
proteins diffuse between the ER and the INM but are trapped in the latter by selective binding
interactions when they meet lamins and chromatin (Fig. 2A). When these interactions are
switched off by mitotic phosphorylation in prophase, INM proteins will equilibrate with the
ER, since they are no longer retained and set free to diffuse back into the ER (Fig. 2B). Simple
diffusion can equilibrate the INM pool with the ER efficiently and rapidly through many
connections between INM and ONM and the continuity between ONM and ER. Exactly
such an equilibration process from nuclear rim to the ER network can be observed in vivo for
several INM proteins at different times in prophase®® (J. Beaudouin and J.E., unpublished
observations) leading to a uniform dispersed distribution of INM proteins in the intact mitotic
ER.*® The reverse mechanism, i.e., switching the retaining binding interactions back on by
dephosphorylation at the end of mitosis, elegantly explains how the INM subdomain can be
reformed. Degradation of cyclin B after metaphase inactivates MPF kinase and allows
dephosphorylation to reactivate the interactions between INM proteins and their chromatin
binding partners. In anaphase, when more and more attachment sites for membranes are
becoming available through the combined effect of dephosphorylation and chromosome



Dynamics of Nuclear Envelope Proteins During the Cell Cycle in Mammalian Cells 23

decondensation, NE assembly can proceed by coating of the chromosome surface with ER
cisternae. The cisternae contain INM proteins which bind to chromatin as soon as they are in
close proximity (Fig. 2C). Thus, nuclear membrane proteins are immediately concentrated at
the membrane chromatin interface, again by diffusion from the ER and selective retention on
chromatin, which drives an increases in the membrane surface around the chromosome tem-
plate. Precisely this process can be observed in living cells by following GFP-labeled INM and
ER proteins (Fig. 4). 284267 However, even with the ER network as a precursor for nuclear
membranes, membrane fusion will be necessary to enclose the chromosomes by a sealed NE.%
Recent studies have begun to shed light on the molecular machinery in NE fusion processes®>®®
and it will be very interesting to investigate the dynamics of this process in intact cells.

Lamina: Tearing of a Polymer, Dispersion

and Re-Import of Monomers

The same pioneering ultrastructural studies that reported the merging of NE and ER in
mitosis, also noted that centrosomes were closely associated with the NE and often buried in an
invagination in prophase.*®" More recent biochemical and genetic studies of microtubule
motors have shown that cytoplasmic dynein is required to attach centrosomes to the nucleus in
C. elegans and Dro:op/]ila.w‘ ! In addition, dynein localizes to the NE of mammalian cells in
prophase.”>”% Although the molecular basis of the dynein-NE interaction is still unclear, we
have gained some insight into its functions such as centrosome separation and nuclear
movement.”4 Two recent studies have now also linked NEBD to the action of dynein and the
mitotic spindle. Using quantitative live cell imaging and electron microscopy, these studies
showed that spindle microtubules facilitate NEBD by literally tearing the lamin polymer open.
This is apparently accomplished by immobilizing dynein on the outer surface of the nuclear
envelope, which is then drawn towards the centrosomes of the forming mitotic spindle by
dynein’s minus end directed motion. Pulling on the nucleus by the mitotic spindle results in
massive distortion of nuclear shape, which could be documented by pattern photobleaching of
the nuclear lamina (Fig. 3B). Most prominently deep invaginations are formed close to the
centrosomes while the lamina is stretched further away from the asters.*®”> The NE remained
intact during these deformations until holes appeared in the lamina at the sites of maximum
stretching, suggesting a tearing mechanism. The opening of this physical discontinuity in the
NE allows even large cytoplasmic molecules to freely enter the nucleus. This then triggers the
gradual disassembly of the lamina, a process that is only completed in metaphase, when even
the lamina fragments that have been drawn to the centrosomes by dynein are completely
solubilized. These observations nicely demonstrate that formation of the mitotic spindle and
NEBD are two mitotic processes which are highly coordinated. By doing this the mammalian
cells could have evolved an additional mechanism to control the transition of chromosome
organization by nuclear membranes to microtubules.

Although it is clear that the lamina plays an essential role in maintaining nuclear integrity
and shape in somatic cells and is probably a key structure resisting transition into mitosis, it
seems to play only a minor role in the early stages of nuclear assembly. According to most
studies, the majority of both A and B type lamins are re-imported into post-mitotic nuclei that
have alread;r assembled a fully sealed nuclear membrane containinag functional nuclear
pores,®*3>7 although some studies have suggested an earlier association.” Interestingly, recent
work has shown that the assembly of B type lamins is regulated by protein phosphatase 1. This
protein binds to the integral membrane protein A-kinase anchoring protein (AKAP)149 and
then dephosphorylates lamins at sites of contact between ER and chromosomes.”® Without the
interactions of PP1 and AKAP149 lamins do not assemble, but cells still complete mitosis.
Thus itappears that the assembly of a functional nuclear lamina is secondary to the assembly of
nuclear membranes and dispensable for nuclear assembly.
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A Endoplasmic reticulum

2:12

Figure 4. Reestablishment of the INM subdomain from the ER.

2D confocal time-lapse sequences of a NRK cells expressing the ER membrane protein SRB-CFP *°(A) and
the INM protein LBR-GFP 28(B). Note how ER cisternae and tubules surround the chromatin area in
anaphase and how the INM protein, but not the ER protein becomes enriched in membranes in contact
with chromosomes. Time: mmss, t = 0 corresponds to the metaphase to anaphase transition; bar: 10 um.

Pore Complex Disassembly and Assembly: Many Open Questions

The nuclear pore is a topologically unique structure. It forms an aqueous channel that spans
and connects a double membrane. We know very little about the mechanism of disassembling
or reassembling the NPC, apart from the fact that some nucleoporins undergo mitotic
phosphorylation.”*> Tt is completely unclear how or in which order this large complex is
disassembled. In mammalian cells we only know that dispersal of a core nucleoporin such as
POM121 only starts after the NE is permeabilized by tearing of the lamina.*® However there is
evidence from very different cell systems such as starfish oocytes and Drosophila embryos that
point to a key role for NPC disassembly in triggering nuclear permeabilization’”””® and it will
be very interesting to investigate this process in more detail in mammalian cells. Once disassembly
is accomplished, the NPC is not broken down to individual polypeptides but rather into Nup
subcomplexes that are stable in mitosis and probably form the building blocks from which the
NPC can be assembled anew after mitosis.”®’? While the majority of nucleoporins show a
dispersed cytoplasmic distribution in mitotic cells, the transmembrane nucleoporins are absorbed
by the ER similar to INM proteins.**®* Some nucleoporin (subcomplexes) however show striking
localizations in mitosis. The Nup133/107 complex binds to kinetochores from prophase to
anaphase®® while Nup358 (RanBP2) can be seen to localize to the spindle apparatus in mitotic
cells.®® So far however, the mitotic function—if any—of these nucleoporins is unclear. The
reassembly of the NPC after mitosis is also mysterious. Two principally different ways of NPC
assembly can be envisioned and available data are supporting aspects of both mechanisms. In
the first mechanism the soluble core structure of the NPC would be assembled on the surface
of chromosomes and then connect to ER cisternae that attach to chromosomes and the side of
the core NPC. This model does not require a fusion event between the INM and ONM and is
supported by the very early appearance of some nucleoporins on the chromosome surface
during anaphase.****®! Alternatively, NPCs could be inserted into large intact double
membranes by a specific intralumenal fusion event. This model is supported by studies on
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artificial nuclei in the presence of inhibitors as well as in Drosophila embryos where different
stages of NPC assembly on the surface of intact membranes can be distinguished by electron
microscopy.””$2% Tt will be a main challenge of future work to shed more light on this
mechanism and identify key molecules involved in this process.

Chromosomes: A Complex Template for Nuclear Assembly

We understand even less about the mitotic dynamics of peripheral chromatin proteins linked
to the NE than we know about the mechanism of NPC disassembly and reassembly. From the
limited data available, it appears that chromosomes retain at least some of their NE adaptor
proteins in mitosis. In intact cells, only the behavior of a GFP fusion to barrier to autointegration
factor (BAF) has been described. The GFP tagged protein appeared soluble in mitosis and
assembled on chromatin concomitantly with one of its binding partners the INM protein
emerin, 2 However this data is in conflict with previous localization of BAF to mitotic chromo-
somes®> and it remains to be tested if the GFP fusion employed is DNA binding competent, as
other GFP-BAF fusions show different behavior (J.E. unpublished observations). Another
important group of peripheral chromatin proteins, the heterochromatin protein 1 family has
also been localized to chromosomes in mitotic cells using antibodies.*® Similar to BAF, a sec-
ond study reported a different localization®” and more experiments are required to clarify the
picture. It is interesting to note that both the HP1 family as well as the third peripheral chro-
matin protein lamina associated protein 20 (LAP2ay) localize to specific subchromosomal do-
mains such as centromeres and telomeres.® In anaphase this creates a patchwork like template
for nuclear membrane assembly and probably explains the differential localization patterns
found for different INM proteins at this time.”%’

Concluding Remarks

Our understanding of NE dynamics during the cell cycle has increased dramatically over
the recent years. Although areas such as NPC assembly and the precise role of the heterochro-
matin proteins remain poorly studied, we have arrived at several important mechanistic con-
clusions. In mammalian cells it is clear now that the ER functions as the mitotic reservoir for all
nuclear membrane proteins tested so far and this has had fundamental implications to inter-
pret nuclear membrane protein dispersal and the reformation of the INM ER-subdomain after
mitosis. For the latter it seems clear that the binding interactions between INM proteins and
chromatin are the driving force of nuclear reformation and probably important in determining
the nuclear architecture of the next cell generation. Most likely we still have to discover many
chromatin bound factors involved in this process. At the G2/M transition we have seen that
mechanical forces exerted by the mitotic spindle on the stable NE protein network facilitate
NEBD and complement the biochemical machinery that disrupts protein-protein interactions
by phosphorylation. Functional dynamics of the NE promises to be an exciting subject for
future research in the coming years.
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CHAPTER 3

Targeting and Retention of Proteins
in the Inner and Pore Membranes
of the Nuclear Envelope

Cecilia Ostlund, Wei Wu and Howard J. Worman

Abstract

he targeting of integral proteins to the inner and pore membranes of the nuclear envelope

occurs through different mechanisms than the targeting of soluble proteins to the nucleus.

Most nuclear integral membrane proteins reach their sites through a diffusion-retention
mechanism, where the proteins are inserted into the endoplasmic reticulum membrane during
translation, and then laterally diffuse along the endoplasmic reticulum membrane to the pore
and inner nuclear membranes. The proteins are then retained at these sites by interactions with
other proteins or chromatin. Peripheral proteins of the inner nuclear membrane are imported
through the nuclear pore complexes by mechanisms similar to those of other nonmembrane,
nuclear proteins. They are then retained at the nuclear envelope through interactions with
other proteins or by associations of lipid anchors with membranes.

The nuclear envelope surrounds the cell nucleus and is composed of the nuclear lamina,
nuclear pore complexes (NPCs) and nuclear membranes (for reviews see refs. 1 and 2). The
nuclear membranes consist of three distinct but interconnected parts, the outer nuclear mem-
brane, the pore membrane and the inner nuclear membrane (INM). The outer membrane is
directly continuous with and similar in composition to the endoplasmic reticulum (ER). The
pore membranes connect the inner and outer nuclear membranes at the sites of the NPCs,
through which proteins and RNA are transported in and out of the nucleus. The INM is
associated with chromatin and the nuclear lamina, an intermediate filament network consist-
ing of A-type and B-type lamin proteins. While no proteins have been identified as specific to
the outer nuclear membrane, the INM and the pore membrane have their own sets of proteins
(Fig. 1). The topic of this review is how proteins are targeted to these nuclear membrane domains.

Targeting of Integral Membrane Proteins to the Inner

Nuclear Membrane

Several integral membrane proteins are specifically localized to the INM in interphase cells.
The first to be identified was the lamin B receptor (LBR), which has a nucleoplasmic
amino-terminal domaln followed by a hydrophobic segment with eight putative transmem-
brane spanning regions.>* Other proteins localized to the INM are the lamina associated polypep-
tides (LAP) 1 and 2, each having several isoforms, emerin and MAN1.51" Most LAP isoforms
(for a review see ref. 11) and emerin’ have a nucleoplasmic amino-terminal domain, followed
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Figure 1. Schematic diagram of the nuclear envelope. The nuclear membranes consist of the outer nuclear
membrane (ONM), continuos with the endoplasmic reticulum (ER), the pore membrane and the inner
nuclear membrane INM). The nuclear pore complex (NPC) is associated with the pore membrane. The
lamina, chromatin and the best characterized proteins of the pore and inner membrane are also shown.

by one transmembrane domain and a short, luminal tail. MANT1 has two transmembrane seg-
ments, and both its amino-terminus and carboxyl-terminus face the nucleoplasm.' Interest-
ingly, LAP2, emerin, MAN1 and the peripheral INM protein otefin share a region of sequence
similarity of approximately 50 amino acids called the LEM-domain.'®!?

Nurim, another protein of the INM, was identified using a visual screen of a green fluores-
cent protein (GFP)-cDNA expression library.'* Nurim is a membrane protein with five puta-
tive transmembrane segments and no large, hydrophilic domains. It is unrelated to the other
identified INM proteins. Other proteins recently suggested to localize to the INM include
UNC-84, UNCL, the RING-finger binding protein (RFBP) and LUMA."*'7 The A-kinase
anchoring protein AKAP149 has also been shown to partly localize to the INM. '8

Many studies during the past several years have addressed the question of how integral
membrane proteins reach the INM. It is increasingly clear that their targeting is fundamentally
different than targeting of soluble proteins to the nucleus. The latter occurs through the central
channel of the NPCs, is essential for proteins larger than -70 kDa which cannot enter the
nucleus by diffusion,'® and is dependent on well-defined nuclear localization sequences (NLSs)
most commonly composed of one or two short stretches of basic amino acids (reviewed in ref.
20). The targeting of integral membrane proteins, however, often requires several regions of the
protein, and these regions vary between different proteins (Fig. 2). The results of most studies
of INM protein targeting are consistent with a diffusion-retention model.*! In this model,
proteins are synthesized on and cotranslationally inserted into the ER membrane. They then
diffuse laterally via the pore membrane to the INM, where they are retained and immobilized
by binding to other proteins or structures such as the nuclear lamina and chromatin.

LBR was the first integral INM protein for which targeting was studied. The nucleoplas-
mic, amino-terminal domain of the protein consists of approximately 200 amino acids and has
been shown to bind B-type lamins and chromatin.”*** The hydrophobic region, with eight
putative membrane-spanning segments, shows strong sequence similarity to sterol reductases
that are localized to the ER.*>*® Early studies showed that at least two different targeting/
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retention signals were independently sufficient to localize the protein to the INM.?”*® When
the nucleoplasmic amino-terminal region of LBR was fused to the transmembrane domain and
luminal carboxyl-terminus of chicken hepatic lectin (CHL), an integral membrane protein of
the ER, endosomes and plasma membrane, the chimeric protein localized to the INM.?® This
showed that the amino-terminal region of LBR is sufficient for targeting of a non-nuclear
integral protein to the nuclear rim. The first of the eight putative transmembrane spanning
regions was also sufficient for targeting to the INM, demonstrating two nonoverlapping target-
ing signals in LBR.*

The nucleoplasmic amino-terminal domains of LAP2, emerin and MAN1 can also target
CHL to the INM. Their transmembrane domains, however, lack nuclear targeting informa-
tion. 2?32 When CHL was fused to the soluble nuclear protein histone H1 or to the NLSs from
the SV-40 T antigen or nucleoplasmin, two soluble proteins whose NLSs previously had been
shown to target chimeric, soluble proteins to the nucleus, these fusion proteins did not target
to the INM, but localized to the ER.*! These experiments showed that the signals that target
integral proteins to the INM are different from those targeting soluble proteins to the nucleus.

As the ER, outer nuclear membrane, pore membrane and INM all are continuous with
each other, proteins can potentially move between all these domains by lateral diffusion. To
reach the INM, they would have to pass through the pore membrane, where the NPCs are
situated. Although the detailed functions of different parts of the NPCs are not well under-
stood, ultrastructural studies have shown the NPCs to contain eight lateral channels adjacent
to the membrane.*®*! The diameter of these channels is approximately 10 nm, and proteins
with nucleocytoplasmic domains smaller than 60 kDa can presumably diffuse through these
channels.?® Consistent with this hypothesis, almost all integral proteins found in the INM
have nucleoplasmic domains smaller than this size. Only AKAP149, which is only partially
localized to the INM, has a larger nucleoplasmic domain. This protein may reach the INM
during nuclear envelope reassembly at mitosis.'® Experiments with chimeric proteins further
support the hypothesis that in interphase, INM proteins must pass through the channels of the
NPC.*! When truncated chicken muscle pyruvate kinase (CMPK) is inserted between the
LBR amino-terminus and CHL, this integral membrane protein, with a nucleoplasmic do-
main of approximately 72.5 kDa, remains in the ER, as does a protein where three consecutive
amino-terminal domains of LBR (67.5 kDa) is fused to CHL. On the contrary, a protein with
only two consecutive amino-terminal LBR domains (45 kDa) fused to CHL is targeted to the
INM. Similar results are seen with MAN1. A truncated form of MAN1 containing the nucleo-
plasmic amino-terminal domain and the first transmembrane segment is targeted to the INM.
When CMPK is fused to the amino-terminus of this protein, yielding an integral protein with
a nucleoplasmic domain of approximately 100 kDa, this chimeric protein is found in the ER.>

Ifintegral proteins reach the INM by lateral diffusion, they must then somehow be retained
there or they would just as easily diffuse back to the ER. Experiments using fluorescent recov-
ery after photobleaching (FRAP) and fluorescence loss in photobleaching (FLIP) show that
LBR is virtually immobilized when it enters the INM, while it diffuses freely in the ER.®
When a plasmid encoding a chimeric protein with the amino-terminal and first transmem-
brane domains of LBR fused to GFP is microinjected into COS-7 cells, LBR-GFP appears
initially in the ER, but accumulates in the nuclear envelope over the course of 3 to 10 hours.
After 8 hours, its localization is indistinguishable from that of endogenous LBR. At very high
levels of expression, LBR-GFP is also present throughout the ER.

In FRAP experiments, a region of the nuclear envelope was bleached, and the recovery of
fluorescence, dependent on the ability of LBR-GFP to move laterally within the INM, was
followed. A recovery of fluorescence in the bleached region could not be detected until after 20
minutes. When similar experiments were performed in cells with a high expression level of
LBR-GFD, with some of the protein present in the ER, LBR-GFP was relatively mobile in this
compartment with a diffusion constant (D) of 0.41 + 0.1 um?/s. The D of LBR-GFP in the
INM could not be calculated due to the high immobile fraction of the protein. A variant of
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Figure 2. Schematic diagram of nuclear envelope proteins. The amino-termini of the proteins are at the left,
with numbers indicating the first and last amino acid of each protein. Bars on top of protein diagrams
indicate regions suggested to be involved in nuclear targeting, bars under the diagrams indicate putative
regions of protein-protein or protein-DNA interaction. Asterisks indicate point mutations affecting protein
localization. (A) Integral INM proteins. Domains of the proteins are represented by: black, putative
membrane-spanning regions; stripes, LEM-domains; grey, LEM-like domain. (B) Integral pore membrane
proteins. Membrane-spanning regions are indicated in black. (C) Peripheral proteins of the INM. Striped
regions of the lamin diagrams indicate rod domains, with the 42 amino acids not found in cytoplasmic
intermediate filaments shown in lighter color. NLSs and CAAX-motifs are indicated. Arrow indicates the
endoprotease cleavage site for processing prelamin A to lamin A. The striped region in the otefin diagram
indicates the LEM-domain and black indicates the hydrophobic region. Striped regions in the mAKAP
diagram indicate the spectrin-repeat sequences.
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FRAP termed FLIP, where a small area of the cell is repeatedly photobleached and the loss of
fluorescence from the whole cell is monitored, was used to further probe the continuity be-
tween the INM and the ER. When a region of the ER in an overexpressing cell was bleached,
there was a rapid loss of fluorescence from the whole ER, while the fluorescence in the INM
remained. This showed that while LBR-GFP rapidly could move between different regions in
the ER, it became immobilized upon entry in the INM, and could not reenter the ER. The
large immobile fraction of LBR-GFP in the INM indicated binding to a fixed structural com-
ponent, rather than retention by assembly into multimeric complexes, as the latter would be
expected to have some lateral mobility.*® This structural component could be the lamina and/
or chromatin.

FRAP studies of GFP-fusion proteins containing emerin or the amino-terminal domain
and first transmembrane segment of MANT also support the diffusion-retention model for
INM targeting. These proteins also are immobilized in the INM, albeit to a lesser degree than
LBR. In the nuclear envelope, fluorescence recovery is nearly complete eight minutes after
photobleaching of cells expressing emerin-GFP, giving a D-value of 0.10 = 0.01 um?/s.>! The
D-value for MAN1-GFP in the nuclear envelope is very similar, 0.12 = 0.02 um?/s.>* The
diffusion constants of emerin-GFP and MAN1-GEFP in the ER are relatively similar to that for
LBR-GFP (0.32 um?/s +0.01 for emerin-GFP, 0.28 um?*/s = 0.04 for MAN1-GFP, 0.41 0.1
um?/s for LBR-GFP). Retention of emerin in the INM is further supported by the results of
FLIP studies, where regions of the cytoplasm repeatedly are bleached. Even after 60 rounds of
photobleaching over 80 minutes, when emerin-GFP cannot be detected in the ER, the INM
shows substantial fluorescence, indicating that emerin-GFP cannot flow back into the ER from
the INM.?!

B-t pe lamins and chromatin both are binding partners of the amino-terminal domain of
LBR.?*?*2 | BR mutants with partial deletions of the amino-terminal domain are not capable
of binding lamin B, suggesting that structural features of this entire region is important for
binding.** LBR has also been shown to bind DNA in a “southwestern” blotting assay. Amino
acids 71-100 are important for this interaction.” In vitro studies have shown that the LBR
amino-terminal domain preferentially interacts with the nucleosomal linker region, and that
the binding is enhanced by DNA curvature and supercoiling.’® The region between amino
acids 97-174 of LBR also binds to human orthologues of Drosophila heterochromatin protein
HP1.2* The importance of chromatin-binding for the INM localization of LBR is further
indicated by studies in Xenopus oocytes, which lack peripheral chromatin associated with the
nuclear membrane.”” LBR in Xenopus oocytes is mainly localized to cytoplasmic membranes,
while it is localized to the INM in early embryos, which have peripheral chromatin. Since both
cell-types have lamins, these results argue against an importance for interaction between lamins
and LBR as a mechanism for LBR targeting. Although a role for lamin-binding in the retention
of LBR in the INM cannot be ruled out, accumulating evidence suggests that chromatin may
play a major role in this retention. This could explain why the amino-terminal domain of LBR,
when expressed alone, shows a diffuse nuclear staining, co-localizing with chromatin, rather
than a rim staining, as would be expected if the protein were only retained in the nucleus by
interactions with the lamina. It could also explain the observation that LBR accumulates at the
edge of decondensing chromosomes during anaphase before lamins are targeted.*®

Many LAP isoforms have been shown to bind to lamins and chromatin.® All LAP2 splice
forms share a common amino-terminal domain, which contains two structurally similar re-
gions, the LEM domain (also present in emerin and MAN1) and the LEM-like domain."?
Analyses of these domains have shown that they are structurally similar to protein-protein
interaction domains in bacterial multienzyme complexes.'>*? This is in agreement with find-
ings that the LEM-like domain (amino acids 1-50) binds to DNA%*% and the LEM-domain
(amino acids 111-152) interacts with the chromatin associated protein BAE4%42 The binding
between LAP2f3 and chromatin is, however, complex, and a region between amino acids 244
and 296 has also been implicated in DNA-binding.*> A LAP2 mutant containing all these
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regions (amino acids 1-296) has a diffuse nuclear localization when expressed alone, but is
localized to the nuclear rim when fused to the transmembrane spanning region of LAP2f.
Neither protein is, contrary to wild-type LAP2p, resistant to extraction with Triton X-100.%%’
LAP2f binds to B-type lamins via a region in its amino-terminal domain (amino acid 298-370) 20
A chimeric protein containing this re§ion fused to truncated CHL is targeted to the INM and
resistant to Triton X-100 extraction.” This suggests that although the chromatin-binding do-
main can target an integral membrane protein to the nucleus, the lamin-binding domain is
necessary for stable binding of LAP2f to the INM. A deletion mutant (amino acid 371-452)
lacking the amino-terminal region but containing the hydrophobic transmembrane domain
and luminal tail localizes to the ER.

Binding to lamins has also been suggested as a retention mechanism for emerin. In a
knock-out mouse lacking A-type lamins, emerin is partly mislocalized to the ER while LAP2
localization is unaffected, indicating a role for A-type lamins in anchoring emerin to the INM. %
The first 188 amino acids of the amino-terminal region of emerin has been shown to bind to
lamin A in vitro,*>%® while amino acids 174-220 are important for the interaction between
emerin and A-type and B-type lamins in co-immunoprecipitation experiments.”” A function-
ally important interaction between emerin and lamin A is also suggested by the finding that an
autosomal dominant form of Emery-Dreifuss muscular dystrophy (EDMD) is caused by mu-
tations in the LMNA gene, which encodes the A-type lamins, while a phenotypically identical
X-linked form of the disease is caused by mutations in emerin.”*® Another hypothesis for
emerin immobilization in the INM is its association with chromatin. Both emerin and MAN1
have LEM-domains, which as discussed above are implicated in binding to the
chromatin-binding protein BAE Emerin also accumulates at chromosomes in anaphase inde-
pendent of lamins, suggesting a direct interaction with chromatin.*’

Several regions of the amino-terminal domain of emerin (amino acids 1-219) appear to be
involved in the INM targeting and retention of this protein. The region between amino acids
117 and 170 is sufficient for a nuclear localization, but is not sufficient for targeting of CHL to
the nuclear envelope.?">* A portion of emerin containing amino acids 3 to 169 is sufficient for
targeting of a transmembrane-spanning protein to the INM.?"! These ex&)eriments indicate a
role for amino acids 3 to 116 in targeting of integral proteins to the INM.>' A chimeric protein
with GFP fused to amino acids 107-254, containing parts of the amino-terminal domain and
the transmembrane and luminal regions does, however, target to the nuclear rim.>° These data
show that several regions of emerin are necessary to efficiently target an integral protein to the
INM. Partial deletion mutants of the amino-terminal domain of MANT also fail to efficiently
localize CHL to the INM, suggesting that most of the nucleoplasmic amino-terminal domain
of MANT is necessary for INM retention.>*

There are some emerin mutations found in patients with X-linked EDMD that only affect
one or a few amino acids. In these instances, the protein is present in normal or somewhat
reduced levels in cells. Emerin mutants with a deletion of amino acids 95-99 or a P183H/T
missense mutation are partly membrane-bound.’**? However, in contrast to wild-type emerin,
these mutant proteins are partly soluble in nonionic detergents, such as Triton X-100. Compo-
nents of the nuclear lamina generally are resistant to such detergents, suggesting a role for
amino acids 95-99 and 183 in interactions with the nuclear lamina. Subcellular fractionation
shows that these mutant proteins are not confined to the nuclear fraction,’>*® and when they
are expressed in C2C12 cells, immunofluorescence microscopy studies also show them to be
partly mislocalized.?’ Interestingly, these two mutations are situated in the regions flanking the
nuclear targeting signal between amino acids 117-170, which seems to be important for the
targeting of integral protein to the INM and may bind to lamins.

Contrary to the other characterized integral membrane proteins of the INM, nurim lacks a
large, hydrophilic nucleoplasmic domain, but has several short stretches of amino acids be-
tween transmembrane segments that could extend into the nucleus and possibly interact with
nuclear proteins.'® Deletion experiments have shown that both of the two longest loops



Targeting and Retention of Proteins in the Inner and Pore Membranes 35

following transmembrane segments one and four are important for INM localization, as mu-
tants lacking these regions are localized to the ER. These loops are predicted to face different
sides of the membrane. Introduction of three point mutations changing charged residues of the
transmembrane domains to leucines also affects targeting and extractability of nurim. A muta-
tion in the second transmembrane domain (D66L) eliminates targeting to the INM and deter-
gent inextractability, while two other mutants, RO8L in the third and R217L in the fifth trans-
membrane domain, have intermediate phenotypes, with the protein partly mislocalizing to the
ER and extractable with detergent.'® Truncated versions of nurim containing two, three or
four transmembrane domains are localized to the ER or unstable. These results suggest that
multiple regions of nurim, including the transmembrane regions, are important for protein
targeting. FRAP studies show that nurim, like LBR, emerin and MANI, diffuses more slowly
in the nuclear envelope than in the ER, with only limited recovery of fluorescence after nine
minutes. However, the D66L mutant is freely diffusible in the nuclear envelope.'® This sup-
ports a diffusion-retention mechanism for the targeting of nurim to the INM.

In most cases, the INM targeting domains of integral proteins are multiple. An exception is
the integral membrane protein human cytomegalovirus glycoprotein B (HCMYV gB), where a
short sequence element of the cytoplasmic tail protein is sufficient for targeting to the INM.>
This virus, like some other herpes viruses, undergoes a maturation phase which requires the
translocation of glycoprotein B from the ER to the INM. Studies of chimeric proteins consist-
ing of regions of HCMV gB fused to the transmembrane protein CD8 show that the
carboxyl-terminal 42 amino acids, which face the nucleoplasm, are sufficient for targeting of
CD8 to the INM.>* CD8 is normally targeted to the plasma membrane. When these 42 viral
amino acids are fused to the soluble, cytoplasmic protein 3-galactosidase, the chimeric protein
is localized to the cytoplasm, again showing the differences between the targeting of integral
and soluble proteins. A region in the middle of the carboxyl-terminal region of glycoprotein B
from the related herpes simplex virus type 1 (HSV-1 gB), rather than its extreme end, is suffi-
cient for INM targeting.”* The INM targeting domains from the two viral proteins exhibit
limited homology, containing a conserved amino acid hexamer with the sequence DRLRHR.
When the DRLRHR sequence alone is fused to the non-nuclear integral membrane protein
CDS8, the fusion protein is targeted to the INM. The simultaneous substitution of the four
conserved residues DRLRHR to alanines and glutamines prevents transport to the INM of
HCMYV gB, as well as a chimeric protein with the carboxyl-terminus of HCMV gB fused to
CD8. Single amino acid substitutions demonstrated that the arginine residues at positions 4
and 6 are essential for function as a targeting signal.

Recently, the A-kinase anchoring protein AKAP149 was shown to partially localize to the
INM in addition to the ER and mitochondria.'® This integral membrane protein of 149 kDa
has a short, luminal amino-terminal domain, followed by a transmembrane segment and a
large (147 kDa) nucleoplasmic, carboxyl-terminal domain. The size of the carboxyl-terminal
domain most likely prevents the protein from reaching the INM during interphase. A portion
of cellular AKAP149 may therefore become restricted to the INM upon targeting to chromatin
when the nuclear membranes reform after mitosis, while the remainder remains in the ER.!®
Interestingly, AKAP149 is necessary for targeting the type 1 protein phosphatase (PP1) to the
INM.'8 PP1 is implicated in the dephosphorylation of B-type lamins necessary for lamin reas-
sembly after mitosis. In nuclear extracts lacking AKAP149, neither PP1 nor B-type lamins
localize to the INM.'® AKAP149 is the first example of a cellular integral protein with a
steady-state localization in both the INM and the ER during interphase.

Targeting and Retention of Integral Membrane Proteins

to the Pore Membrane

Only two integral proteins, gp210 and POM121, have been identified as specific to the
nuclear pore membrane in mammalian cells.>®>° Similar to integral proteins of the INM, these
proteins are believed to be targeted to their sites through a diffusion-retention mechanism.
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Both proteins have luminal amino-terminal regions followed by a transmembrane segment
and an endoplasmically exposed carboxyl-terminal tail. However, while the luminal region of
gp210 contains 95% of the total mass of the protein, the large majority of POM121 faces the
endoplasm. The regions involved in retention are also different between the two proteins.

The large, luminal region of gp210 is devoid of any pore membrane sorting determinant,
and localizes to the ER when expressed alone.”” The gp210 transmembrane segment is suffi-
cient for targeting to the pore membrane, as a chimeric protein containing this region fused to
the lumenal region of the plasma membrane protein CDS8 is targeted to the pore membrane.
When the luminal and transmembrane domains of CD8 are fused to the endoplasmic
carboxyl-terminus of gp210, the chimeric protein is also in part targeted to the pore mem-
brane, with this targeting being dependent on the last 20 amino acids of gp210. A fraction of
the protein is, however, also found in the plasma membrane and Golgi, suggesting that the
pore membrane sorting determinant in the carboxyl-terminus of gp210 may be weaker than
that in the transmembrane region.”’

Studies of POM121 fused to GFP showed that amino acids 129-618 of the endoplasmic,
carboxyl-terminal region of the protein were sufficient for targeting to the nuclear pores. Amino
acids 1-128, comprising the luminal region and transmembrane spanning segment, localized
to the ER. The region between amino acids 803 and 1199, which contains XFXFG repeats
found in several proteins of the NPCs, did not localize to the NPCs, but were found through-
out the cell.’® FRAP studies on POM121 showed this protein to be stably associated with the
NPCs during interphase. Complete recovery of fluorescence in stably transfected cells express-
ing POM121-yellow fluorescent protein did not occur until 35 hours after photobleaching of
the nuclear membrane.” Tracking of NPCs also showed that they undergo little independent
movement, but rather move as large arrays. The movements of NPCs were correlated with
movements of fluorescently labeled B-type lamins, suggesting that lamins and NPCs are part
of the same network.”

Like the integral proteins of the INM, integral proteins of the pore membrane most likely
reach their sites by lateral diffusion after cotranslational insertion into the ER membrane. They
are then immobilized and retained in the pore membrane through interactions with other
proteins, presumably other proteins of the NPC. As shown by the large endoplasmic region of
POM121, these proteins, which do not have to pass through the pores, do not have the size
constraints on endoplasmic regions that limit access to the INM.

Targeting of Peripheral Membrane Proteins to the Inner

Nuclear Membrane

Several peripheral proteins localized to the nucleoplasmic side of the nuclear envelope have
been identified, the best studied of which are the nuclear lamins (for reviews see refs. 1, 60 and
61). Other peripheral proteins of the inner nuclear membrane are otefin, young arrest (YA)
and, in some cells types, mAKAP.>** There are two major classes of lamins, A-type and B-type.
The B-type lamins appear to be expressed in all somatic cells, while the A-type lamins (lamins
A and C, different splice forms both encoded by the LMNA gene) are absent from some undif-
ferentiated, hematological and cancer cell types. The lamins belong to the intermediate fila-
ment protein family, and have highly conserved alpha-helical rod domains flanked by less con-
served head and tail domains. The rod domain is responsible for lamin dimerization, and also
required for higher order interactions into polymers. The lamins differ from cytoplasmic inter-
mediate filaments as their carboxyl-terminal domains contain a NLS and, except in lamin C, a
CAAX-motif, which gets post-translationally modified by prenylation. The rod domains of the
lamins are 42 amino acids longer than those of cytoplasmic intermediate filaments. Lamins,
like other nonmembrane nuclear proteins, enter the nucleus through the nuclear pores in a
NLS-dependent manner. This was shown in studies of lamins lacking the NLS, which were
severely mistargeted and mainly cytoplasmic.®®
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The role of prenylation in lamin targeting is not completely understood, but this lipid
modification could help to anchor lamins to the nuclear envelope. However, lamin A prenylation
is intriguing since prelamin A, a precursor to lamin A, is prenylated, but this modification is
later cleaved off by an endoprotease activity to yield mature lamin A.°® B-type lamins remain
prenylated throughout their life-cycles, while lamin C never gets prenylated. When mutant
lamin A and B-type lamins without the CAAX motif are expressed in cells, these proteins do
not target rapidly to the nuclear rim, but accumulate in intranuclear aggregates and only later
localize at the nuclear rim.*” Another indication of the importance of CAAX prenylation for
membrane association is that B-type lamins, as opposed to lamins A and C, has been suggested
to remain membrane bound during mitosis.’® In recent studies using live cell imaging, B-type
lamins seemed, however, not to be associated with membranes during mitosis.>? The reason for
the discrepancy between these results are not yet clear. The mutant B-type lamin lacking the
CAAX motif was, similar to wild-type lamins A and C, soluble during mitosis, independent of
treatment with detergents.®” It has been suggested that the prenyl groups direct the lamins to
the nuclear membrane where, in the case of lamin A, an endoprotease then cleaves off the
region of the protein containing the prenylation (for a review see ref. 69). However, as lamin C
is localized to the nuclear membrane and mature lamin A from the previous cell cycle can
rebind to the INM after mitosis, there must also be alternative ways of targeting.

Formations of heteropolymers containing different lamins or interactions with other INM
proteins may help target nonprenylated lamins. When the tail-region of lamin B1 is expressed
alone, it fails to localize to the lamina throughout the cell cycle, suggesting the importance of
polymer formation mediated by the rod domain for correct lamin targeting.” A region of the
rod-domain has also been implicated in the binding of lamin B to LAP2.”! A-type lamins
with point mutations causing autosomal dominant EDMD located in the rod domain also
mislocalize into intranuclear foci when overexpressed in cells.”*”® The region of lamin A bind-
ing to emerin is, however, suggested to lay within the tail-domain. 4

The Drosophila nuclear envelope protein otefin contains 406 amino acids with a calculated
molecular mass of 45 kDa. It is a mainly hydrophilic protein, but the last 17 amino acids are
hydrophobic, and this stretch resembles the membrane spanning domains of integral mem-
brane proteins.®* However, extraction experiments using 8 M urea or a buffer of pH 13, show
that otefin is a peripheral membrane protein.”* Otefin is, however, more stably attached to
membranes than lamins and is not extracted with high salt or with buffers of pH 11.74 Trans-
fection experiments in COS-7 cells show that a majority of wild-type otefin is localized to the
nuclear rim and resistant to extraction with 1% Triton X-100. The amino-terminal hydro-
philic region alone (A388-406) has a nucleoplasmic localization and is completely extractable
by 1% Triton X-100, showing that the hydrophobic region is important for nuclear envelope
targeting. When the hydrophobic region of otefin is fused to a NLS and (3-galactosidase, the
chimeric protein localizes to the nuclear rim in 60% of transfected cells, but all transfected cells
also contain cytoplasmic aggregates of protein. After extraction with Triton X-100, most of the
cytoplasmic protein disappears, while 20% of transfected cells still contain some chimeric pro-
tein. These data suggest that the carboxyl-terminal hydrophobic region of otefin is crucial for
its association with the nuclear envelope, but has only a limited capability of directing the
NLS-B-galactosidase protein to this location. The region between amino acid 35 and 172 is
important for stabilization of otefin at the INM. When this region is deleted, the protein
localizes to the nuclear rim, but is less resistant to Triton X-100 extraction than wild-type. The
first 33 amino acids of otefin, a region with homology to the LEM-domain, does not appear to
be involved in nuclear envelope targeting. Studies using the two-hybrid system also identified
two regions of otefin that bind to the rod domain of Drosophila lamin Dmy.”> Amino acids
35-172 interacted with lamin Dmy, as did a construct consisting of the hydrophilic region of
otefin with these amino acids deleted. A suggested mechanism for the targeting of otefin is that
it enters the nucleus, either by diffusion or by aid of a putative NLS. It is then sorted to the
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nuclear envelope by its hydrophobic sequence and retained there by interactions with other
nuclear envelope proteins.

The integral membrane protein AKAP149 has been described above. Another AKAD, mAKAP
or AKAP100, is a peripheral membrane protein of 255 kDa that is expressed in differentiated
striated muscle cells, where it is localized to the nuclear membrane.®* mAKAP binds to
cAMP- dependent protein kinase (PKA) and is believed to be involved in its compartrnentahza—
tion. Two spectrin repeat-like sequences are necessary and sufficient for the nuclear targeting of
mAKAP independent of each other.* Spectrin-repeat sequences are found in cytoskeletal pro-
teins such as spectrin and dystrophin and participate in protein-protein interactions with
cytoskeletal components such as actin. The identification of interaction partners of mAKAP
will be i important to understand the targeting mechanism for this protein, and may help an-
swer why it is apparently localized to the INM in some cell-types and to the ER in others.®*

Conclusion

The large majority of integral proteins of the INM and nuclear pore membranes are be-
lieved to reach their final locations by lateral diffusion from the ER membrane. Through bind-
ing to chromatin or proteins such as lamins, they are then retained at this location. This hy-
pothesis has been confirmed by several studies where proteins were shown to have a decreased
mobility when they reached the INM and pore membrane. The peripheral membrane proteins
of the INM are targeted to the nucleus via the same mechanisms as other non-membrane,
nuclear proteins. They are then retained at the INM through interactions with other proteins,
and in some cases, through hydrophobic interactions with the INM. A better understanding of
interactions between different components of the nuclear envelope, and of the structures of
nuclear envelope proteins, will further our understanding of these targeting mechanisms and
posslbly shed light on the role of the nuclear envelope in diseases such as muscular dystro-
phy”%® and lipodystrophy.”®””
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CHAPTER 4

Dynamic Connections of Nuclear
Envelope Proteins to Chromatin

and the Nuclear Matrix

Roland Foisner

Abstract

he nuclear lamina is a filamentous scaffold structure underneath the inner nuclear

membrane and consists of A- and B-type lamins and a number of integral inner nuclear

membrane proteins, such as lamin B receptor (LBR), emerin, and various isoforms of
lamina-associated polypeptides 1 (LAP1) and LAP2. Lamins, LAP2, emerin and LBR interact
with DNA and/or chromosomal proteins, including core histones, BAE, HP1 and HA95, and
provide a complex dynamic link between the peripheral lamina and nucleoskeletal structures
and chromatin fibers. In addition, components of nuclear pore complexes, such as Nup153
and Tpr, link the nuclear envelope to the nuclear interior. Furthermore, intranuclear com-
plexes of A-type lamins and LAP2a are likely involved in higher order chromatin organization
throughout the nucleus. These interactions are tightly regulated in a temporal and spatial manner
during the cell cycle and are responsible for the multiple functions of the lamina in dynamic
nuclear and chromatin structure organization, in DNA replication, gene transcription, cell
cycle progression, and apoptosis.

Introduction

The eukaryotic nucleus contains the chromosomes and is a complex organelle where major
cellular processes, such as DNA replication, RNA transcription and processing, and ribosome
assembly take place. The function of the nucleus highly depends on its structural organization
and the dynamic structural rearrangements occurring in cell differentiation and cell cycle pro-
gression !, Cellular structures and proteins involved in nuclear architecture are not very well
understood except for a few major elements. The nuclear envelope (NE) enwraps the DNA
and forms the border between the nucleus and cytoplasm. It is composed of inner and outer
nuclear membranes that are separated by the perinuclear space and contain nuclear pore com-
plexes mediating nucleo-cytoplasmic transport. The outer nuclear membrane is continuous
with the endoplasmic reticulum and is also directly linked to the inner membrane at sites of
nuclear pore complexes (Fig. 1). Despite the continuity of membrane structures, protein and
lipid composition and functions of inner and outer membranes are clearly different, most
likely due to specific interactions of membrane components with nuclear and cytoplasmic
components, respectively. Underneath the inner membrane is a meshwork of nuclear-specific
intermediate filaments, termed the nuclear lamina, which includes lamins plus a growing num-
ber of lamin-associated proteins, which regulate lamin assembly and function." Most of these
lamin-binding proteins have been identified as integral membrane proteins of the inner mem-
brane or are tightly associated with the lipid bilayer.># Biochemically, the nuclear lamina is
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Figure 1. Schematic drawing of the molecular links at the interface between the nuclear envelope and the
internal nucleoskeleton/chromatin scaffold. Arrows denote specific interactions of components shown in
vitro and/or in vivo. For details see text.

defined as the peripheral nuclear structure that remains insoluble after extraction of nuclei with
non-ionic detergents, salt and nucleases.”® However, the lamina is only a subfraction of the
detergent-salt-resistant structural framework, which runs throughout the nuclear interior and
organizes nuclear space and is often referred to as nucleoskeleton or nuclear matrix.” As the
visualization of this putative nuclear scaffold has always been hampered by the bulky chroma-
tin mass, it is still under debate, whether there exists a chromatin independent proteinaceous
nuclear scaffold or whether intranuclear structures are orgamzed by a complex network of
protein-protein, protein-DNA and protein-RNA interactions. 81n any case, the nuclear scaf-
fold is supposed to provide mechanical stability for nuclear structure, to form a platform for
most metabolic nuclear processes, and to organize chromatin in a three-dimensional nuclear
space and thus regulate gene expression at the chromatin structure level. Except for the periph-
eral lamins, the components and molecular organization of the nucleoskeleton are not very
well understood.

In this review, I summarize the major components and interactions of the lamina and focus
on the interface between the peripheral nuclear envelope and the intranuclear scaffold/chro-
matin. I will also describe cell cycle-dependent dynamics and potential functions of these inter-
actions, particularly focusing on members of the Lamina-Associated Polypeptide 2 (LAP2)
family, whose cell cycle-dependent dynamics have been fairly well characterized in the past
years.

Major Components of the Peripheral Nuclear Lamina

The core structure of the nuclear lamina is formed by type V intermediate filament pro-
teins, the lamins.” They assemble to a meshwork of tetragonally organized 10 nm filaments
underneath the inner nuclear membrane. The number and complexity of lamins has increased
during metazoan evolution. Vertebrates have three lamin genes (LMNA, LMNBI, LMNB?2)
encoding at least seven distinct isoforms.” B-type lamins are constitutively expressed in cells
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throughout development and every cell expresses at least one B-type lamin. A-type lamins,
comprising lamin A and its smaller splice variant lamin C are only expressed in later stages of
development and in differentiated cells.”

The assembly and attachment of lamins at the membrane involve several mechanisms and
are different between A- and B-type lamins. B-type lamins contain a stable C-terminal farnesyl
modification, which is important but not sufficient for targeting and anchoring the protein to
the membrane.'®"? In contrast, lamin A is only transiently farnesylated due to cleavage of the
C-terminal remdues contalnmg the farnesyl group during protein maturation, and lamin C is
never farnesylated.'® Therefore, B- -type lamins are more tightly associated with membrane struc-
tures than A-type lamins in mitosis and interphase and are less stably incorporated into the
lamina,'41>

Homotypic interactions of lamin subunits,” hetero-oligomeric interactions of B-type and
A-type lamin dimers or oligomers,'" as well as interactions of lamins with integral and periph-
eral membrane proteins are essential for the proper assembly of the lamina underneath the
nuclear membrane. Most of the lamin-binding proteins are tightly bound to lamins and
cofractionate with lamins even after detergent-salt extraction of nuclei or of isolated NE frac-
tions.>®!¢18 Therefore, these proteins are considered as genuine components of the nuclear
lamina. Among those are (see Fig. 1):

The lamin B receptor (LBR, p58) contains elght transmembrane domains'® and was found
to interact with B-type lamins in vivo and in vitro.?** Since ectoplcally expressed lamin B1
mutants lacking farnesylation segregate independently of LBR,'? it was suggested that LBR
might also bind to the farnesyl residues of B-type lamins. The hydrophobic domain of LBR
shares extensive homology with sterol reductases and exhibits C14 reductase activity, suggesting
that the protein might have additional functions in sterol metabolism.**

Lamina-associated-polypeptide 1 (LAP-1) is a type II integral nuclear membrane protein,
contammg a nucleoplasmlc N-terminus, a smgle transmembrane spanning region, and a C-
terminus located in the luminal space between inner and outer nuclear membrane.”> LAP1
specifically interacts with A-type lamms in vitro® and its nuclear envelope localization depends
on the presence of lamin A in vivo.”® LAP1 exists as three alternatively spliced isoforms, the
smallest one, LAP1C, being expressed constitutively, while the larger isoforms, LAP1 A and B,
which contain addmonal domains in the nucleoplasm, are expressed only in differentiated cells
like A-type lamins.?

Lamina-associated polypeptlde 2 (LAP2) is another family of alternatively spliced lamin
binding proteins, comprising up to six mammalian isoforms, LAP2a, B, v, 9, €, and T7*
(formerly also called thymopoietins) and three Xenopus LAP2 protems.29 30 Except for LAP20
and LAP2G, all mammalian LAP2 isoforms contain a closely related N-terminal nucleoplasmic
domain of variable length and share a single transmembrane spanning region passing the inner
nuclear membrane, and a short C-terminus located in the luminal space between inner and
outer nuclear membrane.’' LAP2 possesses the longest nucleoplasmic N-terminus (223aa),
LAP2 €, 9, y miss regions of 40, 72, and 109 amino acids respectively due to alternative splicing,
but are otherwise identical, and LAP2T represents a truncated form of LAP2f3, missing 190
amino acids of the nucleoplasmic domain as well as the transmembrane and luminal regions.
LAP2a is structurally and functionally different from the other isoforms. It shares only the N-
terminal 187 amino acids with all the other LAP2 isoforms, but contains a unique C-terminus
(506 aa) lackmg a transmembrane domain. Unlike LAP2a, LAP2f3 was found to interact with
lamin B in vitro.® Its lamin B-interaction domam was located within a 72 amino acid long
stretch in the nucleoplasmic region (2a298-370),>* which is also present in the smaller isoforms
LAP2¢ and 9, and parts of it in LAP2y. An interaction of the smaller isoforms with lamin B,
however, has not been demonstrated experimentally. LAP2a. is unique, as it is located in the
nuclear interior® and binds specifically intranuclear A-type lamins®* (see below). Very little is
known about the expression patterns of the various LAP2 isoforms. Northern blot analysis and
Sl-nuclease protection assays revealed that LAP2 mRNAs are ubiquitously found in many
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tissues and cells of human, mouse and rat origin.?”?*3> At the protein level, LAP20. and B
appear to be the predominantly expressed LAP2 isoforms in mammalian cells,””**3¢ but a
recent proteomics analysis aimed at characterizing novel NE proteins clearly revealed also ex-
pression of smaller LAP2 isoforms.?” While available data on the mammalian LAP2 isoforms
indicate an ubiquitous expression, some of the LAP2 homologues, identified in )(erzt)}7u5,29‘3 0
showed differential expression during development. One of them was found to be expressed
only in somatic cells, but was not detected in oocytes, eggs and in early embryos up to the
gastrula stage, while a slightly larger putative LAP2 isoform — which has not been cloned yet—
was predominantly expressed in Xenopus eggs and embryos and was downregulated during
embryogenesis.

Emerin and MANT1 are proteins related to LAP2 isoforms. These proteins share a ~40
amino acid long highly homologous structural motif (LEM domain) in their N-termini'’,
which consists of a helical turn and two large parallel a-helices connected by a 11 to 12 residue
loop.?® Emerin is a ubiquitously expressed type II integral membrane protein of the inner
nuclear membrane!®4° and has been identified as the gene product that is missing or mutated
in patients suffering from X-linked Emery-Dreifuss muscular dystrophy (EDMD).*"*2 It binds
to both A- and B-type lamins in vitro “*> and its nuclear envelope localization is dependent
on the expression of lamin A.%*” MAN1 is a lamina-associated protein detected by the MAN
autoimmune serum,*® and by sequence analysis is predicted to contain two transmembrane
domains."” Tts interaction with lamins has not been analyzed yet.

A visual screen of a GFP-fusion library®” and a proteomics approach®” revealed novel inte-
gral membrane proteins termed nurim, with 5 predicted transmembrane domains and only
few hydrophilic residues, Unc-84, a protein similar to Drosophila Unc-84°" and a novel protein
LUMA with three to four predicted transmembrane domains. Binding of these proteins to
lamins has not been analyzed yet.

In addition, a peripheral membrane protein, otefin,
protein in Drosophila.

152 has been identified as a lamina

Lamina Proteins in the Nuclear Interior

Lamins were traditionally regarded as proteins of the nuclear periphery, but with the avail-
ability of novel tools and microscopic techniques the concept of intranuclear lamins has re-
cently developed. Since the nuclear membrane forms extensive tubular invaginations project-
ing deep into the nuclear interior,” it is often hard to distinguish whether observed internal
lamin structures are still associated with the invaginated nuclear membrane or whether they are
truly intranuclear, apart from the nuclear membrane. Nevertheless, specific antibodies,>**
several microscopical preparations techniques,”° and the use of expressed green fluorescent
protein- (GFP) fusions of lamins,””>® have revealed intranuclear lamin structures in foci or
along filamentous structures or diffusely distributed throughout the nuclear interior. Although
B-type lamins may also localize to intranuclear replication sites®” and a minor fraction of GFP-
lamin B has been detected in stable intranuclear structures by fluorescence recovery after
photobleaching (FRAP) analysis,”® the majority of studies have revealed particularly A-type
lamins in the nuclear interior. This observation is consistent with the lack of C-terminal farnesyl
modification of mature A-type lamins and the less stable association with the peripheral nuclear
membrane and the nuclear lamina as compared with B-type lamins (see above).

Intranuclear A-type lamins may exist in a complex with LAP2q,, the only LAP2 isoform not
integrated into the membrane. LAP2a is a nucleoskeletal protein, based on its resistance to
extraction by detergents and high salt,?® and was found to directly interact with the C-terminal
tail region of mature lamins A and C in vitro.>* Furthermore, selective disruption of endog-
enous lamin A structures upon ectopic expression of dominant-negative lamin mutants in
Hela cells caused a relocalization of LAP2a to intranuclear lamin A/C aggregates, but had no
effect on lamin B, LAP2, or NuMa.3* It is still unclear, however, whether lamin A and LAP2a.
form filaments or other higher order structures of the nuclear scaffold, or whether they exist as
smaller complexes involved in the regulation of nuclear processes (see below). It is also not
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known, whether there is continuity between peripheral and internal nuclear lamin A structures
or whether lamin subunits steadily exchange between these two subnuclear compartments.

Several laboratories have reported a transient localization of A-type lamins in the nuclear
interior before their assembly into the nuclear lamina. FRAP analyses in GFP-lamin A express-
ing cells showed that the assembly of lamin A into peripheral nuclear structures is a late event
in post-mitotic nuclear reformation,”® leading to accumulation of the majority of lamins A and
Cin the nuclear interior in G1 phase.>*¢° Furthermore, microinjected lamin A and/or lamin C
were found to first accumulate in nucleoplasmic foci, before the majority was incorporated
into the nuclear lamina.®"%% As non-processed lamin A (missing the farnesyl modification)
accumulated in similar intranuclear foci,’*°* transient intranuclear localization of lamin A
might be directly linked to its post-translational processing, but the molecular mechanisms
remain unclear. Recently, a novel nuclear protein of unknown cellular function, Narf, has been
identified by yeast two-hybrid-screens as a direct and specific interaction partner of unproc-
essed lamin A.%

Farnesylation and C-terminal proteolytic cleavage of A-type lamins during maturation can,
however, not be the only reason for their transient accumulation in the nucleus, as intranuclear
lamin A found in late stages of post-mitotic nuclear reformation is fully processed, and lamin
C, which was also found to accumulate in intranuclear structures,®” is not processed at all.
Thus, other modifications such as (de-) phosphorylation,®® or specific interactions with still
unknown nuclear proteins might also be required for correct targeting of A-type lamins to
peripheral as well as intranuclear structures.

Interactions at the Interface Between the Lamina

and the Nuclear Scaffold/Chromatin

The transcriptionally silenced or less active and late replicating domains in higher eukaryotic
genomes, referred to as heterochromatin, are dynamically associated with the NE.®"* This
association involves a complex network of specific protein-protein and protein-DNA interactions
at the interface of the lamina and the nuclear matrix (Fig. 1). In vitro, A and B-type lamins
have been shown to bind directly to matrix/scaffold attachment regions’®”" and to telomeric
and heterochromatic DNA sequences,”>”? but the physiological relevance of these associations
is not clear. However, photo-crosslinking experiments in Drosophila cells revealed specific
association of interphase lamins with DNA in vivo.”* Lamins can also interact with and as-
semble around chromatin, and this is mediated by the lamin rod domain”® and/or the C-
terminal tail domain that binds to core histones.”®”’

In addition to lamins, many lamin-binding proteins were shown to interact with DNA
and/or chromosomal protein (Fig. 1). LBR interacts directly with DNA*78 and with human
HP1-type chromodomain proteins,””*" which function as chromatin modifiers and regulators
of gene expression and have been implicated in position effect variegation and heterochroma-
tin organization.gl‘82 In line with these findings, microinjected HP1 has been shown to localize
transiently at the nuclear periphery in a deacetylation-dependent manner, before it translocates
to intranuclear sites.®® The association of HP1 with the nuclear envelope may be mediated by
direct binding to LBR, but recent studies revealed a complex of LBR, HP1 and histones H3/
H4, in which histones bind to both LBR and HP1 and mediate the LBR-HP1 interaction.®*
As the interaction of histones with HP1 was found to be affected by methylation of histone at
lysine residue 9,58 this could also provide a regulatory mechanisms for chromatin docking at
the cellular periphery during cell proliferation and cell differentiation. In cross-linking studies
LBR was also found to associate with chromatin-associated HA95, a nuclear protein with high
homology to the nuclear A-kinase anchoring protein AKAP95.%

LAP2 proteins contain several chromatin and/or DNA binding domains, which are either
common to all or unique to some isoforms (Fig. 1). The constant N-terminal region, common
to all LAP2 proteins, contains the LEM domain (amino acids 111-152), which was found by
yeast two hybrid assay®® and by biochemical studies®” to interact with the chromosomal protein
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Barrier—to—Autointegration Factor (BAF), a protein that was first identified for its role in retroviral
DNA integration.”™! Further studies revealed that BAF is a 89-residue protein that is highly
conserved in multicellular eukaryotes’* and binds double stranded DNA non-specifically forming
nucleoprotein complexes (dodecamers) between DNA molecules.’” Since the LEM domain is
also present in emerin and MAN1," it can be expected that all these proteins interact with
chromatin-associated BAE?# but this has not been experimentally tested yet.

Moreover the N-terminal 50 residues of the LAP2 constant region were found by structural
studies to contain a LEM-like motif that may bind DNA.?* In accordance with this findings an
N-terminal 85-residue LAP2 fragment was found to associate with chromosomes in vitro.**

In addition to the N-terminal chromatin binding domains, common to all LAP2 proteins,
in vitro studies revealed a DNA binding region in the LAP2f-specific C-terminus”’, and a
region in LAP2a’s unique C-terminus was found to mediate chromosome association of LAP2a
(the chromosomal binding partner is still unknown). Several studies have indicated that the
interaction of the LAP2 isoforms with chromatin, mediated by the different domains, is regu-
lated in a very complex and interdependent manner. For example, LAP2oUs unique C-terminal
chromatin binding domain was found both essential and sufficient for interaction of the pro-
tein with chromosomes during post-mitotic nuclear assembly, while the N-terminal LEM-like
and LEM domains were not required at this stage.”® Furthermore, while LAP2 N-terminal
fragments containing both the LEM-like and LEM motif did not interact with chromosomes
when overexpressed in cells, and monomeric recombinant fragments did not bind to chromo-
somes in vitro,”® GST fusion proteins of the same fragments, which form oligomeres, inter-
acted with chromosomes.”®32 This suggests that protein oligomerization, achieved by GST in
the recombinant fragments or by C-terminal domains downstream of the LEM domain in full
length proteins, is required for tight interactions between the LEM domain and BAF and/or
between the LEM-like motif and DNA. This hypothesis is further supported by recent in vitro
binding studies showing that various Xenopus LAP23-like isoforms, which are identical in their
N-terminal part and contain the LEM domain, but differ slightly in their C-terminal regions,
varied 9-fold in their affinities for BAF. Thus, the C-terminal unique regions in LAP2 isoforms
may regulate the activity of the N-terminal LEM domain.®? Aside from their diverse interactions
with DNA and BAE LAP2f-has also been identified by cross-linking experiments to associate
with HA95, similar to LBR."

It is not clear to what extent lamins and lamin binding proteins contribute to heterochro-
matin anchorage at the periphery. Considering the - ten-fold larger abundance of lamins as
compared to most lamin binding proteins, it can be assumed that lamins may have a major role
in chromatin association. In line with this observation, it has been shown that the expression of
a lamin mutant missing major parts of the rod domain caused relocalization of endogenous
lamins and lamin-binding proteins to discrete patches at the nuclear envelope, not overlapping
with patches of mutant protein. Despite the redistribution of lamin-binding proteins and pore
complexes to patches of endogenous lamins, the position of chromatin was unchanged,”” sug-
gesting that lamins rather than lamin binding proteins anchor chromatin at the periphery.
However, since overexpression of lamin mutants caused major changes in nuclear shape and
arrested cell growth, these effects may have been caused by the unphysiological conditions.

The large diversity of interactions of different lamin binding proteins with DNA and with
different chromosomal proteins argues for an important role of lamin binding proteins in
chromatin organization and anchorage at the NE. These interactions might be important for a
“more specialized” cell stage-specific regulation of the chromatin-NE link during cell differen-
tiation and/or cell cycle progression.

Two recently described nuclear pore complex (NPC)-associated proteins might also link the
peripheral lamina to the internal nucleoskeleton and mediate chromatin anchorage and orga-
nization. Tpr (translocated promoter region) is a constitutive component of filaments extend-
ing from the nuclear pore basket structure 100-350 nm into the nucleus®® in extrachromo-
somal channel networks.”” Apart from being involved in mRNA transport,'**!! yeast Tpr
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homologues Mlp1 and Mlp2 have been shown to be involved in transcrlptlonal]y repressmg
telomeric genes by tethering telomere—bmdmg factor yKu70 to the perinuclear reglon 92 The
second candidate for a NPC-associated matrix protein is Nup153, which is a constituent of the
nucleoplasmic pore basket'®"% and has been 1mp11cated in nuclear import and export.'%1%
Highly sophisticated FRAP analysis and life cell imaging mcely showed that the nuclear lamina
and NPC form a stable elastic network responsible for positioning NPCs in the membrane.'"°
Since Nup153 interacts directly with lamin LIII in Xeno}pus oocytes,' ! and NPCs assembled in
the absence of Nup153 lack anchorage within the NE,"? Nup153 may be important for link-
ing the NPC to the lamina. Strikin%ly however, Nup153 fluorescence recovered much faster
than those of other NPC proteins,'"* indicating that Nup153 undergoes a rapid exchange
between intranuclear and NPC associated pools. In yeast, overexpressmn of Nup153 caused
the formation of intranuclear membrane lamellae structures'' suggesting that Nup153 might
have addltlonal nuclear blndmg partners. Zinc-finger motifs in Nup153 may mediate DNA
interaction''* and early association of Nup153 with chromosomes after mitosis in a mem-
brane-independent manner!'*11>11¢ 4150 suggests that the protein may interact with chromain.

Potential Functions of Lamina Proteins in Interphase

The molecular and cellular functions of lamins and lamin complexes remain unclear, al-
though functional disruption of lamins in Drosophila''” and C. elegans''® revealed that they are
essential for viability. In mice targeted dlsruptlon of A-type lamins caused muscular dystrophy,
loss of adipose tissue, and early death,*” while mutations in the human lamin A gene were
linked to inherited forms of muscular and lipodystrophies. 119121

Similar to cytoplasmic intermediate filament networks, the nuclear lamina has been suggested
to serve as the structural backbone for the nucleus defining nuclear shape.”!"'*12% Consistent
with this function, nuclei assembled in vitro under lamin-depleted conditions were rather frag-

ile'**!% and nuclei of lamin A knockout mice showed a 1rregular shape.?’

The complex interactions of lamins and lamin-binding proteins with DNA and with chro-
matin-associated proteins (histones, HP1, HA95, and BAF) at the nuclear periphery (lamina
including membrane proteins) and in the nuclear interior (A-type lamins and LAP2a1) suggest
functions of these proteins in higher order chromatin organization by providing specific chro-
matin docking sites at the NE and by structurally organizing chromatin fibers in the 3-dimen-
sional nuclear space. Since higher order chromatin organization is ultimately linked to control
of gene expression, lamina proteins might also be involved in this process. In line with this
hypothesis, highly silenced human chromosome 18 occu{nes more peripheral territories in the
nucleus as compared to highly active chromosome 19.%% Furthermore, the lamina protein
LBR is found in a complex with HP1 (see above), a protein involved in position effect variega-
tion and control of gene expression.®"52

In addition, components of the NE may directly influence transcription by interacting with
transcription factors and/or chromatin remodeling complexes. A novel integral membrane pro-
tein of the inner membrane (Ring Finger Binding rotein, RFBP), which resembles a type IV
phospholipid pump, has recently been identified'*> and has been shown to directly interact
with RUSH proteins, SWI/SNF transcription factors that model chromatin. Thus, association
of chromatin with the NE may regulate transcriptional access directly''?. Furthermore, several
findings have indicated a direct interaction of lamina proteins with E2F transcriptional
complexes, which re§ulate G1-S phase progression in cell cycle by activating transcription of S-
phase specific genes.? The membrane-bound LAP2p was found by yeast two-hybrid analysis
to bind mouse germ cell less (mGCL), 127 which in turn interacts with E2F-associated DP and
regulates the cell cycle.!”® As overexpressed LAP2f reduced E2F-dependent reporter activ-
1ty, 7 it is likely that LAP2f might negatively regulate E2F activity by tethering the transcrip-
tion complex to the nuclear periphery, a mechanism known also for other transcription fac-
tors.? In addition, lamins A/C associate directly with the hypophosphorylated, active form of
retinoblastoma protein (pRb),'? which binds E2F and represses transcription of S-phase-spe-
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cific genes.!?*13! LAP20,, which has been identified as a direct binding partner of A-type lamins™®

might be another functional component of such a complex.

Lamina proteins might also be involved in DNA replication. Nuclei assembled in the ab-
sence of lamin B3 in Xenopus in vitro nuclear assembly reactions were not able to replicate their
DNA,'?132 but addition of lamin B3 partially restored the phenotype.'*® Similarly, lamin
mutants causing nuclear lamina disassembly were shown to inhibit DNA replication,!?413¢
and lamin mutants causing a dramatic reorganization of the lamina and lobulated nuclei inter-
fered with DNA replication and cell growth.”” Interestingly, ectopic expression of lamin-bind-
ing LAP2 fragments in mammalian cells inhibited progression into S-phase,'?” while LAP2f
mutants added to Xenopus in vitro nuclear assembly reactions influenced DNA replication
positively.** Thus LAP2f might also be involved in DNA-replication either directly or indirectly
by affecting lamina assembly.

Lamina proteins might also be involved in controlling apoptosis. In C. elegans, for instance,
CED-4, a cell death activator, is translocated from mitochondria to the nuclear envelope be-
fore caspase activation,'?® suggesting that the lamina provides an attachment site for the apoptotic
signaling machinery.” Lamins, LAP2c. and LAP2p are early targets of apoptosis'> 4! and
expression of uncleavable lamin mutants was shown to delay apoptosis for several hours.'!
Furthermore, inhibition of lamin B assembly at the nuclear envelope upon preventing its
postmitotic dephosphorylation induced apoptosis in human cells,'*? suggesting that mislocalized
lamins actively trigger apoptosis.'*?

Interestingly, the Drosophila lamin Dm, was recently found to be required for a cytoplasmic
function in polarized cells, the outgrowth of cytoplasmic extensions from terminal cells of the
tracheal system.!% The molecular mechanisms however remain obscure.

These diverse functions of lamina/matrix proteins may explain how mutations in lamina
proteins cause different inheritable human diseases affecting heart and skeletal muscle as well
as adipose tissue (lalminopathies).41’119’121 It is conceivable that a disturbance of any of the
above described functions of lamins and lamin binding proteins can contribute to the disease
to different degrees. Mutations in emerin and lamin A do not only affect these two proteins but
may have significant impact on other proteins tightly linked to lamin A structures. Thus, elu-
cidating the function of any potential lamin A binding partner, may provide important clues as
to the molecular mechanisms of the disease. Therefore, in view of the recently reported interac-
tion of LAP2a. with the C-terminal region of A-type lamins®* containing many lipodystrophy
and EDMD-specific mutations,'®” it is intriguing to speculate that these mutations may effect
LAP20-lamin A interactions and interfere with LAP20t/lamin A functions. As such mutations
would predominantly affect structures in the nuclear interior, the disease phenotype would be
different from those caused by mutations in emerin or in lamin A affecting mostly lamin A-
emerin interactions and functions at the nuclear envelope.

Dynamics and Functions of Lamina-Chromatin

Interactions During Mitosis

Multicellular eukaryotes reversibly disassemble the nuclear lamina, NPCs and the
nucleoskeleton during mitosis, and the nuclear membrane merges into the endoplasmic reticu-
lum. 6 This process is driven by phosphorylation of lamins, LBR, LAP1 and peripheral as well
as intranuclear LAP2 proteins mostly involving mitotic cyclin-dependent kinases (cdk), al-
though other kinases may also play a role.!%3!%® Mitotic A-type lamins are distributed in the
cytoplasm probably as dimers or tetramers, while B-type lamins remain associated with mem-
branes due to their C-terminal farnesyl modification, and probably also due to their interac-
tion with LBR.2! LAP2° and LAP20* dissociate from lamins and chromosomes in a mitotic
phosphorylation dependent manner. There are reported discrepancies depending on the cell
systems used as to whether nuclear membrane proteins (LAP2f, LBR and emerin) and ER
proteins segregate into distinct membrane structures during mitosis or whether both disperse
throughout the endoplasmic reticulum.'?”
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Nuclear reassembly requires phosphatase activity and, at least for B-type lamins, has been
shown to involve phosphatase PP1."® PP1 is targeted to the NE by the membrane integrated
A-kinase anchoring protein AKAP149 and this process was shown to correlate with the assem-
bly of B-type lamins.'* Inhibition of PP1 association with AKAP149 by a peptide containing
the PP1 binding domain of AKAP149 resulted in lack of assembly of B-type lamins and
apoptosis.142 Interestingly, however, assembly of A-type lamin was not effected by the peptide
in HeLa cells, supporting other studies which show different pathways of assembly of A- and
B-type lamins after mitosis.**

Numerous studies have shown that the assembly of the NE and nuclear structure after cell
division requires targeting and assembly of lamins and lamin binding proteins to chromosomes
in a temporally and spatially regulated manner (Fig. 2). LAP2a appears to be the first protein
among the lamina components to associate with chromosomes in anaphase, clearly before
LAP2B-containing membranes accumulate and enclose the decondensing chromosomes.”® Other
membrane proteins, including LBR and emerin accumulate at the chromosomal surface at the
same time as LAP2f.!1> 116 0 151 [ erestingly, initial association of LBR with chromosomes
was shown to occur primarily at the peripheral chromosomal regions'"®, while LAP2f, emerin
and lamins were enriched at more central regions of chromosomes closest to the spindle poles
and the midbody.>38115 151152 This suggested that association of LBR and LAP2f with chro-
mosomes involves different mechanisms. Although a subfraction of B-type lamins might be
targeted to the chromosomal surfaces by binding to LAP2f and or LBR and or histones, the
bulk of lamin B assembly occurred after accumulation of the membrane proteins at the chro-
mosomal surface.*>® There are clear differences in the assembly of B-type and A-type lamins.
While lamin B1 assembled around chromosomes at anaphase telophase transition following
accumulation of membranes, A-type lamins were targeted to intranuclear sites much later when
an intact continuous nuclear envelope had already formed.’® Lamin A translocation to the
nuclear interior might involve interaction with LAP20% (see below).

More recently, the dynamics of the NPC-associated proteins Nup153 and Tpr during mito-
sis have been tested. Interestingl?r, NuPISS, but not Tpr, was recruited to chromosomes at the
same time as LAP2f and LBR, 1115116 before accumulation of lamin B.>® As this interaction
is membrane-independent, it seems to be the first step of NPC assembly.

The mechanisms regulating the sequential association of lamina proteins with chromatin
are not very well understood. It is particularly intriguing that LAP20 assembles prior to LAP2f,
although both proteins contain the LEM and LEM-like motifs in their N-terminal constant
regions, known to bind BAF and/or DNA (see above). Several recent observations might help
explain this phenomenon. It was shown that the association of LAP2a with chromosomes at
carly stages of assembly, requires the 0-specific C-terminal domain, which is absent in LAP2{.%
The N-terminal BAF-binding domain, present in both LAP2a and f did not interact with
BAF at this stage of nuclear assembly, probably due to post-translational modification of LAP2
and/or BAF or due to an inhibitory effect of the C-terminal regions of LAP2.% Therefore, we
favor the following model for the initial stages of assembly (Fig. 2). In phase 1 LAP2a associ-
ates with chromosomes via its C-terminus, not involving the N-terminal LEM and LEM-like
domains. This association triggers conformational changes on the chromosomal surface and/or
induces post-translational modification of BAF or other chromosomal proteins and allows
binding of the LEM domain to BAF in phase 2. This mediates cross-linking of chromosomal
territories by chromosome bound LAP2a, and targeting of LAP23, and emerin, and thus
membrane structures to the chromosomal surface (phase 3).

Despite the fairly detailed analysis of kinetics of chromosome association of various lamina
proteins, their specific roles in nuclear assembly s still not clear. The reported contributions of
lamins to NE assembly has been controversial.'*® While immunodepletion of lamins from in
vitro Xenopus nuclear assembly extracts have indicated the formation of a NE in the absence of
lamins,'#>'?* other studies using Drosophila, mammalian and Xenopus extracts showed that
immunoadsorbtion of lamins inhibited NE assembly.'*#1%¢ As these different results were most
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Figure 2. Sequence of protein targeting to chromosomal surfaces during nuclear reassembly following
chromatid separation, and responsible interactions. For details see text.

likely caused by the different efficiencies in depleting and/or de-activating lamins by antibodies,
Lopez-Soler et al have recently used a peptide containing the C-terminal domain of Xenopus
lamin B3 in nuclear assembly reactions and found that the peptide inhibits nuclear lamin
polymerization and also nuclear membrane assembly around chromatin.'” Thus Xenopus lamin
is likely to have important functions in NE assembly.

LAP2B has originally been implicated in targeting membranes to chromosomes®, but this
has not been demonstrated directly. Microinjection of LAP2f’s nucleoplasmic domain into
mitotic cells did not inhibit nuclear membrane targeting and assembly, but affected nuclear
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growth during G1-S phase progression.'?” The same fragment had similar effects, when added
to Xenopus in vitro nuclear assembly reactions.>® However, all these studies were performed in
a background of endogenous LAP2 proteins. Interestingly, an N-terminal LAP2f fragment
containing the BAF-binding region was able to inhibit nuclear membrane binding in the Xeno-
pus assembly system,>® but overexpression of the same fragment in mammalian cells had no
detectable effect on cell cycle progression.”® This suggests that different molecular mechanisms
of nuclear assembly may exist in early embryonic versus somatic cell divisions. Apart from
LAP2f, LBR has also been suggested to be involved in membrane-chromosome interactions in
in vitro binding studies using LBR-immunodepleted membrane fractions.'**!>

The early accumulation of LAP2at around decondensing chromosomes suggested a func-
tion of the protein in providing a scaffold for chromatin organization. Considering the exist-
ence of at least two chromatin interaction domains in LAP2a, the protein is ideally suited to
cross-link chromosomal regions and help to structurally organize chromatin in post-mitotic
nuclei. Observations showing that overexpression of a C-terminal chromatin-binding frag-
ment of LAP2a was toxic for the cells and that addition of the same fragment to mammalian in
vitro nuclear assembly extracts inhibited NE formation’® (Vlcek, Korbei and Foisner, submit-
ted), supported this hypothesis, but the mechanisms remain obscure.

Conclusions and Future Prospects

The recent discovery of novel interaction partners for lamins and lamina-associated pro-
teins have changed our view of how these proteins function in the cell nucleus. While former
studies revealed mainly structural function, novel findings point towards important functions
also in controlling DNA replication, gene transcription and cell cycle progression in a more
direct fashion. Nevertheless, I believe that this is just the tip of the iceberg, and more interac-
tions of lamin and lamin-binding proteins, which may be regulated in a development-, differ-
entiation- or cell cycle-specific manner, will be identified in the future. This will give us a much
clearer picture of the specific involvement of lamina proteins in these processes and will also
allow to completely unravel the molecular mechanisms behind the lamin-related human dis-
eases (laminopathies).
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CHAPTER 5

Role of Ran GTPase in Nuclear
Envelope Assembly

Chuanmao Zhang and Paul R. Clarke

Abstract

an, a small GTPase that is highly conserved in eukaryotes, plays crucial roles in nuclear
Ktructure and function throughout the cell division cycle. During interphase, Ran-GTP

is generated in the nucleus by the chromatin-bound guanine nucleotide exchange fac-
tor, RCC1. Ran-GTP determines the directionality of nucleocytoplasmic transport by control-
ling the stability of specific complexes formed between cargo proteins carrying specific target-
ing signals and transport proteins of the importin/exportin family. During mitosis Ran is
dispersed in the cytoplasm, but localised generation of Ran-GTP in the vicinity of chromatin
releases proteins required for mitotic spindle assembly from inhibitory complexes with importins.
Recent advances in the use of cell-free systems made from Xenopus eggs have demonstrated an
additional role for Ran in the control of nuclear envelope (NE) assembly. Both generation of
Ran-GTP by RCC1 and GTP hydrolysis on Ran stimulated by RanGAP1 are required. In
Xenopus egg extracts and mammalian cell extracts, Sepharose beads coated with Ran induce the
formation of functional NEs containing nuclear pore complexes in the absence of chromatin.
Ran induces NE assembly through importin-f and a mutation in importin-f that blocks inter-
action with nucleoporins containing FxFG repeats does not support NE assembly. However,
the target of importin-f and the mechanism by which Ran controls NE assembly is unclear.
We propose that Ran plays a central role in coordinating changes in NE structure, nuclear
transport and mitotic spindle assembly during the cell division cycle.

Background
Ran GTPase and Its Regulators

Ran, a member of the Ras small GTPase superfamily, is highly conserved in apparently all
eukaryotic cells from primitive Giardia lamblia o yeast, plants and vertebrates.! The activity of
Ran is determined both by its localisation and its guanine-nucleotide bound state. During
interphase, Ran is concentrated mainly in the nucleus, but during the open mitosis of verte-
brate cells in which the nuclear envelope (NE) breaks down, Ran is dispersed throughout the
cell. At the end of mitosis, when the NE reforms during telophase, Ran is relocalised to chro-
matin.” Like other GTPases, Ran exists in GTP and GDP bound states that interact differently
with its regulators and effectors (reviewed in refs. 3, 4). The intrinsic GTPase activity of Ran is
very low, but it is stimulated by the interaction of a GTPase-activating protein (RanGAP1)
located at the cytoplasmic face of the nuclear pore and in the cytoplasm. Ran GTPase activity
is further stimulated by the predominantly cytoplasmic Ran binding protein 1 (RanBP1) and
by Ran-binding domains of Ran binding protein 2 (RanBP2/Nup358), a component of the
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cytoplasmic filaments of the nuclear pore complex (NPC). These activities ensure that the
relatively low concentration of Ran in the cytoplasm is predominantly GDP-bound. By con-
trast, a high concentration of Ran-GTP is generated in the nucleus by RCC1 bound to chro-
matin (reviewed in refs. 1, 4). Generation of Ran-GTP in the nucleus is also promoted by the
nucleotide-destabilising factor Mog1, which may act tosgether with Ran-GTP binding proteins
to dissociate GDP from Ran and reloading with GTP.

Role of Ran in Nucleocytoplasmic Transport

Compartmentalisation of the factors that regulate the nucleotide bound state of Ran pro-
duces a steep gradient of Ran-GTP concentrations across the NE.>”#? One function of the
gradient is to determine the directionality of nucleocytoplasmic transport by controlling the
assembly and disassembly of complexes formed between transported cargoes and proteins of
the importin/exportin family that act as receptors for targeting sequences on the cargo (Fig.
1).%1%In the nucleus, interaction of Ran-GTP with the exportin Crm1 (the target of leptomycin
B) causes the assembly of complexes with proteins containing a leucine-rich nuclear export
signal (NES) and their export from the nucleus through nuclear pores. In the cytoplasm, im-
port complexes are formed between importins and karyophilic cargo. Proteins carrying a
lysine-rich nuclear localisation signal (NLS) interact with importin-f through an adaptor,
importin-a.. Importin-f also interacts directly with some cargos, whereas other importin fam-
ily members play more specialised roles in the transport of specific proteins that have distinct
signal sequences. After translocation through the nuclear pore, import complexes are dissoci-
ated in the nucleoplasm by Ran-GTD which binds importin-f and ejects the cargo. During
translocation through the pore, transport cargoes may interact with nuclear pore complex pro-
teins (nucleoporins) in transient interactions controlled by Ran.!

Role of Ran in Mitotic Spindle Assembly

Disruption of Ran or its interacting proteins suggested a requirement in cell cycle progres-
sion in the genetically amenable yeasts, as well as in cultured mammalian cells.'? However, it
was difficult in these systems to distinguish secondary effects that might have been due to
defects in nuclear transport. In 1999, the breakthrough came from a number of groups utilising
Xenopus egg extracts as a model cell-free system suitable for biochemical analysis.>!3"'® Chang-
ing the balance of Ran-GTP and Ran-GDP in mitotic egg extracts disrupted spindle assembly,
a process that occurs in the absence of nuclear compartmentalisation and is therefore distinct
from nucleocytoplasmic transport. Ran is present in Xenopus egg extracts at a high concentra-
tion (1-2 uM) and judging by its interaction with specific binding proteins, is predominantly
GDP-bound.”"” When the concentration of Ran-GTP is increased by adding the exchange
factor RCC1, or Ran mutants (G19V, Q69L or L43E) that are deficient in GTPase activity
and are thereby stabilised in the GTP-bound state, microtubule assembly is promoted throughout
the extract, resulting in ectopic asters containing typical centrosome-associated proteins such
as y-tubulin, NuMA and Xgrip109.%'3"1¢ With incubation, these asters may form spindle-like
structures in the absence of chromatin or centrioles, albeit smaller than proper spindles formed
following addition of sperm heads. !>

The effect of Ran-GTP on spindle assembly is mediated, at least in part, through the same
factors involved in nuclear protein import, namely the importins. Nachury et al showed that
depletion of importin-f from extracts using RanQG69L causes widespread microtubule
polymerisation that is suppressed by exogenous importin-B.'® One of the factors inhibited by
importin-f is NuMA, a microtubule associated protein (MAP) that is essential for spindle
assembly. Similarly, Wiese et al showed that the induction of asters by RanL43E or a fragment
of NuMA (NuMA tail II) is suppressed by importin-B."” Gruss et al showed that importin-o
also inhibits aster formation in mitotic extract and this effect can be overcome by exogenous
TPX2, a microtubule-associated protein that targets the motor protein XKlp2 to microtu-
bules.?® Together, these results suggest that importins play roles in controlling spindle assembly
in mitotic Xenopus egg extracts by binding to and suppressing the activities of spindle assembly
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Figure 1. Ran directs nucleocytoplasmic transport. Ran shuttles across the nuclear envelope via the nuclear
pores, but is concentrated in the nucleus by active import involving NTF2. In the nucleus, a high concen-
tration of Ran-GTP is generated by guanine nucleotide exchange catalysed by RCC1 bound to chromatin.
Mogl, together with RanBP1 or other Ran-GTP binding proteins, promotes nucleotide exchange. Ran-GTP
causes the dissociation of imported complexes containing proteins with nuclear localisation signals (NLS)
by binding to importin-f (Imp.) and ejecting the cargo. Conversely, binding of Ran-GTP to exportin/Crm1
(Exp.) promotes assembly of export complexes containing proteins with nuclear export signals (NES). In
the cytoplasm, Ran-GTP is removed by activation of Ran GTPase activity by RanGAP and RanBP1, and
export complexes are dissociated. The importins and exportins are recycled by specific mechanisms back
across the pore (not shown). In addition to this basic mechanism, other members of the importin family
mediate the transport of specific cargoes.

factors such as NuMA and TPX2 that are present throughout the extracts.”! Increased Ran-GTP
levels dissociate the factors from importins and cause widespread aster formation.

Chromatin has a positional effect on spindle formation by decreasing the catastrophe rate
and increasing the rescue frequency of dynamic microtubules, thereby promoting the elonga-
tion of spindle microtubules specifically towards the chromatin. Ran-GTP not only stabilises
microtubule elongation, but also regulates motor proteins involved in spindle dynamics.”>*
Generation of Ran-GTP by RCC1 in the locality of chromatin during mitosis could thereby
account for the stabilising influence of chromatin on spindles (Fig. 2). !'The marking of chro-
matin by local generation of Ran-GTP may be particularly important in an open system such
as the Xenopus early embryo in which there are no positional constraints on the orientation of
the spindle. In this system, a cloud of Ran-GTP is generated around chromatin in mitosis,
whereas Ran dispersed in the extract is predominantly GDP bound.’”

In somatic cells, the role of Ran during mitosis may be more complex. While RCC1 is
localised to mitotic chromosomes in mammalian cells (Moore, Zhang and Clarke, unpub-
lished), RanGAP1, modified by SUMO-1, and RanBP2 are present on the mitotic spindle,
suggesting that hydrolysis of GTP by Ran may be localised there.?*?> Consistent with a re-
quirement for GTP hydrolysis by Ran, in the nematode worm Caenorhabditis elegans, RanGAP
is required for spindle assembly and chromosome positioning.*?” Targeting of Ran or
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Figure 2. Ran directs mitotic spindle assembly. Ran-GTP releases spindle-promoting activities (SPA) from
inhibited complexes with importins to promote mitotic spindle assembly. It is proposed that chromosomal
localisation of RCC1 generates Ran-GTP locally, stabilising microtubules in the vicinity of chromatin.

Ran-interacting proteins to the spindle microtubules, centrosomes or kinetochore regions of
chromosomes may permit localised activity of Ran.>*’

In micro-organisms such as yeast with a closed mitosis, there is no evidence at present of
localised generation of Ran-GTP or GTP hydrolysis by Ran. In these cells, spindle assembly
and chromosome alignment are contained within the nucleus throughout mitosis. Ran-GTP
may not used as a positional marker in yeast, since there are not the same logistical require-
ments for spindle orientation and chromosome attachment as in a large vertebrate cell. Main-
tenance of a high Ran-GTP concentration throughout the nucleus may be sufficient.

Control of Nuclear Envelope Assembly by Ran

At the end of mitosis, the mitotic spindle is disassembled and microtubules return to inter-
phase dynamics. In cells with an open mitosis, the NE is re-assembled around chromatin,
nuclear pore complexes are reformed, nuclear transport is restarted and the distinct environ-
ment of the nucleus is re-established. Recently, it has become apparent that Ran also plays a
critical role in the assembly of the NE in cells with an open mitosis, and a function in NE
expansion is likely to be conserved in other species such as yeast that have a closed mitosis.

Early Evidence from Xenopus Egg Extracts

Interphase Xenopus egg extracts provide a model system to study the assembly of the verte-
brate nucleus. Nuclear assembly is usually initiated by the addition of sperm chromatin, which
first undergoes decondensation, a process that involves the exchange of basic proteins for his-
tones mediated by nucleoplasmin. Subsequently, membrane vesicles bind to chromatin and
fuse to form a double membrane, nuclear pore complexes are assembled and nuclear growth
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occurs (Fig. 3). The mechanism of NE assembly is not well understood, but vesicle fusion is
inhibited by GTPYS, suggesting the involvement of a GTPase, or by N-ethylmaleimide (NEM),
a reagent that reacts with thiol groups on proteins.?® Vesicle fusion may be a prerequisite for
nuclear pore complex (NPC) assembly, since GTPyS or NEM prevent NPC formation, while
NPC formation can be uncoupled from membrane formation, since the metal cation chelator
BAPTA results in the formation of a NE without NPCs.?* The initial recruitment of vesicles
to chromatin may involve binding between chromatin or lamins and integral membrane pro-
teins that become constituents of the inner membrane.*’

In interphase Xenopus egg extracts, Ran is required for nuclear assembly from sperm chro-
matin and the establishment of DNA replication, a process that is disrupted by dominant Ran
mutants that are deficient in GTP binding or GTP hydrolysis.>!”*"3? Depletion of RCC1, the
guanine nucleotide exchange factor for Ran, or addition of excess RanBP1, which opposes
RCC1, also prevent proper nuclear assembly.>**> RanBP1 addition only disrupts nuclear as-
sembly when added at early in the assembly reaction and does not dlrectly inhibit nuclear
protein import.>* Together, these results suggested that both generation of Ran-GTP from
Ran-GDP by RCC1 and GTP hydrolysis by Ran are required during an early stage of nuclear
assembly. Using Field Emission In—lens Scanning Electron Microscopy (FEISEM) in collabo-
ration with M.W. Goldberg and T.D. Allen (Paterson Institute, Manchester) we found that
excess RanBP1 resulted in defective NEs that were highly convoluted, suggesting that Ran and
RCC1 might play a role in NE assembly.**

For us, the first clear indication of a role for Ran in NE assembly came from FEISEM
studies in which it was apparent that addition of Ran-GDP promoted NE assembly, whereas
RanQG9L, locked in the GTP-bound form, inhibited the fusion of membrane vesicles on the
surface of chromatin (Zhang, Goldberg, Allen & Clarke, unpublished). By contrast, RanT24N,
which fails to bind GTP and inhibits RCC1, caused the formation of small, rounded up nuclei
with highly convoluted NEs very similar to those formed when RanBP1 is added (Fig. 3).
These results suggested that both generation of Ran-GTP by RCC1 and GTP hydrolysis by
Ran play a role in NE assembly. We also found that Ran is concentrated on sperm chromatin,
suggesting that concentration of Ran might be involved in the induction of the process. How-
ever, manipulation of the Ran system caused significant changes in the morphology of chroma-
tin in these experiments, so it remained possible that the primary effect of Ran was on chroma-
tin structure rather than a direct role in vesicle attachment and fusion.

NE Assembly Around Ran Beads

To test the hypothesis that concentration of Ran might play a direct role in NE formation,
we examined whether Ran expressed as a fusion with glutathione-S-transferase (GST) and
coupled to glutathione-Sepharose beads could induce NE assembly in the absence of chroma-
tin. Indeed, the beads rapidly accumulated membrane vesicles that fused to form a continuous
lipid layer that incorporated nucleoporins.*® Using electron microscopy, nuclear pore com-
plexes were apparent crossing a double membrane, indicating that a complete NE was as-
sembled. The envelopes were functional, since a fluorescent dextran that is too large to diffuse
across the nuclear pores was excluded, whereas a karyophilic protein containing an NLS was
concentrated within the beads. In other words, simply concentrating Ran on the surface of
beads was sufficient to induce membrane vesicle binding and fusion, as well as the assembly of
NPCs and the subsequent initiation of nucleocytoplasmic transport. In contrast to Ran, beads
coated with the mutants RanT24N or RanQG69L failed to make intact NEs, indicating that
both loading of Ran with GTP and GTP hydrolysis are required for envelope assembly around
Ran beads.

The ability of Ran concentrated on the surface of beads to induce the formation of NEs is
not restricted to Xenopus egg extracts, since extracts prepared from mitotic vertebrate cells also
work.?” Using human cell extracts, we were able to show that if beads coated with Ran-GDP
are used, then RCC1 is required to generate Ran-GTP, whereas beads coated with Ran-GTP
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Figure 3. Involvement of Ran at several stages of NE formation around sperm chromatin in Xenopus egg
extracts. Ran is required for vesicle recruitment to chromatin, fusion to form an intact NE and the assembly
of nuclear pore complexes. Ran acts in vesicle recruitment through importin-f3 which is proposed to bind
to a component of the vesicles. Ran may bind to chromatin prior to vesicle recruitment and attracts RCCI,
thereby generating Ran-GTP locally on the chromatin and initiating the process. The AAA-ATPase com-
plexes p97-Ufd1-Npl4 and p97-p47 are required at distinct stages of NE formation and expansion. The
relationship between p97 complexes and Ran is unknown.
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do not require RCC1. Conversely, if RanGAP is inhibited with an antibody, then vesicle bind-
ing and fusion are reduced, showing that GTP hydrolysis on Ran is involved.

This work showed that concentration of Ran is sufficient to induce complete NE assembly,
and that this process did not require the presence of chromatin. This is consistent with studies
in which stacks of NE-like membranes containing pore complexes, called annulate lamellae,
can be formed in Xenopus egg extracts.’® Indeed, increased concentrations of Ran induce annu-
late lamellae formation in this system (Zhang and Clarke, unpublished).

A Novel Assay for NE Assembly Around Chromatin Demonstrates
a Role for Ran

Hetzer et al® addressed the possible role of Ran in NE assembly using an assay in which
chromatin was first decondensed by treatment with a heat stable fraction of extract containing
nucleoplasm, then vesicles labelled with two different coloured lipophilic dyes were incubated
with the decondensed chromatin with the addition of a soluble extract fraction. Membrane
formation was assayed by the mixing of the two colours as fusion between the two vesicle
populations occurred. Hetzer et al found that addition of RanQG69L or RanT24N inhibited
vesicle fusion in this assay. When extracts were depleted of RCC1 using RanT24N, exogenous
RCC1 or Ran-GTP, but not Ran-GDP, were able to overcome the inhibition of vesicle fusion
around chromatin assembled on A DNA, indicating that generation of Ran-GTP by RCCl is
required. However, Ran bound with the nonhydrolysable GTP analogue GTPyS failed to res-
cue RCCI1 depletion, indicating that GTP hydrolysis by Ran is also required. Immunodepletion
experiments also showed that Ran itself is essential for membrane fusion and nucleoporin
incorporation.

The AAA-AT, Pase P97 is Required for NE Formation

Hetzer et al“’ have developed their assay to characterise the role of additional factors in
membrane fusion. An AAA-ATPase, p97, plays a role in endoplasmic reticulum (ER) mem-
brane fusion in complex with an adaptor protein p47 that interacts with the t- SNARE syntaxin.
Hetzer et al found that p97-p47 also plays a role in the expansion of the NE when the nucleus
grows after the initial enclosure of the NE. p97, in a different complex with Ufd1 and Npl4, is
also required at an earlier stage of NE formation when membrane vesicles form membrane
structures reminiscent of ER tubules, then fuse to make a complete NE. This mechanism is
likely to be conserved in other eukaryotes, since the homologue of p97 in Sacchzzromycex cerevisiae,
Cdc48p, plays a role in ER fusion®! and Ndl4p is involved in nuclear protein transport and
maintenance of nuclear envelope structure®?. The relationship between the role of the Ran
system in NE assembly and the function of p97 complexes will be of interest.

A Role for Importin-f in NE Assembly

One immediate question has been: What are the targets of Ran during NE assembly? To
investigate the possible role of Ran-interacting proteins such as importin-f3, we used an assay in
which NE assembly around Sepharose beads coated with Ran was studied in Xenopus egg ex-
tracts depleted of Ran-binding proteins (ARanBP extracts) using RanQ69L a mutant defec-
tive in GTPase activity and therefore locked in the GTP-bound form.*> ARanBP extracts were
deficient in ability to promote membrane vesicle recruitment and fusion to form continuous
membranes around Ran beads, but NE assembly was restored by addition of 5 uM importin-f3,
a concentration similar to that of the endogenous protein in nondepleted extracts. By contrast,
other related import factors were ineffective.

A truncated protein (importin P14%%) that lacks importin-o. binding activity* also restored
NE assembly around Ran-beads in ARanBP extracts, mdlcatmg that importin-f does not func-
tion in NE assembly by interaction through importin-a with karyophilic proteins carrying
Lys-rich NLS motifs. By contrast, importin B45-462 which lacks the Ran-binding region was
not functional. These results suggest that importin-f acts as an adaptor that recruits target
proteins to Ran to initiate NE formation.
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In addition to transported cargoes and Ran, importin-f3 interacts directly with protein com-
ponents of the nuclear pore (nucleoporins) containing FxFG (Phe-x-Phe-Gly, where x is usu-
ally Ser, Gly or Ala) repeats. An importin-§ mutant in which Ile178 is changed to Asp (1178D),
which decreases the affinity of importin-f for FxFG nucleoporins but not nucleoporins con-
taining GLFG (Gly-Leu-Phe-Gly) repeats or transport cargoes.?> This mutation inhibited the
ability of importin-f to promote NE assembly around Ran beads, suggesting that importin-f3
acts by recruiting FXFG nucleoporins to Ran. Furthermore, beads coated with importin-f§
proteins also appear to form continuous envelopes around them, and this activity is again
abolished by the I178D mutation. Pretreatment of importin-f with N-ethylmaleimide (NEM),
which reacts with cysteine residues on importin-f and inactivates it, % abolished the ability to
induce NE formation. Importin-f3 may therefore account, at least in part, for the NEM-sensitivity
of NE assembly.

These results indicate that importin-f plays a role during NE assembly induced by Ran
through interaction with FxFG domains on nucleoporins. However, the target(s) of importin-f3
remain to be identified and there may be more than one type of interaction between Ran,
importin-f and nucleoporins. The role of the putative importin-f interacting protein will
need to be tested in vesicle recruitment to chromatin.

Is the Function of Ran in NE Structure Common to All Eukaryotic Cells?

The high degree of similarity of components of the Ran system amongst eukaryotes sug-
gests that control of NE formation by Ran is likely to have been conserved during evolution.
Ran beads assemble functional NEs in human somatic cell extracts® as in Xenopus egg ex-
tracts®®, showing conservation of function between vertebrates. In the nematode C. elegans,
inhibition of Ran, RanGAP or RanBP1 expression by RNAI treatment of embryos disrupts
spindle structure and prevents proper nuclear assembly following mitosis.?® Bamba et al*’ have
further characterised the role of Ran in C. elegans, showing that Ran localises to kinetochores
during metaphase/anaphase, relocalising to the periphery of the reforming nucleus at telo-
phase. Depletion of Ran by RNAI treatment prevents NE assembly, as well as causing defects in
mitotic spindle positioning.”’” In Drosophila, importin-p plays a role in NE integrity: injection
of a dominant mutant of importin-p blocks NE assembly in cleavage stage embryos.*’

Ran may also be required for NE integrity even in organisms that have a closed mitosis in
which the NE is not disassembled. In the fission yeast Schizosaccahromyces pombe, a tempera-
ture sensitive mutation of the RCC1 homologue Pim1p produces fragmentation of the NE at
exit from mitosis, although the NE normally remains intact during mitosis in this species™®
Generation of Ran-GTP by Pimlp may be required at this point in the cell cycle because
additional NE needs to be formed during nuclear division. It can be envisaged that the expan-
sion of the NE during mitosis in yeast and the formation of the NE at the end of an open
mitosis are closely related processes that are likely to both involve the fusion of dispersed vesicles
and/or the feeding in of new membranes to the NE via the ER. Thus, Ran is likely be play a
role in NE formation in all eukaryotes.

A Model for the Role of Ran in NE Assembly

Using evidence derived primarily from studies using Xenopus egg extracts, a model for the
role of Ran in multiple stages during NE assembly can be proposed (Fig. 4) Ran is concen-
trated on chromatin prior to NE assembly by an unknown mechanism and recruits RCC1
which generates Ran-GTP locally. Recruitment of RCC1 to chromatin may be a specialized
mechanism to initiate NE assembly following fertilization of the egg, whereas in somatic cells,
RCCI1 may be present on chromatin throughout mitosis. Ran-GTP recruits vesicles to the
surface of chromatin, acting through importin-f. Vesicle fusion requires further activity of Ran
and involves the AT Pase complex, p97-Ufd1-Npl4. NPC assembly and the initiation of nuclear
transport are also promoted by Ran. NE expansion involves p97-p47.
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Figure 4. A model for the role of Ran in vesicle recruitment during NE assembly Ran-GTP is generated at
the surface of chromatin by RCC1. Ran-GTP recruits importin-§ complexes with FXFG nucleoporins
presenton vesicles oras soluble proteins. Dissociation of importin-f3 from nucleoporins released the proteins
locally, permitting complex assembly and vesicle fusion to form an intact membrane. Ran-GTP/importin-f
complexes are recycled by GTP-hydrolysis promoted by RanGAP.

Ran-GTP may recruit membrane vesicles to chromatin through binding to target proteins
such as nucleoporins through importin-. In one model, a transient complex would be formed
between Ran-GTP, importin-f3 and a nucleoporin, then the nucleoporin would be released
locally to promote assembly of a precursor complex. GTP hydrolysis by Ran would release
importin-f, but may also play a role in vesicle fusion (Fig. 4).

In vertebrate cells undergoing mitosis, the majority of Ran molecules are excluded from the
chromosomes and dispersed into the cytoplasm.>#® Relocalisation of Ran to chromatin at the
end of mitosis may co-ordinate the initiation of NE assembly with disassembly of the mitotic
spindle. The function of Ran in this transition is likely to be coupled to changes in the activity
of cyclin-dependent protein kinases and other activities that control the progression of the cell
cycle. It remains to be seen if regulation of the activity of components of the Ran system plays
an active role in changes in microtubule dynamics and NE structure during mitosis.
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CHAPTER 6

Mitotic Control of Nuclear Pore
Complex Assembly

Khaldon Bodoor and Brian Burke

Introduction

he interface between the nucleus and cytoplasm is defined by the nuclear envelope

(NE) (for reviews see refs. 1 and 2), a selective barrier that plays an essential role in the

maintenance of the unique biochemical identities of these two compartments. The
most prominent features of the NE are the inner and outer nuclear membranes (INM and
ONM) which together enclose the perinuclear space (PNS). While the ONM is biochemically
and functionally similar to the endoplasmic reticulum (ER), the INM contains a characteristic
set of integral membrane proteins and is closely associated with the underlying chromatin.
Annular junctions between the INM and ONM create aqueous channels connecting the nucleus
and cytoplasm. These channels, or nuclear pores, contain nuclear pore complexes (NPCs),
extremely elaborate multi-subunit structures that regulate the trafficking of macromolecules
across the NE (reviewed in ref. 3). Mammalian cells, such as fibroblasts and heptaocytes, will
typically contain 2000-4000 NPCs.* The annular junctions between the ONM and INM
form the pore membrane domain (POM), highly curved regions of the nuclear membranes
thatare enriched in several NPC-specific membrane proteins. Notwithstanding their biochemical
and functional differences, the INM, ONM, POM and ER form a single continuous mem-
brane system with the PNS representing an extension of the ER lumen.

The Nuclear Lamina

The final major structural element of the NE is the nuclear lamina.>4 This is a thin (-20nm
in mammalian somatic cells) yet insoluble protein meshwork that lines the nuclear face of the
INM and which maintains extensive interactions with INM proteins, NPCs and chromatin
components. The lamina is composed primarily of type V intermediate filament family members
known as A- and B-type nuclear lamins (reviewed in ref. 5). While B—tg;pe lamins are found in
all cell types, A-type lamins are absent from cells of the early embryo.”” In the mouse, A-type
lamins do not appear until about midway through gestation. Although evidently not essential
proteins, defects in A-type lamins have been linked to several human diseases.®

The Inner Nuclear Membrane

So far about a dozen integral proteins have been localized to the inner nuclear membrane.
These proteins include lamina-associated polypeptide-1 (LAP1) and LAP2 family members,
lamin B receptor (LBR), emerin, nurim, and MAN1.2 With the exception of nurim, all of
these proteins are arranged with their amino-terminal domains facing the nucleoplasm and
bind to nuclear lamins and/or chromatin (for a review see ref. 15). It is generally agreed that
localization of integral proteins to the INM involves a mechanism of selective retention. Mem-
brane proteins that are mobile within the ER membrane are able to access the INM, probably
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via the POM at the periphery of each NPC. However, only those that can interact with nuclear
components such as lamins or chromatin are retained within the INM. The only exception to
this rule is nurim, a small polytopic membrane protein the bulk of which resides within the
lipid bilayer. It is likely that nurim will be found to bind to the transmembrane segment of
another INM protein(s). Binding of INM proteins to chromatin may be mediated by interac-
tions with several chromatin proteins, including HP1, BAF (for barrier to autointegration
factor), and HA95.'®!7 Nuclear lamins may also function in this capacity since they are ca-
pable of binding both INM proteins and chromatin.

Nuclear Pore Complexes

High resolution EM analyses have provided a consensus view of NPC organization.
The central framework of the NPC consists of a massive symmetrical structure lying at the
level of the nuclear membranes. This framework is composed of eight multi-subunit spokes
sandwiched between apparently identical cytoplasmic and nuclear rings.?*** A segment of
each spoke extends across the POM into the PNS and in this way, functions as a linker between
nuclear membranes and the NPC. Consistent with this, the large N-terminal domain of the
NPC n;gr;zbrane protein gp210 (see below) has been localized to the luminal regions of these
spokes.””

The central framework or ring-spoke complex embraces a central channel that mediates
transport of macromolecules up to 26nm in diameter, provided that they contain an appropriate
import/export signal.>*?>2® The precise features of this central channel, and the mechanisms
by which signal bearing molecules and their cognate receptors traverse it have yet to be firmly
established. Additional peripheral structures are associated with both nuclear and cytoplasmic
faces of the ring-spoke complex.?” Eight flexible filaments, containing docking sites for import
substrates, extend about 100nm into the cytoplasm.?®* On the nuclear face of the NPC eight
filaments ar attached proximally to the ring-spoke complex. They are joined at their distal ends
by a 30-50nm ring forming a basket-like structure that extends about 50-100nm in to the
nucleoplasm.?”* Like the cytoplasmic filaments, the nuclear basket contains docking sites for
transport substrates.’!

Biophysical measurements indicate the mass of amphibian oocyte NPCs to be approximately
125 MDa, about 30 times that of a eukaryotic ribosome.*® Based partly on this figure it has
been suggested that the vertebrate NPC may be composed of multiple copies of 50 or more
distinct protein subunits (nucleoporins or nups).>> Consistent with this estimate, the yeast
NPC, with a mass of about 66MDa, contains approximately 30 different nucleoporins.* To
date, 21 vertebrate nucleoporins have been characterized in detail.>>*® Assuming a high copy
number (i.e., 16 or 32 copies/NPC), these could account for about 50% of the NPC mass. The
properties of these vertebrate nucleoporins are summarized in Table 1.

A feature shared by several nucleoporins is the presence of FG repeats (FXFG, GLFG, and
FG; single letter code. “X” is any amino acid with a small or polar side chain).>”*! These
repeats are considered to play an essential role in nucleocytoplasmic transport since they mediate
binding to import and export receptors.? A subset of the FG nups is asymmetrically localized
within the NPC. For example, Nup358 and Nup214 are localized to the cytoplasmic
filaments®®4%% while Nup153 and Nup98 are components of the nuclear basket.*"4> Another
group of FG nups which comprise the Nup62 complex (containing Nup62, Nup58, Nup54
and Nup45) localizes to the central channel region of the NPC 447 and is accessible from both
the nuclear and cytoplasmic faces. The distribution of FG- containing nups across the length
of the NPC, combined with their direct binding to transport receptors, have suggested models
in which cargo molecules could be transported across the NPC via a series of association and
dissociation reactions (for a model see ref. 48). Other equally compelling models based upon
Brownian exclusion® or phase partitioning®” have also been proposed.

18,19
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Table 1. The properties of vertebrate Nucleoporins

Nup Location Motifs Timing of Reassembly Comments
During Mitosis
Nup62  Central channel  FXFG Early telophase. After Complex with Nup58,
membrane recruitment. Nup54, and Nup45.
Before Nup214. Modified with O-GluNAc
(46, 47, 60, 90)
Nup58  Central channel  FXFG Early telophase. After Complex with Nup62
membrane recruitment.
(46, 47, 60)
Nup45  Central channel  FXFG Early telophase. After Complex with Nup62.
membrane recruitment. Splice variant of Nup58
(46, 47, 60)
Nup54  Central channel  FXFG Early telophase. After Complex with Nup62
membrane recruitment.
(46, 47, 60)
Nup50  Nuclear FXFG Dependent upon Nup1532 Complex with Nup153
(84, 85)
Nup84  Cytoplasmic Coiled-coil Presumably mid-late Complex with Nup214 in
(88) C-terminal telophase. Concomitant interphase and mitosis.
domain. with Nup214. After p62 Phosphorylated in
complex. mitosis. (43, 91)
Nup93  Nuclear Dependent upon Nup153.  Complex with Nup205,
Nup188, and Nup62
complex (76)
Nup96  Nuclear GLFG Early-mid-anaphase? Complex with Nup107,
Concomitant with Nup133, Nup160. Derived
Nup133 from p186 (33, 80)
Nup98  Nuclear GLFG Mid-late anaphase. Derived from p186,
Dependent upon Nup153. complex with Tpr (33, 45)
Nup107 Nuclear and Leucine Early-mid-anaphase? Complex with Nup96,
cytoplasmic Zipper Concomitant with Nup133, Nup160, sec13
Nup 133. Binds to kinetochores in
mitosis (58, 78, 80)
POM121 Pore membrane  FXFG, Early-mid anaphase. (87)
domain transmembrane
domain
Nup133  Nuclear ? Early-mid anaphase. Complex with Nup107,
Nup96, Nup160, Sec13
(58, 80)
Nup153 Nuclear basket  FXFG, 4 Early-mid anaphase. Complex with Nup50
zinc fingers (41, 44)
Nup155 Nuclear and Telophase? (92)
cytoplasmic
Nup160 Nuclear Early-mid-anaphase? Complex with Nup133,

Concomitant with
Nup 133.

Nup107, Nup96, sec13
(80)

continued on next page
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Table 1. Cont.

Nup Location Motifs Timing of Reassembly Comments
During Mitosis
Nup160 Nuclear Early-mid-anaphase? Complex with Nup133,
Concomitant with Nup107, Nup96, sec13
Nup 133. (80)
Nup188 Nuclear Dependent upon Complex with Nup205 and
Nup 1532 Nup93 (93)
Nup205 Nuclear Dependent upon Nup153? Complex with Nup93 (76)
Gp210  Pore membrane  Transmem- Late telophase/early G1. N-glycosylated (24, 86)
domain brane N-  After Nup214.
glycosyla-
tion sites
Nup214 Cytoplasmic FXFG Mid-late telophase. After ~ Complex with Nup84
filaments Nup62 complex. Efficient  Modified with O-GluNAc
assembly into NPC requires (38, 94)
Nup98.
Tpr Nuclear basket/  Large- Early G1. Associated with Nup98
(265 kDa) filaments coiled coil (95, 96)
domain
Nup358 Cytoplsmic fibrils FXFG, zinc Early telophase. (39, 40)
fingers

Dynamics of the Nuclear Envelope During Mitosis

Progression through mitosis requires that condensed chromosomes within the nucleus gain
access to the microtubules of the mitotic spindle. In higher cells this is accomplished by the
breakdown of the NE and is the hallmark of an “open” mitosis. In vertebrates, NE breakdown
(NEB) involves all of the major elements of the NE. The lamina depolymerizes to yield soluble
A-type lamins and membrane-associated B-type lamins, and NPCs are disassembled (for a
review see ref. 1). In mammalian somatic cells, nuclear membrane proteins, including those of
the INM and NPC, become mobile and disperse, apparently uniformly, throughout the pe-
ripheral ER. All of these disassembled and dispersed components are subsequently used in the
reformation of a new NE in each daughter cell.

Nuclear Envelope Breakdown

Events leading to NEB are initiated during prophase and involve the depolymerization and
detachment of the nuclear lamina and gradual disassembly of NPCs.”® Subsequent dynein and
microtubule-dependent disruption of the nuclear membranes defines the start of
prometaphase.’’>* By metaphase, when the condensed chromatids are finally aligned along
the spindle equator, NE breakdown and dispersal is complete. In vitro studies of NEB in Xenopus
egg extracts reveals that NPC disassembly is an ordered process.” It begins with the disappearance
of the cytoplasmic filaments, followed by the cytoplasmic ring, and results in the progressive un-
masking other internal NPC structures. This ultimately leads to the transient appearance of small
pores or fenstrac within the nuclear membranes. NPC disassembly is completed prior to any
visible changes in nuclear membrane organization, suggesting that these are two distinct processes.
Ultrastructural analyses of Drosophila early embryos reinforce the view that NPC disassembly (and
subsequent reassembly) proceeds via a series of bona fide structural intermediates.’
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NEB is regulated in large part by the cell cycle-dependent phosphorylation of NE compo-
nents' including lamins, INM proteins and nucleoporins. In the case of the latter, Nup358,
Nup214, Nup153, Nup98, and Nup84 have all been shown to be hyperphosphorylated
during mitosis.”>>” The pore membrane protein gp210 also undergoes mitosis-specific phos-
phorylation®® (will be discussed in detail later). NPC disassembly does not, however, go to
completion. Instead, many nucleoporins remain associated with their interphase partners dur-
ing mitosis and represent units for NPC disassembly and reassembly.! For example, Nup214
remains associated with Nup84 (Nup88), the Nup62 complex (containing Nups62/58/54/45)
remains intact and Nup107 remains associated with Nup133.4455860 (See Table 1 for a list of
Nup complexes). The Nup107/Nup133 complex is highly unusual in that instead of distribut-
ing uniformly throughout the mitotic cytoplasm, it concentrates at kinetochores. This associa-
tion with kinetochores is subsequently reversed at the end of anaphase when nuclear reforma-
tion commences. As NPCs disassemble they must leave behind fenstrae in the nuclear
membranes. It has recently been proposed that this is a precipitating step in nuclear membrane
dispersal. This suggestion is based upon the finding that dynein and microtubule dependent
deformation of the NE during prophase places the nuclear membranes under tension. This in
turn may induce catastrophic expansion of fenstrae leading to nuclear membrane disruption.”">*

Nuclear Envelope Reformation

At the end of mitosis, all of the disassembled NE components are recycled to form a nucleus
in each daughter cell. NE reformation commences in mid-late anaphase and is finally com-
pleted in early G1.°' In mammalian somatic cells recruitment of nuclear membrane compo-
nents to the chromatin surfaces is one of the earliest events in nuclear reformation. Observa-
tions on both live and fixed cells, reveal that proteins such as LBR and LAP2 are found to
concentrate along the polar and lateral margins of the chromatids during late anaphase.”>6%¢4
Since these proteins are mobile within a continuous ER network during mitosis, their recruit-
ment presumably reflects the appearance of specific binding sites at the chromatin surfaces.®>¢*
In this way INM protein recruitment may drive the enwrapment of the chromatin by the
nuclear membranes. Furthermore, binding to chromatin is likely to represent the mechanism
by which the INM domain is initially established. It is self evident that nuclear membrane
formation requires extensive membrane fusion in order to form a sealed NE. Mattaj and co-
workers®® have shown that this is under the control of two separate membrane fusion systems
based upon the p97 AAA ATPase. This had previously been shown to regulate post mitotic
reformation of the Golgi apparatus.®®

Concomitant with nuclear membrane recruitment, B-type lamins begin to associate with
the nuclear periphery. Work by Collas and colleagues has demonstrated that B-type lamin
assembly is regulated by chromatin associated ;)rotein phosphatase 1 (PP1) and a membrane
associated PP1 binding protein (AKAP 149).% The regulation of A-type lamin assembly is
less well understood, and while some early (late anaphase) recruitment can be detected, the
bulk of the A-type lamins return to the NE very late in mitosis or even in early G1.%

NPC Assembly

NPC reassembly within the double nuclear membranes represents an intriguing topological
problem. There are two ways in which an NPC might be incorporated into the NE at the end
of mitosis. The first, and conceptually simplest method, would be to assemble the central
region of the ring-spoke complex on the chromatin surface and then to surround this by flat-
tened membrane cisternae. These would then form the INM and ONM as well as the POM.
All that would be required is fusion to form sealed membranes around each NPC. The alterna-
tive is to create a largely continuous double membrane employing the appropriate p97 fusion
apparatus and then to insert the NPC, or NPC subunits. If this mechanism is employed, then
in order to create an aqueous channel between the nucleus and cytoplasm, as well as the POM,
it is necessary to induce an additional fusion event between the lumenal faces of the INM and
ONM. Studies carried out in several laboratories and employing inhibitors of NPC assembly
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have demonstrated quite convincingly that NPCs are indeed assembled into continuous mem-
branes and do require fusion between the INM and ONM.”®”! While the identity of the
fusion apparatus is unknown, the large NPC membrane protein gp210 has often been sug-
gested as a candidate. This is based upon its large lumenal domain and the presence of se-
quences similar to fusogenic peptides seen in certain viral envelope glycoproteins.

Observations by Allen, Goldberg, Wilson and colleagues using high resolution scanning
EM techniques, have revealed what appear to be a series of membrane-associated NPC assem-
bly intermediates in the NEs of nuclei assembled in vitro in Xenopus egg extracts.”* The most
striking aspect of this work is the initial appearance of small holes in intact nuclear membranes
with the impression that NPC assembly commences within the nucleus. It is only as the NPC
apparently “matures” that more elaborate structures become evident. Recently Wilson and co-
workers have found that gp210 plays an important role in the initial dilation of the membrane
channel to accommodate the assembling NPC.”?

Despite the fact that NPC assembly occurs within intact membranes, the first nucleoporins
to be recruited to the nuclear periphery are soluble proteins.>® This recruitment commences in
early- to mid-anaphase, prior to the appearance of nuclear membranes and INM components
(Fig. 1). One of these “early” proteins, Nup153, is a component of the basket structure on the
nuclear face of the NPC. Nup153 is a member of the FG repeat family of nucleoporins and is
extensively modified with O-linked N-acetylglucosamine (O-GlcNAc). Immuno-EM analyses
of anaphase cells have confirmed that Nup153 associates with membrane-free regions of chro-
matin. Indeed, purified chromosomes incubated in mitotic cytosol will bind Nup153. The
same is also true of Nup98, a nucleoporin that contains GLFG repeats, and which resides on
the nuclear face of the NPC, probably within the proximal regions of the basket structure.
Immunofluorescence microscopy reveals that its recruitment either coincides with or follows
very closely that of Nup153. As outlined in Figure 1, and described more comprehensively
below, stepwise recruitment of several other nucleoporins has also been observed, both in fixed
and live cells.”>74

The assembly of several other nucleoporins into the NPC is dependent upon the presence
of Nup153. This was demonstrated in a series of in vitro nuclear assembly experiments, utiliz-
ing Xenopus egg extracts immunologically depleted of Nup153. It was found by Mattaj and co-
workers”” that in the absence of Nup153, recruitment of Nup93, Nup98 and Tpr was abolished.
Since Nup93 exists in a complex with Nup205 and Nup188, it is reasonable to predict that
assembly of these two proteins into the NPC is also dependent upon Nup153. A similar possi-
bility exists for Nup96. This protein is derived from the same high molecular weight precursor
as Nup98 and is associated with Nup98 during interphase.>> However, it has yet to be deter-
mined if this interaction is maintained in mitotic cells.

Nup93, Nup98 and Tpr reside on the nucleoplasmic face of the NPC, and it is possible
therefore that Nup153 is required for the establishment of assembly sites for each these pro-
teins. While this is likely the case for Nup98 (and probably Nup93) the situation with Tpr is
less clear. In contrast to Nup98, Tpr is recruited from the cytoplasm to the nuclear face of the
NE vety late in mitosis, at the end of telophase/early G1, almost certainly after the NE is
sealed.>”4 It is likely therefore that assembly of Tpr, but not that of Nup98, requires a func-
tional import system. Mattaj and co-workers”> have shown that nuclei assembled in the ab-
sence of Nup153 are incapable of importing proteins bearing conventional nuclear localization
sequences. It is possible therefore, that failure to assemble Tpr into the NPC is a reflection of
this import block. An additional finding by Mattaj and co-workers is that in the absence of
Nup153, NPCs become mobile within the plane of the nuclear membranes. The suggestion is
that Nup153, or a protein whose assembly is dependent upon Nup153, interacts with the
immobile nuclear lamina. Indeed the N-terminal domain of Nup153 does in fact contain a
binding site for A-type lamins (Paul Eanrson and Brian Burke, unpublished results). In related
studies, Forbes and co-workers’® found that adsorption of Nup93 from egg extracts resulted in
a decline in the efficiency of NPC assembly in vitro. Whether those NPCs that did assemble,
utilized residual Nup93 or whether NPCs can assemble without this protein is not clear.
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Figure 1. Sequential recruitment of nucleoporins to the NE at the end of mitosis. Boxes indicate nucleoporin
sub-complexes. Dashed lines indicate dependence of assembly on either Nup98 or Nup153. Relative
recruitment times have been determined experimentally for those proteins in bold. Recruitment times are
inferred for those in plain text. Non-NPC proteins are indicated in gray. Nuclear lamin recruitment is an
extended process (shaded arrow) that commences in anaphase with B-type lamins and continuesin to early G1.

Van Deursen and colleagues’” have eliminated Nup98 by homologous recombination in
ES cells and have derived mice harboring the deleted allele. The strategy employed left Nup96
synthesis unaffected. Nup98 -/- mice are inviable. They exhibit profoundly retarded embry-
onic development and invariably die in utero. It has, however, been possible to derive viable
Nup98 null cells form arrested embryos, indicating that Nup98 is not essential in terms of cell
survival. However, these cells have reduced growth rates relative to wild-type and are compro-
mised in terms of nuclear protein import. While NPCs still form in Nup98 null cells, they
display a proliferation of annulate lammelae (AL) that are enriched in certain cytoplasmically
oriented nucleoporins (i.e., nup358, nup214, nup84 and nup62). The distributions of other
NPC components that reside in the nuclear basket (i.e., nup153, nup93, and nup50) are not
affected by Nup98 deletion. Taking all of these results together, it is apparent that Nup98
assembly is dependent upon Nup153, but not vice versa.

Another soluble protein whose recruitment to the nuclear periphery precedes that of nuclear
membranes is Nup107. Unlike Nup153, Nup107 contains neither FG repeats nor O-GlcNAc
and is localized on both faces of the NPC, most likely as a component of the nuclear and
cytoplasmic rings.>®”® Nup107 is found in a NPC subcomplex with Nup96, mammalian sec13,
and p37.33 A similar complex (Nup84, Nup85, Nup120, Nup133, Nup145-C, Seh1 and sec13)
has been described in yeast.”” Recently, Doye and co-workers’® identified a new member of
this complex, Nup133. This complex is very stably integrated within the NPC. This again
contrasts with Nup153, which will exchange rapidly between interphase NPCs with a half
time of less than one minute. Consistent with its association with Nup107, Nup133 is also
localized to both faces of the NPC and remains associated with Nup107 during cell division.”®
However, a recent study by Forbes and co-workers indicate that Nup133 is accessible only
from the nuclear side of the pore.* The behavior of this complex as cell progresses through
mitosis is very intriguing. After NEB, a fraction of Nup107/Nup133 is found at kinetochores.
Whether this complex has any specific function at these sites is not at all clear. Later, in early
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anaphase these two proteins redistribute to the surfaces of newly segregated chromatids, roughly
coincident with the recruitment of Nup153. The fact that some nucleoporins associate with
chromatin in the absence of membranes is reminiscent of an earlier study by Sheehan and co-
workers.®! They demonstrated, by electron microscopy, the presence of membrane-free “pre-
pores” around the surfaces of sperm chromatin following extended incubation in Xenopus egg
extracts. It is possible that these “pre-pores” might actually represent a subset of chromatin
bound Nups, including Nup153, Nup98, Nup107 and Nup133 that might define sites for the
formation of the early membrane associated NPC assembly intermediates documented by
Goldberg and colleagues.”

The essential N-terminal domain of Nup153 (amino acids 1-610) contains two distinct,
but overlapping, targeting functions. The first of these, amino acids 3-144, confers localization
to the nuclear face of the NE but not specifically to NPCs. The second region, amino acids 39-
339, directs incorporation into the NPC.®? It is obvious that in order to carry out this NPC-
targeting function, this 300-residue segment of Nup153 must interact with one or more
additional nucleoporins. Forbes and co-workers® have used this region of Nup153 in pulldown
assays to search for interacting proteins in Xenopus egg extracts. Their results identified a
pentameric complex containing, Nup96, Nup107, Nup133, sec13, and a novel nucleoporin,
Nup160. Nup160 has no FG repeats, localizes to the nuclear side of the NPC, and together
with Nup133, plays an essential role in mRNA export.®* Surprisingly, a similar set of proteins
(i.e., Nup96, Nup107, Nup133, Nup160, and Sec13) were identified when they used the
carboxy-terminal domain of Nup98 in similar pulldown assays. While Nup153 binds directly
to Nup160, Nup98 binding to the Nup160 complex is mediated by Nup96.® As described
above it has been established that Nup133 and Nup107 are recruited very early to the reform-
ing NE. Since the Nup160 complex was originally recovered from meiotic extracts, it is reason-
able to conclude that it remains intact in mitotic cells. Consequently the early recruitment of
Nup133 most likely signifies early recruitment of the complex as a whole. It has yet to be
determined however, how Nup153 and Nup98 might influence the targeting of the Nup160
complex to chromatin and vice versa in late anaphase cells.

Nup153 interacts with another nucleoporin, Nup50%+#> which has been shown to play a
role in the export of macromolecules from the nucleus. Deletion of the Nup50 gene by
homologous recombination in ES cells is associated with late embryonic lethality in homozygous
null mice. However, Nup50 null cells are evidently viable and exhibit no obvious defects in
Nup153 localization.®> The inference is that Nup50 is not essential for Nup153 assembly.
Whether Nup50 localization is dependent upon Nup153 has yet to be determined, although
this will most likely prove be the case.

The vertebrate NPC contains only two known integral membrane proteins, gp210%#%¢ and
POM121.* Either one or both of these proteins has to be involved in the formation of the
carly membrane associated assembly intermediates. In mammalian somatic cells, these two
proteins are free to diffuse throughout a continuous ER network during mitosis. Just as is the
case with the INM proteins, gp210 and POM121 will only concentrate at the nuclear periph-
ery as chromatin associated binding partners become available.”>®*¢* POM121 is recruited to
the reforming nuclear envelope as early as late anaphase, in parallel with INM proteins such as
LAP2 and LBR.” In this way, POMI21 recruitment may be directed by chromatin bound
nucleoporins such as Nup153, Nup98, Nup107/133 which contribute to the basket structure
and to the nuclear face of the NPC. Thus, POM121 is present at the right place and right time
to direct the formation of the ring-spoke complex of the NPC. This notion is reinforced by the
finding that proteins of the central channel (the Nup62 complex) and cytoplasmic filaments
(Nup214 and its associated protein, Nup84) do not accumulate at the nuclear periphery until
after POM121 and membranes. Based on these observations we would predict that other pro-
teins of the NPC central framework, Nup155 for instance, should not concentrate at the NE
until after POM121. A recent study by Elllenberg and co-workers®® support such a view of
POM121 function. Employing photobleaching methods, they were able to show that POM121
becomes effectively immobile within the reforming NE and indicate that there is negligible
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exchange of POM121 between NPCs once the cells enter G1 (less than once per cell cycle).
The conclusion is that POM121 is an extremely stable component of the ring-spoke complex.

Gp210 and POM121 have distinct topologies in the NE. Most of the mass of gEZ)ZIO is
located within the PNS and only a small portion of it is exposed to the cytoplasm.”>® In
contrast, most of the POM12 mass is exposed to the cytoplasm and is available to interact with
soluble nucleoporins. The exposed COOH-terminal domain of gp210 has been suggested to
function as an anchor for components of the NPC.*>® In support of this, transfection
experiments revealed that this domain is capable of targeting a reporter protein to the NPC.%’
Gp210 is also specifically phosphorylated during mitosis at a serine residue located in the
COOH-terminal domain, and phosphorylation of this residue could potentially be involved in
dissociating NPCs from nuclear membranes.’® Surprisingly, however, gp210 only begins to
concentrate in the reforming NE towards the end of telophase, much later than POM121°>62
(Fig. 2). At first sight this not consistent with a role for gp210 in the early stages of pore
formation. Nevertheless it is clear that gp210 does contribute to pore dilation, a relatively early
event in NPC assembly.”® Heterokaryon analyses suggest that in contrast to POM121, gp210
is a mobile NPC component (i.e., it can exchange between NPCs). This view is supported by
the finding that at any one time during interphase, about 30% of gp210 is free in the periph-
eral ER (Khaldon Bodoor and Brian Burke, unpublished results). These results can best be
rationalized by the suggestion that gp210 instead of being a structural component of the NPC,
functions as an assembly factor, NPC chaperonin, that can exchange between NPCs during the
assembly process.

The sequential recruitment of NPC proteins to the nuclear periphery at the end of mitosis
is supported by ultrastructural studies of Goldberg and co-workers.”* They have used high
reolution scanning EM to observe NE and NPC formation in Xenopus egg extracts and more
recently in Drosophila embryos. They were able to identify a number of potential NPC assem-
bly intermediates, and have been able to place these into a logical sequence based partly on
time of appearance and partly on complexity. The first sign of NPC assembly is the appearance
of a dimple within regions of intact nuclear membranes. The dimple is then converted into a
nuclear membrane fenestra featuring sharp edges and an average diameter of about 45nm. This
is significantly smaller than a mature nuclear pore which has a diameter of about 70nm. The
formation and stabilization of the small pore must involve the activities of both lumenal and
cytoplasmically disposed proteins such as gp210 and/or POM121 as well as other soluble
nucleoporins. Construction of an octagonal “star ring” then follows, one subunit at a time. On
top of the star ring, a thin ring is formed. Additional subunits are added to the “thin ring”,
which becomes the cytoplasmic ring. Finally, eight cytoplasmic filaments are added to the
cytoplasmic ring. The order of recruitment of a subset of nucleoporins correlates, for the most
part, with the sequential addition of individual subunits. However, other stages in NPC assembly,
in particular, nuclear basket formation, have not been detected and thus, correlation of such struc-
tural intermediates with nucleoporin recruitment is not yet possible. We would predict however,
that basket protein assembly should precede formation of the membrane dimple and small pore.

When Does the NPC Become Functional?

Some soluble nucleoporins, such as Nup153, Nup107, Nup358, Nup62, and Nu§)214
appear to accumulate at the nuclear periphery prior to the formation of active NPCs.>%74
Others such as Tfr are recruited late and thus may need the presence of functional NPCs to
cross the NE.”>”* In yeast a remarkably large number of nucleoporins are functionally redun-
dant, and in mammalian systems, Nup50 and Nup98 are clearly not essential proteins (at least
at the cellular level). It is still not yet known which NPC proteins constitute the minimal
assembly to form a transport-competent NPC. However, by determining when, during mito-
sis, the nuclear membranes become sealed we can define a point at which NPCs must be active.
Through the use of differential permeabilization or in vivo imaging it is evident that the NE
becomes impermeable to large macromolecules in late-telophase/early G1, coincident with the
recruitment of Tpr and gp210.55’74
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Figure 2. Differences in behavior of two NPC membrane proteins at the end of mitosis. POM121 accumu-
lates at the nuclear periphery prior to Gp210.

Summary

Perhaps 50% of vertebrate nucleoporins have now been identified and characterized. The
next challenge is to obtain an improved picture of the functional interactions of these proteins
within the 3-D architecture of the NPC. This will be essential if we are to find the “Holy Grail”
of nucleocytoplasmic transport, the mechanism of translocation through the NPC. It has be-
come clear that NPCs contain discreet nucleoporin subcomplexes that are frequently preserved
in mitotic cells. Further defining the molecular details of NPC disassembly/reassembly during
mitosis should provide us with a wealth of information on how the different NPC subunits
associate. The sequential recruitment of NPC proteins at the end of mitosis combined with
powerful in vitro assembly systems now makes possible investigations into how the presence or
absence of a particular nucleoporin might affect the assembly of others. A priority will now be
to employ high resolution imaging methods, including both electron microscopy and atomic
force microscopy, to define the structural contributions of individual NPC subunits. These
types of studies are now getting underway.
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CHAPTER 7

Structure, Function and Biogenesis
of the Nuclear Envelope in the Yeast

Saccharomyces cerevisiae

George Simos

Introduction

s in all eukaryotes, the yeast nuclear envelope (NE) serves as the boundary between the
Anuclear and the cytoplasmic compartments. However, the NE is anything but a passive

barrier and participates actively in vital processes such as the transport of macromolecules
between the two compartments, nuclear division and chromatin organization. The basic struc-
ture of the NE is common in all nucleated cells. It is composed of two distinct lipid bilayers,
the inner and outer nuclear membranes (INM and ONM, respectively), which enclose a flat-
tened cisternal space continuous with the lumen of the endoplasmic reticulum (ER). The ONM
is also a continuation of the ER membrane and performs rough ER functions. In fact, the
ONM in yeast represents the bulk of the rough ER and is studded with ribosomes. At multiple
locations the ONM bends sharply and fuses to the INM, which faces the nucleoplasm and is in
close contact with the chromatin, creating cylindrically shaped apertures, the nuclear pores.
These pores are occupied by the nuclear pore complexes (NPC), massive proteinaceous assem-
blies that function as channels and mediate all transport between the nucleoplasm and the
cytoplasm.

Despite the similarities in the basic architecture, there are several differences between the
yeast NE and the NE of higher eukaryotes. In multicellular organisms the INM is lined with a
filamentous network called the nuclear lamina. The nuclear lamina confers mechanical stability
to the nuclear membrane and contributes to its organization and interaction with the periph-
eral chromatin. However, the nuclear lamins, the protein components of the nuclear lamina,
which are present in all metazoa, are notably absent from yeast. Furthermore, the INM of
higher eukaryotes contains a unique set of integral membrane proteins, most of which also
interact with the nuclear lamina. These proteins have no apparent homologues in yeast. An-
other striking difference between yeast and higher eukaryotic organisms is that the yeast NE
remains intact throughout the cell cycle. During cell division, yeast cells undergo a “closed”
mitosis in contrast to the “open” mitosis encountered in all multicellular species. An “open”
mitosis is characterized by NE breakdown, which allows the invasion of the centrosome-ema-
nated microtubules into the nuclear space and the formation of the mitotic spindle, causing at
the same time the intermixing of nuclear and cytosolic contents. The “closed” mitosis of single-
cell eukaryotes such as yeast proceeds without disassembly of the NE and depends on the
formation of an intranuclear spindle apparatus. This is mediated by the spindle pole bodies
(SPBs), the microtubule organizing centers of yeast, which unlike the metazoan centrosomes,
are embedded into the yeast nuclear envelope.
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Closed mitosis and the SPB are particular features of the yeast NE and will not be discussed
further in this Chapter. On the other hand, the functions and most likely the biogenesis of the
nuclear membrane and NPC appear to be conserved in all eukaryotes. Information obtained
from the yeast system on these aspects is likely to be applicable to all organisms and, as such,
will be presented in the following sections.

Overview of the Yeast NPC and its Function in Transport

A common architecture characterizes NPCs from all eukaryotes.'” The NPC in all organ-
isms studied so far appears to contain three separate structural elements all of which display an
apparent eight fold rotational symmetry: the central core, the cytoplasmic fibrils and the nuclear
basket. The central core is the part of the NPC embedded in the double nuclear membrane and
comprises eight spokes encircling the central plug (or transporter) and two rings, one at each
side of the membrane. The center of this symmetrical structure harbors the channel through
which all transport in and out of the nucleus occurs. The functional diameter of this channel
for diffusion is 9-10 nm. However, for signal-directed transport the functional diameter of the
channel can increase up to 26 nm, or even 39 nm,? in order to accommodate passage of particles
as large as the ribosomal subunits.

At the cytoplasmic side of the NPC, eight 50 nm long fibrils emanate from the spoke-ring
complex and stretch out into the cytoplasm. Eight longer and thinner filaments also extend
into the nucleoplasm but their distal ends connect to a small ring forming the nuclear pore
basket. When compared to their vertebrate counterparts, the yeast NPCs are significantly smaller
both in mass and in volume. The estimated molecular masses are 60 MDa for S. cerevisiae and
125 MDa for vertebrates. The central cores are approximately 120 nm (diameter) by 80 nm
(height) and 96 nm by 38 nm, respectively. The yeast nuclear filaments are also shorter. These
differences in size and mass are a reflection of a simpler yeast NPC central core structure. It is
likely that the yeast NPC represents the minimal structure that can support active and signal-
mediated nucleocytoplasmic transport.

Before discussing in more detail the elements that make up the yeast NPC, I will briefly
introduce the current models for the nucleocytoplasmic transport mechanisms, which have
been recently and extensively reviewed.*”"” Nuclear import as well as nuclear export of proteins
and RNA occurring through the NPCs is usually an active, carrier-mediated process. Proteins
which are destined to enter the nucleus are recognized and bound in the cytoplasm by receptors
(named importins or karyopherins) that mediate targeting and translocation through the NPC.
Inside the nucleus, the receptor releases its import cargo and is then recycled to the cytoplasm.
Importins can either associate directly with their transport cargo recognizing a nuclear localization
sequence (NLS) or require adaptor molecules as is the case for the “classical” NLS recognized
by the heterodimer importin o/importin . All the importins identified so far, are members of
the same protein family (named importin 3 family after its founding member) and contain a
characteristic Ran-GTP binding domain. The principles of nuclear protein import also apply
to export of proteins and RNA from the nucleus. Importin 3 family members have been shown
to be involved in nuclear export processes and were subsequently termed exportins. One of
these, CRM1 (Xpolp in yeast), is the export receptor for the leucine-rich nuclear export signal
(NES) contained in many different proteins. CRM1 not only mediates nuclear export of proteins
but also of RNA-protein complexes. Thus, it is possible that RNAs can be exported from the
nucleus by using as adaptors RNA-binding proteins containing a NES. This appears to be true
for at least a subset of RNAs, such as viral mRNAs and snRNAs. On the other hand, tRNA can
be exported from the nucleus via its direct interaction with the exportin Xpo-t/Los1p, although
alternative tRNA export pathways have also been suggested in yeast.

Nucleocytoplasmic transport is thought to be centrally regulated by the small GTPase Ran
and its effectors.'®*! Current models propose that nuclear Ran is at the GTP-bound form,
while in the cytoplasm Ran-GDP predominates. This is due to the exclusive nuclear localiza-
tion of the Ran nucleotide exchange factor RCC1 (Prp20p in yeast) and the cytoplasmic location
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of the GTPase activating protein RanGAP1 (Rnalp in yeast). Binding of Ran-GTP to an
importin can trigger the dissociation of the importin/import substrate complex and its release
from the NPC, while, on the other hand, binding to an exportin promotes the association with
the corresponding export cargo and the formation of an export competent complex associating
with the NPC. Hydrolysis of the Ran-bound GTP, which should occur only in the cytoplasm,
can then cause the dissociation of Ran from the exportin and the release of the corresponding
export substrate. Therefore, the Ran system appears to control the directionality of the trans-
port processes across the NPC. Intriguingly, vertebrate Ran has also been recently implicated
in mitotic spindle assembly and the re-assembly of the nuclear envelope at the end of mitosis
(reviewed in refs. 5, 22 and 23; see also other Chapters of this volume).

Although the model described above is both simple and apparently universal, it is not directly
applicable to all nucleocytoplasmic transport processes. There have been several reports on
proteins that can enter the nucleus without the help of importins.'>?42 These proteins may
have acquired the capacity to directly associate with components of the NPC in a way that
mimics the interaction between importins and NPC, and therefore triggers their translocation
across the nuclear membrane. The involvement of the known exportins and Ran in two major
transport processes, namely nuclear export of mRNA and ribosomal subunits, is
controversial.”'>?” Both mRNA and rRNA are leaving the nucleus in association with many
proteins as large ribonucleoprotein particles (RNDs) or pre-ribosomal subunits, respectively.
Nuclear export of these particles is clearly more complex than transport of single proteins, and
this may not simply be due to the size differences between these two types of cargo. The passage
of an RNA through the NPC is likely to represent an integral part of its maturation process and
as such it may strongly depend on upstream i.e., nuclear or even downstream i.e., cytoplasmic
RNA processing events. Indeed, a tight link has been demonstrated between mRNA splicing
and mRNA export (reviewed in ref. 17). An integration of pre-ribosomal subunit maturation
and nuclear export, which may involve the exportin Xpo1p, has also been recently suggested.28'3 2

Composition and Structure-Function Relationships of the Yeast NPC

While the karyopherins and Ran constitute the mobile elements of the nuclear transport
machinery, the NPCs provide the stationary phase. An intensive effort from many laboratories
using biochemical, immunological and genetic techniques culminated by the successful
purification of intact NPCs™ has led to the identification of what can be now considered as the
complete repertoire of the yeast NPC protein components, or nucleoporins (nups). Approxi-
mately 30 distinct polypeptides are thought to compose the whole yeast NPC. This may seem
as a very small number for such a huge complex but, taking into account the symmetry dis-
played by the NPCs, each individual nucleogorin may occur in 16 to 32 copies per NPC. By
analogy as well as by direct experimentation,* the vertebrate NPC is thought to contain up to
50 different nups, half of which have been so far identified. At least 65% of the yeast nups have
direct orthologues in vertebrates.

The 30 yeast nucleoporins fall into three partially overlapping groups based on their se-
quence and functional properties: FG nucleoporins, non-FG nucleoporins and pore mem-
brane proteins (POMs). The FG-nucleoporin class contains 12 members. All of them contain
at least one domain with GLFG, FXFG or FG amino acid repeat motifs. The FG-domains
function as interaction sites for soluble nucleocytoplasmic transport factors such as members of
the karyopherin family (reviewed in ref. 3), NTF2, the nuclear import factor of Ran, and the
specific mRNA export factors of the TAP/MexG7p family.?>*8 The FG-domains are thought to
occur peripherically exposed throughout the NPC and to serve as docking sites for the transport
factors during their passage through the nuclear pore. The non-FG nucleoporins, that lack any
obvious FG repeats, are the components of the structural core of the NPC. They are estimated
to provide almost 70% of the total mass of the NPC and are thought to constitute the central
framework onto which the FG-nucleoporins are attached. Two of them, Nup170 and Nup188
have been shown to be required for establishing the functional resting diameter of the yeast
NPC central transport channel.”
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Only three of the yeast NPC proteins are integral membrane proteins (POM:s) and because
of their tight membrane association are assumed to be responsible for anchoring the NPC to
the nuclear membrane. Two of them, Pom152p and Pom34p are specific for the NPC and are
non-essential while the third one, Ndclp is essential and also a component of the SPB, re-
quired for its duplication.** None of them has homologues in vertebrates. A small number of
other integral membrane proteins functionally or genetically interact but are not physically
associated with the NPC. The role of these proteins in the biogenesis of the nuclear membrane
and the NPC is discussed at the end of this Chapter.

Many of the yeast nucleoporins are non-essential proteins. However, almost all of the non-
essential nucleoporins become necessary for viability if a non-lethal mutation is introduced to
another component of the NPC.#! Actually, the genetic screens based on synthetic lethality
proved to be very successful in identifying many of the yeast nucleoporins. It therefore seems
that the network of interactions between the various nups is so tight that removal of a single
component can often be tolerated without much structural or functional damage. Nevertheless,
the simultaneous removal of two NPC components can become often catastrophic, especially
when these two proteins belong to the same sub-structure.

Yeast nucleoporins are generally characterized by their organization into biochemically stable
NPC subcomplexes. This trend is now becoming apparent also in higher eukaryotes, as more
vertebrate nucleoporins are being characterised. It is logical to assume that a particle as big and
as symmetric as the NPC is built up not from individual components but rather from smaller
soluble pre-formed assemblies. At least four major discrete NPC subcomplexes have been isolated
and characterised from yeast (Fig. 1).

The first one is the “Nsp1p” complex which has been localised close to the central gated
channel and on both sides of the NPC.?**? It is composed of four essential nucleoporins: three
of the FG-type, Nsp1p, Nup57p and Nup49, and one without repeats, Nic96p.**# All three
of these FG-nups have been found to associate with soluble transport factors, members of the
karyopherin family (reviewed in ref. 3) and, indeed, mutations in these nups cause defects in
both import and export processes (reviewed in ref. 45). The role of Nic96p in this complex is
thought to be the anchoring of the FG components to the central core of the NPC.

Interestingly, Nic96p also physically interacts with other non-FG nups that are part of the
structural framework of the NPC such as Pom152, Nup188p**#” and Nup192p.*® Mutations
in Nic96p and/or Nup192p cause a decrease in the total number of NPCs per nucleus.®
Furthermore, severe structural alterations of the NPC and the NE were observed in cells carry-
ing a dominant 7up188 mutant allele or following depletion of Pom152 in cells lacking
Nup188p.46

The Nsplp complex is conserved in evolution and its mammalian counterpart is the p62
complex composed of p62, p54, p58 and Nup93 (homologues of Nsp1p, Nup57p Nup49p,
and Nic96p, respectively). Closely resembling the situation in yeast, Nup93 forms a separate
sub-complex with the vertebrate nucleo;gorins Nup188 and Nup205 (homologues of yeast
Nup188 and Nup192, respectively).”4!***! Taken together, the Nsp1p complex represents a
conserved NPC sub-structure most likely involved both in the translocation of transport
complexes across the central transporter and in NPC assembly.

A pool of Nsp1p, distinct from the one found in the described Nsp1p complex, also associates
with what is referred to as the “Nup82p-complex” 23>33:41:42455257 This complex, which is
localized exclusively at the cytoplasmic side of the NPC and may constitute part of the
cytoplasmic fibers, consists of nucleoporins Nup82p and Nup159p. Nup82p also interacts
physically with Nup116, which in its turn, binds to the mRNA export factor Gle2p. The
association of Nup116-Gle2p to the core of the “Nup82p-complex” may be dynamic as the
former two proteins are also localized to the nuclear side of the NPC.

Two features described for the “Nsplp-complex” also apply to the “Nup82p-complex”.
First, the non-FG component Nup82p serves as a docking site for the repeat-containing
constituents of the complex (Nsplp, Nup159p and Nupl16), which can bind to various
transport factors and probably facilitate their translocation through the NPC. Second, a
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Figure 1. The nucleoporins of the yeast NPC are organized into complexes and are divided into three groups
depending on their relative location on the NPC structure. Top: nucleoporins with an exclusive or biased
localization at the cytoplasmic side of the NPC. Middle: nups with a symmetrical localization at both sides
of the NPC. Bottom: nups with an exclusive or biased localization at the nucleoplasmic side of the NPC.
(adapted from ref. 33). Nucleoporins represented by overlapping boxes belong to stable biochemical com-
plexes. Double arrows indicate weaker physical interactions. Different shades of grey are used to represent
integral membrane proteins of the NPC (POM:s), FG nucleoporins and non-FG nucleoporins, as indicated.

functionally and structurally related complex also exists in vertebrates composed by Nup214/
CAN, Nup84 and, probably, p62. However, unlike the “Nsp1p-complex”, Nup82p and its
partners appear to be more important for mRNA export rather than protein import. Further-
more, mutations in any of these proteins also cause structural deformations of the NE and the
NPC (reviewed in ref. 45). These range between the formation of herniations created by a
double membrane seal over the cytoplasmic face of the NPCs (seen in #u#p116 and gle2 mu-
tants) and NPC clustering (seen in 7#4p82 and nupl59 mutants).

The third stable yeast NPC subcomplex is the “Nup53-complex” composed of the core
component Nup170p and two FG nucleoporins, Nup53p and Nup59p.”® This complex has a
symmetrical distribution with respect to the mid plane of the NPC, i.e., it is found on both the
nuclear and cytoplasmic sides of the NPC and near its center. Despite the fact that none of
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these three nucleoporins is essential, distinct functions have been assigned to them. It appears
that Nup53p serves as a primary and specific docking site for the karyorherin Kap121p, which
is the main import factor for ribosomal proteins.*® This is unlike other FG-nucleoporins, which
have the property to bind more or less indiscriminately to various members of the 3-karyopherin
family. Kap121p, in turn, also appears to be required for nuclear import of Nup53 and its
subsequent association with the NPC, which is mediated by Nup170p.

Nup170p also appears to be required for the NPC association of two further FG-nucleoporins
Nup1p and Nup2p,* although these two nucleoporins are not part of the Nup53p complex
and display a distinct localization, being detected only at the nuclear side of the NPC (see also
below). Nup170p is homologous to the yeast Nup157 (which is also synthetic lethal to Nup170p)
and to the abudant mammalian nucleoporin Nup155, which can complement 7up170 mutants
in a remarkable display of functional conservation between yeast and mammals.®! Nup53p has
been reported to also physically interact with Nic96p, probably providing a link between the
neighboring Nsp1p and Nup53p complexes.®* Both Nup170p and Nup53p in collaboration
with other genetically interacting nucleoporins are somehow involved in NE morphology.
Depletion or overexpression of Nup170p in cells lacking Pom152 causes dramatic deformations
in the NE.®! The depletion results in enlarged and distorted NE containing massive extensions
and invaginations and displaying long stretches without detectable NPCs. The overexpression,
on the other hand, results in the appearance of membraneous structures that lie parallel and
beneath the inner nuclear membrane, resembling intranuclear annulate lamellae.

Overexpression of Nup53p induces the formation of intranuclear, tubular membranes that
fuse to form flattened double membrane lamellae resembling the nuclear membrane.> These
lamellae displayed pores and contained two pore membrane proteins Pom152 and Ndclp.
However they lacked all other nucleoporins tested as well as visible NPCs. All these data sug-
gest that the stoichiometric relationship between NPC components is required for the mainte-
nance of normal nuclear structure and provide a link between the biogenesis of the NPC and
the nuclear membrane (see also below). Intriguingly, a mutation in NUP170 (which is supressed
by NUP157) leads to defects in chromosome segragation and kinetochore function.®?

The fourth well-characterized NPC subcomplex is the Nup84p-complex.®* This
symmetrically localized complex consists of exclusively non-FG nucleoporins and comprises
seven proteins: Nup84p, Nup85p, Nup120p, Nup133p, Nup145-C, Seh1p and Secl3p. Mu-
tations in the first five components severely impair growth and cause an inhibition of nuclear
export of mRNA but not detectable defects in nuclear protein import 1%, In agreement with
this, the mRNA export factors Mex67p-Mtr2p have been shown to associate physically with
Nup85p.®> Furthermore, yeast strains carrying mutations in these nucleoporins exhibit severe
nuclear morphology defects such as NPC clustering (in #up 133, nup 120 and nup145-C mutants)
or NPC clustering combined with nuclear membrane abnormalities (e.g., long thin projections
detached from the main body of the nucleus, “herniations”, “blisters” and invaginations found
in nup84 and nup85 mutants). The Nup145-C component corresponds to the carboxy-terminal
part of Nup145p. This protein is proteolytically cleaved in vivo by a self-catalyzed mechanism
to produce two functionally independent moieties, Nup145-N which contains FG-repeats and
is not part of the Nup84p-complex and Nup145-C.°*¢

The presence of Sec13p in the Nup84-complex is both surprising and intriguing. Sec13p is
an essential protein, subunit of the COPII coat complex, with a well-established function in
the budding of ER-derived vesicles.®® However, a pool of Sec13p is found associated with the
NPC and certain mutant alleles of Sec13p cause clustering and herniations of the NPCs.®’
Seh1p, which is non-essential, is related by sequence homology to Sec13p but, by localization
criteria, behaves as a bona fide nucleoporin.

The Nup84p complex (lacking Nup133p) was purified from yeast and shown to exhibit a
rough Y-shaped, triskelion like shape with a diameter of 25 nm and a molecular mass of 375
kDa.%’ The individual components were mapped onto this structure by an amazing series of
sequential reconstitution experiments using proteins co-expressed in E. coli.”® The two short
arms of the Y-structure contain Nup120p and the Nup85p-Seh1p dimer, respectively. These
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connect to the Sec13p-Nup145-C dimer which together with the more distally placed Nup84p
form the longer stalk. This hexameric complex can also finally connect in vitro to Nup133p via
Nup84p to form a 0.5-MDa assembly. Taken together, the Nup84p-complex appears to be
implicated in mRNA nuclear export, formation of the NPC and organization-biogenesis of the
nuclear membrane. Its importance is reflected to the fact that an NPC subcomplex of similar
composition and function has also been recently detected in vertebrates comprising Nup160,
Nup96, Nup107, Nup133 and Sec13 (the homologues of yeast Nup120p, Nup145-C, Nup84p,
Nup133p and Secl3p, respectively).””!

The organization of nucleoporins in complexes discussed above together with their localiza-
tion to particular substructures of the NPC provides a rough architectural map of the yeast
NPC and offers clues for the possible mechanisms of nucleocytoplasmic transport and of NPC
biogenesis and dynamics (Fig. 1). One conclusion that can be drawn from these studies is that
three of the four main sub-complexes, i.e., the majority of the nucleoporins, are found on both
sides of the NPC and at roughly the same distance from the central plane of the NE. This
symmetrical distribution is most likely a reflection of the high level of symmetry displayed by
the NPC as a whole and mostly by its central core. Furthermore, the distribution of the FG
nucleoporins, which are thought to function as docking sites for soluble transport factors, all
along and throughout the pathway across the NPC has important implications for the models
of the translocation process.

However, the directionality of the transport processes also creates the need for at least some
elements of structural asymmetry which would corroborate the functional asymmetry imposed
by Ran. These are indeed displayed by the peripheral structures of the NPC such as the cyto-
plasmic fibrils or the nuclear basket. A minority of nucleoporins with distinct functions in
transport has been localized exclusively or predominantly to either of these structures. As already
discussed, the Nup82-complex, involved in mRNA and probably also in rRNA export,”* may
constitute part of the cytoplasmic fibers of the NPC. Another set of nucleoporins such as
Nup100p, Glelp and Nup42p with a role in mRNA export®’? are also found mainly in the
same location. On the contrary, a set of nucleoporins including Nup1p, Nup2p and Nup60p,
which are though to play a specific role in the “classical” protein import pathway involving
importin o (Kap60p, Srplp), form part of the nuclear basket structure.”*”® Therefore, the
yeast nucleoporins localized on the peripheral NPC filaments may facilitate the rate limiting
step of the translocation process which is the release of the transport substrates to their desired
destinations, may it be nucleus or cytoplasm.

Apart of their functional implications, the nucleoporin interaction and localization studies
also suggest that a NPC is built from a set of prefabricated subcomplexes which are recruited
hierarchically to the construction site of a nuclear pore. As exemplified by the spectacular
reconstitution of the Nup84p-complex, which is thought to constitute almost 15% of the mass
of the NPC, the road has been paved for the ultimate goal of the in vitro assembly and subse-
quent detailed mapping of the structure and function of the entire yeast nuclear pore complex.

Biogenesis of the Yeast NPCs and Their Role

in the Organization of the NE

Despite the wealth of data on the composition, structure and function of the yeast NPC,
very little is known about how and where this complex organelle assembles. Since the yeast
nuclear envelope remains intact throughout the cell cycle, NPC de novo biogenesis has to
occur by insertion of the NPCs into the plane of a continuous nuclear membrane. In the case
of vertebrate NPCs, monitoring the reassembly of NPCs in the reforming NE at the end of
mitosis has allowed the observation of intermediates during NPC formation.”® Such an analy-
sis is, of course, not possible in yeast and no obvious intermediates in NPC formation have
been detected in yeast cells, with one possible exception.

As already mentioned, overexpression of Nup53p leads to the formation of intranuclear
double membrane lamellae interrupted by pores but lacking NPC structures.” It is therefore
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likely that these pores represent abortive intermediates in NPC assembly and that NPC forma-
tion is triggered by the binding of Nup53p and its interacting proteins at loci along the inner
nuclear membrane. At these sites a regulated fusion may occur between the inner and the outer
membrane leading to the formation of a pore of the correct diameter followed closely by the
insertion of NPC subcomplexes in the NE.

The assembly process of a nascent NPC may be similar to the duplication of the SPB, the
other major organelle of the yeast NE.®” In this case, the formation of a pore across the NE and
the insertion of the new SPB occur simultaneously. The fact that one of the proteins required
for SPB duplication, Ndclp, is also a component of the NPC suggests that there might be
shared functions in the assembly of these two complexes into the yeast NE.° A link between
NPC biogenesis and the formation of ER derived vesicles has been suggested by the presence of
Sec13p at the NPC as a part of the Nup84p complex.®” Sec13p may play a role in the mem-
brane fusion step of NPC assembly or the stabilization of the bent nuclear pore membrane.

Analysis of the number and distribution of NPCs at distinct stages of the cell cycle has
shown that the number of NPCs increases steadily and almost linearly, from approximately 85
per nucleus in G1-phase to 140 per nucleus at early mitosis.®! This suggests that the assembly
of the NPCs occurs continuously during the cell cycle. The NE surface area also rises through-
out the cell cycle but not steadily and at a different rate than the number of NPCs, the greatest
increase being observed between the S-phase and early mitosis. As a result, the density of the
NPCs peaks in S-phase and drops in mitotic cells. The functional significance of these
observations is not clear but they certainly indicate a timely coordination between assembly of
NPCs and proliferation of the nuclear membrane. One might speculate that NPCs need to
reach a certain density before the nuclear envelope can expand and extend into the growing bud.

The number of NPCs per nucleus falls significantly when cells carrying conditional muta-
tions in Nic96p or Nup192p are shifted to the restrictive temperature, although the structure
of the remaining NPCs appears normal.*’ It seems that these two core nucleoporins are re-
quired for early steps in NPC construction and in their absence assembly of new NPC:s fails
completely. As presented in detail in the previous section, mutations in other nucleoporin
genes have a more dramatic effect on the structure of the NE membrane. One of the pheno-
types observed in several different nucleoporin mutants is perturbations of the outer nuclear
membrane at the NPC leading to the formation of double membrane seals over the cytoplas-
mic faces of the NPC. Electron-dense material often accumulates between these NPCs and the
membrane seals resulting in “herniations” of the NE around individual NPCs.

A different phenomenon detected in the same as well as other nucleporin mutants, is a
massive change in the shape of the nucleus causing thin finger-like projections, invaginations
and extreme convolutions of the NE that appear to increase the total surface area of the nucleus.
All these NE deformations are difficult to explain. One possibility is that the mutations affect
the NPC function in nucleocytoplasmic transport, leading indirectly to the mislocalization or
reduced synthesis of factors involved in nuclear membrane proliferation and maintenance. How-
ever, there is not always a correlation between a defect in NE structure and a defect in transport.

Another possibility is that formation of NPCs and growth of the nuclear membrane are
coordinated processes, so that defects in NPC formation also destabilize the NE membrane
and vice versa. This idea is supported by the fact that several integral membrane proteins of the
NE (discussed in detail below) interact functionally with the NPC and when mutated can
cause NE deformations similar to the ones already described. Additionally, defects in mem-
brane lipid synthesis can also affect NPC function. A mutation in the yeast acetyl coenzyme A
carboxylase (Acclp), the enzyme responsible for fatty acid elongation, not only causes severe
nuclear membrane perturbations but also impairs nuclear mRNA export.® It is thought that
the lack of very-long-chain fatty acids observed in this mutant leads to destabilization of the
curved nuclear pore membrane with detrimental effects on both NE structure and NPC as-
sembly or function.

Finally, a third explanation for the NE deformities caused by mutations in nucleoporins is
that NPCs provide attachements to cyto- or nucleo-skeletal structures that control the shape of
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the nuclear membrane. Although no direct link has been demonstrated between the NPC and
the yeast actin- and microtubule-based networks, circumstantial evidence points to a connec-
tion between the NPC and cytoskeletal elements, the nature of which has not yet been fully
characterized. First, a mutant allele of the yeast divergent actin gene AC72 has been identified
which displays defects in NPC structure and nuclear import although the actin cytoskeleton
remains normal.®3 In this mutant the NPCs are no longer embedded within, but rather lie on
either side of, the nuclear envelope suggesting that Act2p may act as a scaffolding protein for
the assembly of the NPC or the maintenance of its integrity.

Second, NPCs in normal yeast cells are neither evenly nor randomly distributed over the
surface of the NE.8! They rather display a modest level of clustering, creating regions of high
and low local densities. One such region is the area of the NE in contact with the vacuole®**
which is devoid of NPCs. On the other hand, an area around the SPB becomes a preferential
NPC clustering site in early mitotic nuclei. Interestingly, mutants in several yeast nucleoporins
(see above) give rise to a “clustering “phenotype, wherein the NPCs are found to be concentrated
in a single or very few patches of the NE, which sometimes aggregate to form grape-like struc-
tures. The most straightforward explanation for all these is that certain nucleoporins play a role
in attaching NPC substructures to distinct cyto- or nucleo-skeletal elements. These attach-
ments, however, have to be of dynamic nature.

Analysis of NPC movement in NPC clustering mutants has shown that NPCs can move
laterally through the double nuclear membrane and redistribute fast to either form clusters
(upon induction of the mutant phenotype) or break away from them (upon induction of the
wild-type phenotype) to achieve a normal distribution.3% Lateral diffusion of the NPCs in
the plane of the NE was also observed during karyogamy, where fluorescently-labeled NPCs
were shown to move from the donor section of the NE to that of the recipient nucleus. These
results contrast to the recent observations that mammalian NPCs form immobile networks,
most likely through their connections to the nuclear lamina.®” Genetic experiments in
Droshophila and C. elegans also indicate that the nuclear lamina is responsible for anchoring
and evenly distributing the NPCs in the NE of higher eukaryotes.®* Yeast do not contain a
lamina and the nature of the postulated skeletal elements that regulate the distribution of the
NPCs is still unknown. However, a connection between the yeast NPCs and the nuclear interior
seems to be provided by filamentous structures formed by the proteins Mlp1 and Mlp2p, the
yeast members of the Tpr family of proteins.”®?!

It has been suggested that Mlp1p and Mlp2p form extensive filamentous structures radiating
into the nucleoplasm from foci at the NPC periphery, perhaps attached at the distal ends of the
NPC nuclear baskets.?® In addition, a physical interaction has been observed between Ml&)ng
and nucleoporin Nic96p, which has been also localized at the distal ring of the nuclear basket.”"*
Surprisingly, Mlp2p also physically interacts with Yku70, a component of the protein complex
involved in telomeric localization near the NE, telomere maintenance and DNA double-strand
break repair.”*** Furthermore, when Mlp1p and Mlp2p were deleted telomeres were no longer
localized to the nuclear periphery, double-strand DNA break repair was impaired and telomeric
gene silencing was reduced. The same defects plus nucleoplasmic mislocalization of Mlp2 were
observed when Nup145-C was deleted. According to these data, it was suggested the Mlp
proteins form NPC extensions (probably docked to either or both of Nic96p and Nup145-C)
that tether chromosome ends to the nuclear periphery, thus implicating the NPCs into the
subnuclear localization and functional organization of the chromatin. Alternatively, the Mlp
proteins may be components of a nucleoskeletal structure functionally homologous to the
nuclear lamina and responsible for the architectural arrangement of both NPCs and hetero-
chromatin.

In conclusion, an emerging idea is that the yeast NPC is involved in cellular processes
beyond its well-established function in nucleocytoplasmic transport. Perhaps, in the absence of
a nuclear lamina and its associated proteins, yeast had no option but to entrust the NPC, the
most abudant proteinaceous component of the NE, with a major role in the organization of
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the nuclear periphery. The few known yeast NE membrane proteins may also assist in this role
as discussed in the following and last part.

Integral Membrane Proteins of the Yeast NE and Their Function

Despite the continuity of the inner and outer nuclear membranes, the two membranes are
thought to perform distinct functions. The ONM is part of the rough ER, while the INM is
considered to be responsible for the unique characteristics of the NE (reviewed in ref. 95). In
higher eukaryotes the INM contains a characteristic set of integral membrane proteins which
include the LBR (lamin B receptor), LAP1, LAP2, emerin, MAN1 and nurim. It is believed
that at least some of these proteins contribute to the architecture of the NE by mediating
interactions between the nuclear membrane and the nuclear lamina or the peripheral chroma-
tin. None of these proteins, except LBR, have homologues in the yeast S. cerevisiae. Even in the
case of LBR, the homology is restricted to the C-terminal membrane-spanning domain (also
found in the yeast sterol reductase) while the N-terminal part of the LBR, which interacts with
lamins and chromatin, has no apparent homologues in yeast.

In yeast, the inner nuclear membrane remains a completely unexplored territory and no
proteins are known that exclusively localize in this domain. However, there is a handful of
recently identified transmembrane proteins that can be classified as NE proteins mainly by
functional criteria. These proteins are important for the morphology, organization and function
of the NE and/or the NPC, although they do not directly associate with the NPC, and include
Snllp, Spo7p, Nem1p, Nvjlp and Brr6p. I will also briefly discuss Irelp because of its putative
inner nuclear membrane localization and because it may represent the only other means of
transducing signals across the nuclear membrane apart of the NPC.

Snllp is a small type I integral membrane protein (18.3 kDa) with a single putative
transmembrane domain that localizes to both the nuclear and ER membranes.”® Tts gene was
identified as a high-copy suppressor of the lethal phenotype caused by expression of the carboxy-
terminal domain of Nup116p in the nup116 null strain. Furthermore, high copy SNLI also
suppressed the temperature sensitivity of cells carrying mutations in the nucleoporins Gle2p
and Nic96p. Since at least two of the mutants suppressed by SNLI are characterized by NE
deformations such as herniations, it has been suggested that Snl1p may function to stabilize the
nuclear pore membrane or facilitate the fusion event that leads to the formation of new NPCs.

Both Spo7p and Nem1p were found to genetically interact with Nup84p as well as other
nucleoporins.”” Spo7p and Nem1p bind to each other forming a biochemically stable com-
plex, localize to both the nuclear membrane and the ER and behave as integral membrane
proteins. Their hydrophobic domains are likely to adopt an unusual loop-configuration caus-
ing the exposure of both N- and C-termini to the cytoplasm. Spo7p appears to be unique to
yeasts while Nem1p belongs to a large conserved family of proteins, members of which are
present at different cell locations and have phosphatase activity.”® The most striking feature of
Nem1p and Spo7p is that their absence causes a dramatic morphological change of the nucleus
although cell viability is not impaired. Instead of being round the nuclei in spo7 and nem1 null
strains are irregularly shaped and elongated, exhibiting long and thin projections that penetrate
deeply into the cytoplasm. These elongations, which can take up the appearance of a second
nucleus connected to the first one with a thin tubular double membrane, contain NPCs and
intranuclear soluble proteins but, strikingly, not DNA.

Therefore, Nem1p and Spo7p are required for the normal spherical organization of the
yeast nucleus. Their exact mechanism of action is not known but they may mediate or control
the interactions of the nuclear membrane with the chromatin and underlying cyto- or nucleo-
skeletal structures involved in maintaining the nuclear shape. Alternatively, they may negatively
control the proliferation of the nuclear membrane by inhibiting its outgrowth at distinct sites.
The phenotype of the spo7 and nem! mutants may actually have a physiological counterpart.
The only normal situation that the nuclear membrane detaches from the chromatin to form a
protrusion is when the NE starts penetrating the mother-bud neck at the onset of mitosis.”
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This physiological process of nuclear budding certainly requires structural rearrangements, the
regulation of which may actually be defective in the spo7 and nemI mutants.

SPO7 was originally identified as a gene essential for sporulation and more specifically pre-
meiotic DNA replication.'® Interestingly, also Nem1p as well as the NPC components that
are functionally linked to the Spo7p/Nem1p complex are also essential for sporulation.”” There-
fore, not only the spherical nuclear organization but also the correct function/distribution of the
NPCs is a prerequisite for meiotic nuclear division. The exact link between NE structure and the
process of meiosis in yeast remains a very interesting, but still largely uninvestigated, question.

NE morphology is also affected in br76 mutants.°! In this case, however, the structural
defects consist of outer nuclear membrane bulges and the formation of clustered herniations,
reminiscent of the deformations caused by mutations in Gle2p and Nup116p. In addition,
depletion of Brr6p, which is an essential protein, also causes an altered distribution of NPCs
and a defect in mRNA and protein nuclear export. Brr6p behaves as an integral membrane
protein and localizes to the nuclear rim but appears not to be tightly associated with the NPC,
although it genetically interacts with several nucleoporins. It has been suggested that Brr6p
may be a constituent of a novel peri-pore NE domain, which would not only be required for
NPC spacing but also for directing nuclear export cargoes to the gated channel of the NPC.

The role of Nvjlp appears to be quite different from the other membrane proteins de-
scribed so far. Nvjlp was not identified by a genetic interaction with NPC components but
rather by its physical association to the vacuolar membrane protein Vac8p.®> Nvjlp appears to
be concentrated in small patches or rafts at sites of close contact between the nucleus and the
vacuole, an area from which NPCs are excluded. This localization of Nvj1p depends on Vac8p
because in its absence Nvj1p re-localizes all around the nucleus. When Nvj1p is missing, nucleus-
vacuole junctions are absent and upon its overexpression nucleus-vacuole contacts are multiplied.
Overall, these results demonstrate the presence of a specialized NE domain, part of which is
Nvjlp, involved in inter-organelle attachments.

Accumulation of unfolded proteins in the ER triggers a signaling cascade, known as the
unfolded protein response (UPR), which leads to transcriptional up regulation of many target
genes.'% A key element of this pathway in both yeast and multicellular organisms is Irelp, a
transmembrane kinase, which is thought to transmit the UPR signal from the ER lumen to the
nucleus.'” Trelp contains an N-terminal lumenal “stress sensing” domain, an ER transmem-
brane domain, and a cytoplasmically oriented part with kinase and endoribonuclease activities.
In response to ER stress, Irelp is activated and, along with the tRNA ligase Rlglp, splices the
mRNA of the yeast transcription factor Haclp. The spliced mRNA can then produce active
Haclp, which can induce the transcription of the UPR target genes. In C. elegans and mam-
mals the target of the endonucleolytic activity of Irelp has been recently shown to be the
mRNA of the transcription factor XBP1, also required for activation of the UPR.!%1%7 The
yeast tRNA ligase Rlglp is a nuclear enzyme localized close to the inner side of the NE.'%®
This, plus the fact that splicing reactions normally occur inside the nucleus, leads to the as-
sumption that yeast Irelp has to be also, at least transiently, located to the inner nuclear mem-
brane. Indeed, this appears to be the case for the mammalian Irelp, as recently suggested by
biochemical fractionation experiments.'””

The main factors of the UPR in yeast are also involved in the regulation of phospholipid
synthesis, suggesting that the production of ER proteins is coordinated with the production of
ER membrane lipids.'® Indeed, this coordination appears to be a main feature of ER biogen-
esis. An example thereof, is the proliferation of the ER membrane upon overexpression of a
number of different ER and non-ER integral membrane proteins.”®!% This often results in the
production of “karmellae”, stacked membrane pairs wrapped around the nucleus. Nuclear en-
velope biogenesis probably occurs via membrane flow from the ER. It is not unlikely that the
rules applied to ER biogenesis are also valid for the formation of the NE. A hypothesis would
be that the suggested coordination between NPC and nuclear membrane biogenesis is ensured
by a signaling pathway similar or identical to the UPR. This could lead to the integration of the



98

Nuclear Envelope Dynamics in Embryos and Somatic Cells

biogenetic mechanisms for the two major membrane compartments and landmarks of the
eukaryotic cell.
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CHAPTER 8

Nuclear Envelope Breakdown
and Reassembly in C. elegans:

Evolutionary Aspects of Lamina Structure and Function

Yonatan B. Tzur and Yosef Gruenbaum

Abstract

he C. elegans is an excellent model system to study the biological functions of the

nuclear lamina. Though theoretically feasible in mice, the equivalent transgenic studies

are far simpler more rigorous when done in C. elegans. In addition, the protein
composition of the nuclear lamina in C. elegans is simpler as compared to that of higher
eukaryotes. For example, there is only a single lamin gene and only three LEM domain genes in
C. elegans, including homologs for emerin and MAN1. Furthermore, genetic analysis in C.
elegans is revealing new lamina genes that are involved in nuclear migration, and lamina genes
with a novel motif termed the SUN domain. The C. elegans nuclear envelope disassembles very
late compared to vertebrates and Drosophila. The timing of nuclear envelope disassembly in C.
elegans is novel; The pore complexes are absent only in metaphase, the nuclear membranes and
lamina are absent only in mid-late anaphase and intranuclear mRNA splicing factors are still
present in prometaphase. The dynamic of the nuclear envelope in C. elegans probably reflects
its evolutionary position between unicellular and more complex eukaryotes.

The Structure and Protein Composition of the Nuclear Lamina

in C. elegans

The structure of the nuclear envelope in C. elegans is similar to that of other higher eukary-
otes. Like all metazoans, it is composed of an outer nuclear membrane, which is continuous
with the endoplasmic reticulum and is covered with ribosomes. The outer nuclear membrane
is separated from the inner nuclear membrane by a 20-40 nm wide perinuclear space. The two
membranes fuse at the nuclear pore complexes. The nuclear lamina is a fibrous protein mesh-
work associated with the inner nuclear membrane. Abutting the nuclear lamina is the periph-
eral chromatin, which contains a large fraction of the heterochromatin(for recent reviews
see refs. 1-3).

The nuclear envelope physically separates the nucleoplasm from the cytoplasm. This sepa-
ration creates the cell nucleus in which DNA replication, RNA processing and ribosome as-
sembly occur, while protein synthesis and cell signaling occur in the cytoplasm. The nuclear pore
complexes regulate transport of macromolecules between the nucleoplasm and the cytoplasm.

The nuclear lamina includes lamins and lamin-associated proteins. A search for known
nuclear lamina genes in the data bases of the nearly complete genome sequences of yeast, C.
elegans and human reveals that the genetic composition of the nuclear lamina in C. elegans
resembles that of Drosophila and human (Table 1). In contrast, yeast cells do not have any of
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the known metazoan nuclear lamina genes. However, in C. elegans the number of nuclear
lamina genes and their splicing isoforms is smaller, as compared to Drosophila and human,
indicating an evolutionarily increase in the complexity of the nuclear lamina. For example, the
major protein constituents of the nuclear lamina are the lamin proteins, which are type V
intermediate filament proteins (reviewed in ref. 4). The human genome contains three lamin
genes: LMNA, LMNBI and LMNB2, which give at least seven splicing isoforms (lamins A, C,
C2, A_10 and B1-3). The Drosophila genome has two lamin genes: lamin Dmg and lamin C,
while the C. elegans genome contains onlgr a single lamin gene, termed /mn-1, which encodes a
single lamin protein, termed Ce-lamin. 6 Interestingly, most known disease-causing muta-
tions in the human lamin A gene are conserved in Drosophila and C. elegans lamins (reviewed
in ref.7). While most of the Ce-lamin protein is present at the nuclear periphery, a significant
fraction of Ce-lamin is present in the nuclear interior.” This cellular distribution of Ce-lamin is
similar to that of vertebrate lamins.®

The LEM-domain is a 43 amino-acids-long conserved motif composed of helical turn fol-
lowed by two alpha helices connected by an 11 or 12-residue loop.”!" LEM-domain genes are
found in all metazoan cells. The C. elegans genome contains only three LEM-domain genes,
termed emr-1, lem-2 and lem-3 (Table 1). Emr-1 encodes Ce-emerin and /Jem-2 encodes
Ce-MANT1. Ce-emerin and Ce-MANT1 are both integral proteins of the inner nuclear mem-
brane associated with nuclear lamins.'? Lem-3 encodes the LEM-3 protein, which does not
contain a transmembrane domain.

Emerin, MAN1 and a putative LEM-3 homolog are present in human. In contrast, a ho-
molog to the vertebrate LAP2, which is a LEM-domain protein encoding at least six splicing
isoforms, is not present in C. elegans or Drosophila. The human and the Drosophila genomes
contain other LEM-domain genes that are not found in C. elegans, including the Drosophila
otefin and several novel genes.

Another common motif in integral proteins associated with the nuclear lamina is the SUN
domain, which is found in the S. pombe sadl and the C. elegans UNC-84'% and mitf-1 genes
(unpublished observation), and in several Drosophila and human genes. However, the cytologi-
cal location of the SUN-domain proteins in human and Drosophila still needs to be deter-
mined. Sadl is associated during meiosis and mitosis with both the nuclear envelope and the
spindle pole body,'* while UNC-84 is required for proper migration of nuclei in the hyp-7
cells, P-cell lineage and in the gut, and for nuclear anchoring in multi-nucleated cells. The
Ring Finger Binding Protein (RFBP) was recently discovered in vertebrates to be an integral
protein of the inner nuclear membrane."” It would be interesting to determine if the C. elegans
RFBP homolog is also associated with the nuclear lamina.

Metazoan cells also contain non-membrane proteins that are associated with peripheral and
internal nuclear lamins or lamin associated proteins (reviewed in ref. 1). These proteins include
the hypophosphorylated form of the vertebrate retinoblastoma protein (pRb), the transcrip-
tion factor Oct-1, barrier to autointegration factor (BAF), germ cell-less (GCL) and the Droso-
phila Young-Arrest (YA). Homologies for pRb, BAF and GCL are present in C. elegans, but
their interaction with the nuclear lamina was not determined.

Possible Functions of the Nuclear Lamina in C. elegans

Genetic analysis of the /mn-1 gene in C. elegans has the advantage of studying the conse-
quences of complete depletion of lamins or a significant reduction in their amounts in the
whole animal. The function of Ce-lamin 7 vivo was analyzed using the RNA interference
technique (RNAI) by injecting /mn-1 dsRNA into the gonads of adult hermaphrodites.” The
Imn-1 gene is an essential gene, since reduction in the amounts of Ce-lamin protein produce
embryonic lethality. Interphase nuclei with reduced amounts of lamin lose their round shape
and show a rapid change in their nuclear morphology, which demonstrates the critical role of
intact nuclear lamina in determining the shape of the nucleus. Surprisingly, the abnormality in
nuclear shape does not interfere with the ability of most nuclei to undergo mitosis and the
timing of nuclear divisions appears similar to that of wild type embryos.
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Table 1. Comparison between known nuclear lamina genes in C. elegans and human.
The numbers in the table represent the number of homologs found in
“GenBank”.

C. elegans Human

Lamin A
Lamin B
LEM3
Man1
Emerin
LAP2
Other LEM's
Unc 84
Matefin
RFBP
LBR
LAP1
Nurim

N N T

Many
2-3

OO0 0 = = =m 00 = = = = O

—_ =

The condensation of the chromatin in the interphase nuclei of /mn-1 (RNA:) embryos is
abnormal. This may be due to insufficient attachment of chromatin to the nuclear lamina.
Given that lamins, as well as many nuclear membrane proteins, can bind directly to a chroma-
tin partner (reviewed in ref. 3). it is possible that atctachments between chromatin and lamina
components are required to keep the chromatin in its normal condensation state. In addition,
several inner nuclear membrane proteins, which also bind chromatin and may be involved in
its spatial organization, require lamins for their nuclear envelope localization (see below).

One of the most common phenotypes in the /mn-1 (RNAz) embryos are “anaphase bridges”,
which are chromatin bridges connecting two sets of chromosomes unable to be separated from
each other. “Anaphase bridges” are also observed in mammalian mitotic cells unable to degrade
their cohesin proteins, which connect the two sister chromatids, via the anaphase promoting
complex (APC)/cyclosome pathway.'®!” The similarity between the phenotypes in lamin defi-
cient embryos and mammalian cells with defective APC/cyclosome pathway suggests a link
between nuclear lamina functions and the regulation of mitosis. Other common phenotypes in
the lmn-1 (RNA:) are loss of chromosomes and unequal separation of chromosomes into daughter
nuclei. These phenotypes indicate that functional lamina is also required for additional mitotic
functions. In addition, the instability of nuclear morphology in the /mn-1 (RNA:Z) embryos
may be a primary defect eventually leading to some defects in cell cycle progression and chro-
matin organization.

The Ce-lamin protein is required for the correct spacing of the nuclear pore complexes,
since lack or reduced amounts of Ce-lamin cause clustering of the nuclear pore complexes. The
role of the nuclear lamina in anchoring and spacing nuclear pore complexes is probably con-
served in evolution, since similar phenotypes are seen in Drosophila cells with reduced lamin
Dmgand in mouse cells lacking the ZMNA gene.'8°

Loss of emerin or autosomal dominant mutations in the human LMNA gene cause Emery
Dreifuss muscular dystrophy (EDMD), but the disease mechanism is not understood. The
Ce-emerin protein is expressed and localized at the nuclear lamina in essentially all cell types
except sperm, which lack Ce-emerin. Ce-emerin colocalizes with Ce-lamin and Ce-lamin is
required for the nuclear lamina localization of emerin (Yosef Gruenbaum and Kathy Wilson,
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unpublished observations), similar to the mislocalization of emerin in certain cells in the LMNA
knockout mouse.*’ In contrast, other known C. elegans lamina proteins do not depend on
Ce-emerin for their localization. Under normal growth conditions, elimination of Ce-emerin
expression by injection of emr-1 dsRNA (emr-1 (RNAZ)) cause no detectable phenotypes through-
out development, similar to the loss of human emerin in most cells (Yosef Gruenbaum and
Kathy Wilson unpublished observations).

Mutations in the C. elegans unc-84 gene cause defects in nuclear migration and anchor-
ing.'> UNC-84 protein co-localizes at the nuclear periphery'® and is requires intact nuclear
lamina for its nuclear envelope localization.

There are other roles suggested for the nuclear lamina, including role in DNA replication.
disassembly and reassembly of the nuclear envelope during mitosis”* and apoptosis.’ Given the
similarity in protein composition and cellular localization of lamina proteins between C. elegans
and vertebrates, it is likely that the nuclear lamina in C. elegans also plays a role in these activities.

21

Nuclear Dynamics in C. elegans During Mitosis

In vertebrates, the nuclear envelope undergoes an open mitosis. It starts to break down at
prophase. By late prophase/prometaphase transition all nuclear envelope components disas-
semble (Table 2). Nuclear pore complex subunits are dispersed into the cytoplasm,”% nuclear
membranes and membrane proteins merge into the ER network?®?” and the lamina depoly-
merizes into both soluble and membrane-associate pools.”*# During the anaphase/telophase
transition, the vertebrate nuclear envelope reassembles around the decondensing chromatin.?
The nuclear membranes attach to the chromatin and fuse to give the inner and outer nuclear
membranes, nuclear pore complexes assemble and nuclear proteins including a large fraction
of the lamins are imported back into the nucleus (reviewed in refs. 30,22). In Drosophila early
embryos, nuclear pore complexes break down during prophase, similar to vertebrates. How-
ever, until mid-late anaphase the nuclear membranes and a fraction of the lamina remain in a
spindle envelope (Fig. 1B) and are supplemented by a temporary second layer of membranes.*"*
In contrast, S. cerevisiae has a closed mitosis, wherein the nuclear envelope remains intact and
tubulin proteins are imported to allow mitotic spindles to assemble inside the nucleus.*

The C. elegans nuclear envelope disassembles very late in mitosis compared to vertebrates
and Drosophila. The nuclear membranes and nuclear lamins remain in the nuclear periphery
during metaphase and early anaphase, disassembling completely only during mid-late anaphase
(Fig. 1A). Nuclear pore complexes remain in the nuclear periphery during prometaphase and
intranuclear mRNA splicing factors leave the nucleus only after prometaphase.'? C. elegans
cells achieve a fully open mitosis only during mid-late anaphase when the nuclear lamina and
membranes are also disassembled. Thus, C. elegans has a fully open mitosis, similar to other
metazoans, and different from the closed mitosis in single-cells eukaryotes such as S. cerevisiae. >t
The main difference between C. elegans and other complex eukaryotes is the stage at which
mitosis becomes fully open.

The picture emerging from the above data is that metazoan evolution was accompanied by
an increase in the ability of different nuclear envelope components to disassemble early in
mitosis, while the timing of reassembly of nuclear envelope components at the end of mitosis
remained similar between C. elegans and vertebrates.

Open mitosis probably co-evolved with the nuclear lamina. Lamina proteins probably con-
ferred a selective advantage to metazoan creatures, perhaps related to improvements in chroma-
tin organization, or improved nuclear signaling, DNA replication or gene expression. How-
ever, lamin filaments could interfere with chromosome segregation during mitosis and therefore
lamina disassembly is probably required to allow chromosome segregation. Open mitosis has
another advantage, which is the exposure of chromatin to cytosolic proteins, which might
provide new means to regulate the cell cycle through access to cytosolic replication licensing
factors'. Furthermore, the process of nuclear assembly itself might provide new mechanisms
for regulating chromatin structure during development and differentiation.
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Table 2. The timing of nuclear envelope disassembly in S. cerevisiae, C. elegans, D.
melanogaster, and vertebrates. (+) indicates that the component is mostly
intact; (+/-) partial disassembly of the component and release to the
cytoplasm, (+/--) almost complete disassembly of the component; (-)
complete disassembly of the component. INT-interphase; PRO — prophase;
PROM - prometaphase, MET — metaphase, E. ANA - early anaphase; L.
ANA - late anaphase; TEL - telophase; E. G1- early G1

Yeast  C.elegans C.elegans Drosophila  Drosophila Vertebrates

early late early late

Lamina INT + + + + +
PRO + + + +/- +/-

PROM + + + - -

MET + +/- +/- - -

E. ANA + +/- +/-- - -

L. ANA - - - - -
TEL +/- +/- +/- +/- +/-

E. G1 + + + + +

Nuclear INT + + + + + +
Pore PRO + + + +/- +/- +/-

Complexes PROM  + + + - - -

MET + + - - - -

E.ANA  + y y . y .

L.ANA + . . . . .
TEL + + + + +/- +/-

E. G1 + + + + + +

Membranes  INT + + + + + +
PRO + + + + +/- +/-

PROM  + + + + - -

MET + + + + - -

E.ANA  + + + + - -

L. ANA + - - +/- - -
TEL + + + + +/- +/-

E. G1 + + + + + +

In C. elegans the timing of disassembly of the nuclear pore complexes, and to a lesser extent
the nuclear lamin depends on embryo age. In embryos with fewer than 24-26 cells, nucleoporins
(detected by mAb414) are present in the nuclear periphery during interphase, prophase,
prometaphase and to most extent in metaphase. Nucleoporins completely disassemble during
early anaphase a reassemble during telophase.'? In older embryos (more than 24-26 cells) pore
complexes disintegrate in prometaphase and are absent during metaphase and anaphase. Nuclear
pore complexes in C. elegans disassemble earlier than other nuclear envelope structures, similar
to vertebrates and Drosophila.®> However, the nuclear pore complexes remain until after
prometaphase, strikingly later than their disassembly in early prophase in mammalian cells and
Drosophila (reviewed in ref. 1). There is no obvious explanation why the disassembly of the
nuclear pore complexes occurs at different stages in early and late embryos. The length of cell
division is variable in both eatly and late embryos and cell divisions are not synchronous. In
addition, in C. elegans, there is no obvious equivalent to the midblastula transition since
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Figure 1. Nuclear membrane disassembly during mitosis in C. elegans and Drosophila early embryos. Im-
munofluorescence localization of the C. elegans Ce-MANI (A) and the Drosaphila Otefin (B) at different
stages of mitosis. Representative nuclei from most different stages in mitosis are shown.

transcription begins as early as the 3-4 cell stage®®?” and is lineage-dependent. However, the
breakpoint between ‘early’ and ‘later’ embryonic phenotypes occurs around the 24-cell stage,
when the progenitor cells for all six major lineages (AB, MS, E, C, D, P4) have been created. It
is also possible that there are differences in protein composition of the nuclear envelope in early
and late embryos. If true, such differences could be important for selective transport of pro-
teins and may also affect the timing of nuclear pore complex (and to some extent the nuclear
lamina) disassembly during mitosis.

In C. elegans embryos, Ce-lamin is maintained in a spindle envelope structure during
metaphase and early anaphase. The exception is near the spindle poles, where lamin staining
becomes progressively weaker starting in prometaphase, with a large gap at both poles seen
during early anaphase. This local disruption of lamina integrity is consistent with mechanical
puncturing by spindle microtubules as seen in C. elegans and in other organisms.*"**3® During
mid-late anaphase, the Ce-lamin filaments completely disassemble and the protein is dispersed
in the cytoplasm. In later embryos (>24-26 cells), the lamina disassembles more extensively
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already during prometaphase and metaphase. Thus, in C. elegans embryos, the lamina structure
persists much longer than the lamina in vertebrate cells. The timing of Ce-lamin assembly is
similar to vertebrate and Drosophila lamins,*® Ce-lamin reassociates with chromatin during
telophase, but do not completely reassemble until G1-phase.

Analysis of integral membrane proteins in C. elegans reveals that nuclear membranes com-
pletely disassemble only during mid-late anaphase in both early and late C. elegans embryos'?
(Gruenbaum, unpublished observations). These proteins maintain a spindle envelope staining
during prophase, prometaphase, metaphase and early anaphase and completely disassemble
only during mid-late anaphase. Thus, in C. elegans embryos, the nuclear membranes and mem-
brane proteins persist much longer than nuclear membranes of vertebrate cells.

The late disassembly of the nuclear envelope in C. elegans is in correlation with the finding
that intranuclear proteins are released from nuclei during mitosis only at metaphase. For ex-
ample, the endogenous SR (serine/arginine-rich) family of conserved small nuclear ribonucle-
oproteins (snRNPs) are involved in mRNA splicing, and can be detected with monoclonal
antibody mAb104.%° MAb104 recognizes phosphorylated snRNPs from a wide variety of ver-
tebrate and invertebrate species, including C. elegans, during both interphase and mitosis. In
mammalian cells, these splicing factors are released into the cytoplasm during early prophase. ‘4!
In contrast, in C. elegans, these proteins have intranuclear localization during interphase, early
prophase and late prophase, and dispersed in the cytoplasm only in metaphase, consistent with
the disassembly of the nuclear pore complexes and invasion of microtubules into the nucleus.'?
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CHAPTER 9

Nuclear Envelope Assembly in Gametes
and Pronuclei

D. Poccia, T. Barona, P. Collas and B. Larijani

Abstract

tudies using a cell-free system from fertilized sea urchin eggs have revealed several novel
S aspects of nuclear envelope formation unlikely to be restricted to either sea urchins or

gametes. These include detergent-resistant lipophilic structures that target nuclear enve-
lope precursor membrane vesicle binding and incorporate into the nuclear envelope upon mem-
brane fusion, a highly phosphatidylinositol (PI)-enriched membrane fraction conferring spe-
cial fusion properties on the system, Pl-specific phospholipase C-induced membrane fusion,
polarized binding of cytoplasmic vesicles to the nucleus, and a role for PI phosphorylated in
the 3 position by PI-3 kinase.

Introduction

The nuclear envelope is disassembled and reassembled at each mitosis in typical animal
cells. Mitotic NE dynamics are orchestrated by cell cycle control mechanisms and thus coordi-
nated with other mitotic events. Multiple nuclei in a common cytoplasm typically undergo
these processes synchronously.'

The processes of disassembly and reassembly may also occur in interphase and are usually
but not always coordinate in nuclei sharing a common cytoplasm, for example in fertilized
eggs.>® Most eggs are fertilized during meiosis and female nuclei may be arrested at various
stages of meiosis I or II. Male nuclear envelopes however are disassembled and reassembled in
all cases. Although the timing may vary, most of the biochemical events underlying interphase,
mitotic and meiotic nuclear envelope dynamics are likely to be similar.

This review will focus on recent biochemical understanding of the processes of male
pronuclear membrane assembly and disassembly in fertilized sea urchin eggs investigated with
cell-free extracts. These studies have revealed several novel features of nuclear membrane dynamics
which will be discussed in relation to mitotic or meiotic transitions in other organisms.

Background

Sea urchin eggs are arrested in G1 (GO) and activated by the fertilizing sperm. Electron
microscope studies show that the sperm nucleus enters the egg with a nuclear envelope lacking
pores.*® The envelope is rapidly disassembled in vivo, its membranes vesiculating as the sperm
chromatin decondenses from its compact conoid shape to a uniformly euchromatic spherical
mass. During this process, remnants of the sperm nuclear envelope at the tip and base of the
conical nucleus, which line two cup-shaped cavities (the acrosomal and centriolar fossae), are
retained. Membrane vesicles from the egg cytoplasm accumulate along the sides of the nucleus
and fuse to form a nuclear envelope with pores. The sperm remnants are incorporated into the
new male pronuclear envelope. Swelling of the nucleus follows as the male pronucleus migrates

Nuclear Envelope Dynamics in Embryos and Somatic Cells,
edited by Philippe Collas. ©2002 Eurekah.com and Kluwer Academic/Plenum Publishers.



Nuclear Envelope Dynamics in Embryos and Somatic Cells

Figurel. Preparation and use of a cell-free system for nuclear envelope formation. Fertilized eggs are homog-
enized at 10 min post-fertilization, centrifuged at 10,000 g for 10 min and the clear supernatant (S10)
removed. S10 cytoplasm may be fractionated into a membrane fraction (MV) and a cytosolic extract (S100
or $150) by centrifugation for 1-2 hr at 100,000 g or 150,000 g. Isolated sperm nuclei are extracted with
0.1% Triton X-100, washed and added to cytoplasm or cytosol and incubated for appropriate lengths of time
with additional ATP (ATP generating system) and/or GTP. Please see http://www.eurekah.com/
chapter.php?chapid=697&bookid=56&¢catid=15 for the color version of the figure.

through the cytoplasm and encounters the female pronucleus whose envelope remains intact
throughout these processes. A fusion of their two nuclear envelopes results in formation of a
single zygotic nucleus prior to initiation of replication and transcription in the first cell cycle.

Most of these in vivo transitions have been mimicked in a cell-free system (Fig. 1).° Below
we review the details of sea urchin sperm male pronuclear envelope dynamics as revealed by in
vitro experiments. Many comprehensive reviews of nuclear envelope transitions in meiotic cell
extracts are available for comparison.”!!

Sperm Nuclear Envelope Disassembly

At the completion of spermatogenesis, the sperm nuclear envelope is closely apposed to the
highly condensed sperm chromatin and lacks pores. #This morphology suggests a nuclear enve-
lope non- permissive for transport. Since transcription has ceased prior to the last stages of
spermatogenesis and does not begin again until the sperm nuclear envelope has been replaced
following fertilization,'*? there is no need to export RNA.

Presumably nuclear import of proteins is also unnecessary for an inert nucleus which is
inactive in replication and transcription at late spermiogenic stages. However, immediately
following fertilization, cytoplasmic proteins including sperm histone kinases need access to the
chromatin. This is provided by disassembly of the envelope. As noted, disassembly takes place
everywhere but at the tip and base of the sperm head and appears to proceed via vesiculation of
the sperm nuclear envelope membranes.'® This vesiculation has not been reproduced in vitro.
Instead nuclear membranes are solubilized with a non-ionic detergent prior to exposure to egg
cytoplasmic extracts.® The resulting nuclei retain membranes at the tip and base' and a lamina
as revealed by immunofluorescence with a variety of anti-lamin antibodies.!”
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Figure 2. Solubilization of sperm B-type lamins by the cell-free system. Nuclei were incubated in egg cytosol
and aliquots removed at various times. Nuclear and cytosolic proteins were separated on SDS gels, blotted
and reacted with anti-lamin B antibodies. The 68 K protein is phosphorylated lamin B (p65). Reproduced
with permission from Collas et al, ] Biol Chem 1997; 272:21274-21280.

The sperm nuclear lamina is immediately phosphorylated and is solubilized within minutes
by egg cytosolic extract (Fig. 2). A protein kinase C (PKC) activity, requiring Ca** and inhib-
ited by the PKC inhibitor chelerythrine, is necessary and sufficient to remove the lamina.!”
Immunodepletion of sea urchin PKC from the cytosol inhibits B-type lamin phosphorylation
and its solubilization. Purified rat afyPKC phosphorylates the B-type lamin at the same sites
as the sea urchin cytosolic enzyme.

Only if the lamina is removed does the chromatin decondense and change shape from
conical to spherical suggesting a role for the sperm lamina in maintaining the conoid shape of
the nucleus or as a physical barrier to chromatin decondensation.'® However removal of the
lamina with purified rat afyPKC in the absence of cytosol does not result in decondensation,
indicating that a second step is necessary to permit decondensation (Fig. 3).!” This step re-
quires sperm—speciﬁc histone H1 and H2B phosphorylation by a CDK1-like kinase also present
in the cytosol.'® The two enzymes are sufficient to decondense the nuclei in cytosol-free physi-
ological buffers.

Thus the disassembly of the sperm nuclear membranes permits access of cytosolic factors to
the sperm chromatin, and the removal of the lamina allows chromatin decondensation. These
two events are likely to be required for full male pronuclear chromatin activation and a failure
of either would interfere with male pronuclear development and paternal contribution to the zygote.

Membrane Vesicle Fractions Contributing to the Nuclear Envelope

Nuclear envelope disassembly leaves the sperm nucleus devoid of paternal nuclear envelope
except at the tips. The egg provides the necessary membranes and lamins to complete a new
nuclear envelope. There are at least three egg membrane vesicle (MV) populations contributing
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Figure 3. PKC is notsufficient to decondense sperm nuclei. Nuclei were treated with purified rat o3y protein
kinase C without cytosol and stained with anti-lamin B antibodies and Hoechst 33342. Although B-type
lamins are removed, nuclei retain their condensed conical shape in the absence of other cytosolic factors.
Bar = 5 mm. Reproduced with permission from Collas et al, ] Biol Chem 1997; 272:21274-21280. Please
see http://www.curekah.com/chapter.php?chapid=697&bookid=56&catid=15 for the color version of the
figure.
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DNA

uniquely to the new nuclear envelope.'® These can be fractionated from 10,000 g supernatants
of cytoplasmic extracts of eggs on the basis of buoyant density.

Each has distinct biochemical properties. MV1 is the least dense. It has an unusual phos-
pholipid composition: ca. 90% phosphatidylinositol (PI)-10% phosphatidylcholine as deter-
mined by 2-dimensional NMR (Fig. 4).*® MV2a. is enriched in an enzymatic marker of the
Golgi apparatus: a-D-mannosidase. MV2p is enriched in an enzymatic marker of the endo-
plasmic reticulum: o-D-glucosidase.”” MV2p contributes most of the membrane for the new
nuclear envelope consistent with in vivo observations that endoplasmic reticulum is the main
source of nuclear envelope membranes.?' It contains B-type lamins and lamin B receptor in
separate vesicles, thus defining at least two subpopulations.”* Lamin B receptor (LBR) is an
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Figure 4. Two-dimensional NMR analyses of phospholipids extracted from MV1 and MV2 (ou+f). Protons
of the lipid head group and backbone are edited by the phosphorous resonances to which they are coupled.
Diagnostic peaks for phospholipids are boxed. Quantification of peaks indicates that MV1 (A) is almost
90% PI. MV2 (B) hasa composition similar to typical cytoplasmic membranes. Reproduced with permission
from Larijani et al, Lipids. 2000; 35:1289-1297.

integral membrane g)rotein of the inner nuclear membrane which binds B-type lamins and
heterochromatin®** and is discussed in detail elsewhere in this volume.

The in vivo status of MV fractions is not clear since they are recovered following homogeni-
zation of eggs, but it seems unlikely that such fractions differing in marker enzymes or lipid
composition could be artifactually created by random shearing. In unfertilized egg extracts
prepared using the same homogenization protocols, co-precipitation and density gradient ex-
periments show that most of the B-type lamins and LBR are found in the same membrane
vesicles, but by 12 minutes post-fertilization they are mostly found in separate vesicles, reflecting
an underlying alteration of cytoplasmic structure (Fig. 5).%° It is known that the endoplasmic
reticulum (ER) in vivo changes at fertilization, becoming fragmented,26’27 which may sort
different sets of vesicles. Unactivated but fertilized eggs fail to support nuclear envelope forma-
tion, but activation by cytoplasmic alkalinization reestablishes nuclear envelope assv:-:mbly2 8
and this appears to be at least in part due to differences in the membranes.”” Whether alkalin-
ization which normally follows fertilization is related to reticular reorganization and compe-
tence to support in vitro nuclear envelope assembly remains to be elucidated.

Binding of Egg Cytoplasmic Vesicles to Sperm Chromatin

and Nuclear Envelope Remnants

All egg membrane vesicle binding to sperm nuclei in vitro requires materials located at the
tip and base, the sites of sperm nuclear envelope remnants. We have called these ligoghilic
structures or LSs since they can be labeled with fluorescent lipophilic dyes (Fig. 6).">"” The
remnants in the electron microscope consist of cup-shaped membranes lining the acrosomal
and centriolar fossae separated from the chromatin by dense osmiophilic cups that form during
spermatogenesis and may constitute a special region of the heterochromatin'# (Fig. 7). Almost
nothing is known about the composition of this region of the nucleus except that lamin B
receptor (LBR) is exclusively localized there in mature sperm22 and B-type lamins associated
with this region are the last lamins removed from the nucleus by cytosol in vitro (Fig 8).!

The LSs define two poles of the spherical chromatin mass created by decondensation. Their
membranous elements are not extracted in low concentrations of Triton-X100 in the cold," a
property shared by lipid “rafts” and other detergent-resistant membranes (DRGs).?? They can
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Figure 5. Redistribution of membrane-bound B-type lamins and lamin B receptor following fertilization.
Vesicles were floated to density equilibrium in sucrose gradients. Fractions were collected at times indicated and
immunoblotted. After densitometry, proportions were normalized to the fraction with the highest amount.
Open circles = lamin B receptor. Closed circles = B-type lamins. Co-localization was evaluated by co-immu-
noprecipitation and blotting. Reproduced with permission from Collas et al, Eur J Cell Biol 2000; 79:10-16.

Figure 6. Loss of MV binding to nuclei upon removal of LSs. LSs were labeled with fluorescent 3,3'-
dihexyloxacarbocyanine iodide (DiO-Cg green) and removed with 1% Triton X-100. Nuclei were decondensed
briefly in cytoplasm containing MVs labeled with fluorescent 1,1’-dioctadecyl-3,3,3,3"-
tetramethylindocarbocyanine (Dil-Cyg red). A. Control nucleus. B. MV binding to control nucleus. C.
Extracted nucleus. D. Lack of binding to extracted nucleus. Nuclei were labeled blue with Hoechst 33342.
Bar = 5 mm. Reproduced with permission from Collas and Poccia, Dev Biol 1995; 169:123-135. Please see
http://www.eurekah.com/chapter.php?chapid=6978&bookid=56&catid=15 for the color version of the figure.

be solubilized in high detergent concentrations and reconstituted exclusively to the tips of the
sperm by lowering the concentration of detergent."

By contrast, B-type lamins and LBR at the tips are resistant to even 1% detergent extrac-
tion, requiring high salt concentrations (0.4 M NaCl) as well. However both proteins are
removed under physiological conditions in vitro by egg cytosol prior to reformation of the
nuclear envelope (Fig 8).* Thus the membrane and LBR/lamin B have different solubility
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Figure 7. Electron microscopy of the LS region of sperm nuclei. Osmiophilic cup and membrane of LSs in
tangential and longitudinal views. Left: cup is lined with membranous remnant of sperm nuclear envelope
in 0.1% Triton X-100 extracted nucleus. Right: membrane is extracted by 1% Triton X-100 but cup
remains. Bar = 0.5 um. Reproduced with permission from Collas and Poccia, Dev Biol 1995; 169:123-135.

properties in the LS region, and unlike the membrane, those proteins are not directly incorpo-
rated into the male pronuclear envelope.

Binding of egg MVs to the sperm nucleus requires cytosol and ATP but not ATP hydrolysis.
Stable complexes of membrane and nucleus can be demonstrated by centrifugation of the
nuclei through 1 M sucrose."® Experiments with reconstitutes show that egg cytoplasmic MV
will only bind to the nuclei if LSs are present. They will only bind to one pole if LSs only
reconstitute to one pole. Binding to both poles is required for full nuclear envelope formation
(Fig. 9).

Binding experiments with separate MV fractions indicate that MV1 and MV2a vesicles
bind exclusively to the polar regions of the male pronucleus, even in great membrane excess.'”
By contrast, MV2f vesicles bind around the entire surface of the nuclei (Fig. 10). MV1 and
MV2a require peripheral membrane proteins to bind; MV2f does not. An integral membrane
protein necessary for MV2f to bind is the lamin B receptor, since immunodepletion of cyto-
plasmic extracts with anti-LBR abolishes all binding activity of this fraction but has no effect
on binding of MV1 and MV2a. vesicles.”* Therefore not all MVs require LBR to bind to
chromatin and the LBR-containing MV2f vesicles need LSs at least for initiating binding at
the poles, which then spreads equatorially (Fig. 11)."

Fusion of Nuclear Envelope Precursor Vesicles

Fusion of bound vesicles results in a continuous nuclear envelope surrounding the male
chromatin (Fig. 12). An intact nuclear envelope is likely to be needed for DNA synthesis as it
is in amphibian egg extracts®”*® and for export of RNAs whose synthesis begins in sea urchins
at about the time of replication, 30 minutes post-fertilization.'?

Fusion incorporates the lipophilic material of LSs with the MV fractions' as predicted
from in vivo observations.' Therefore LSs have two roles in nuclear envelope formation, serv-
ing as initial sites of vesicle docking and contributing a fraction of the new nuclear envelope.
MV1 is apparently the only fraction which can fuse directly to LSs, suggesting a special fusigenic
and mediating role of this fraction (Fig. 13).9

MV1 is required for LS fusion to any of the other fractions and for fusion of MV2a with
MV2B. MV2a is needed for MV2f vesicles to fuse with LSs and MV1. These experiments
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Figure 8. Fertilized egg extracts remove lamin B receptor and lamin B from chromatin within minutes.
Nuclei were incubated in egg cytosol and aliquots removed at 0, 5 and 10 min (left to right) and stained with
Hoechst 33342, anti-lamin B receptor (red) and anti-lamin B (green). The bottom panel is a merge of the
middle two panels. Reproduced with permission from Poccia and Collas, Devel Growth Differ 1997;
39:541-550. Please see http://www.eurekah.com/chapter.php?chapid=6978&bookid=56&¢catid=15 for the

color version of the figure.
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Figure 9. Reconstitution of LSs to nuclear poles targets MV vesicle binding. LSs stripped from nuclei with
1% Triton X-100 were reconstituted by dilution of the Triton to 0.1%. Reconstituted nuclei were incubated
with cytoplasm containing MVs labeled red with Dil-Cyg. LSs were labeled green with DiO-Cg. A, B.
Unipolar reconstitute before and after incubation. C, D. Bipolar reconstitute before and after incubation.
MVs only bind to poles reconstituted with LSs (arrows). Bar = 5 um. Reproduced with permission from
Collas and Poccia, Dev Biol 1995; 169:123-135. Please see http://www.eurekah.com/
chapter.php?chapid=697&bookid=568&catid=15 for the color version of the figure.

MV2a

Figure 10. Binding sites of MV fractions on decondensed sperm nuclei. Decondensed chromatin labeled
with Hoechst 33342 (blue) and associated LSs labeled with DiO-Cg (green) were incubated with individual
MV fractions labeled with Dil-Cyg (red) in cytosol. Bar = 5 um. Reproduced with permission from Collas
and Poccia, ] Cell Sci 1996; 109:1275-1283. Please see http://www.curekah.com/
chapter.php?chapid=697&bookid=568&catid=15 for the color version of the figure.

indicate a complex hierarchy of interactions among the membrane precursors to the nuclear
envelope and possibly a differentially regulated recruitment. In this regard, MV2f can form
nuclear envelopes in the absence of MV1°! suggesting that the roles of MV1 and MV2a may
be regulatory, that they may provide novel binding sites to the chromatin, or that they may
provide a mechanism to incorporate the LSs into the nuclear envelope to serve some unknown function.
Fusion of MVs to form a nuclear envelope occurs in cell-free extracts from 10-15

min fertilized eggs. If however either the cytosol or MV fractions are derived from unfertilized
eggs, nuclear envelope formation fails.”> Microinjection and electron microscopy experiments
support the notion that immature or unactivated, unfertilized eggs do not support male pro-
nuclear envelope formation.?®3%3% Since in vitro assembly assays are all carried out at alkaline
pH, the failure to form male pronuclear envelopes in unactivated egg extracts cannot be only
due to pH, but pH may lead to membrane reorganization or changes in soluble components.
In fertilized activated cytoplasm, once MVs are assembled on the surface of the sperm
nucleus, membrane fusion can be initiated by hydrolysis of GTR* which is also required for
nuclear envelope formation in cell-free Xenopus extracts® and many other types of membrane
fusion reactions in vitro.***’ Fusion is inhibited by the non-hydrolyzable analogs GTPYS or
GTP-PNP This effect is probably mediated by monomeric G proteins such as compartment-
specific Rab proteins required for membrane fusion events that occur in the endocytic or secretory
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Figure 11. Polarized MV binding to sperm nuclei in vitro. Total MVs labeled with Dil-Cg. The same
nucleus photographed at A 2, B 10, C 15, D 20 min after addition of nuclei to cytoplasm. Binding initiates
at the acrosomal and centriolar fossa regions, sites of the LSs (compare with Figure 9). Bar = 5 um.
Reproduced with permission from Collas and Poccia, Dev Biol 1995; 169:123-135. Please see http://
www.eurekah.com/chapter.php?chapid=6978&bookid=56&catid=15 for the color version of the figure.

pathways.>**” The relevant GTPase molecules for nuclear envelope formation have not been
characterized.

A surprising second initiator of fusion is exogenous phosphatidylinositol (PI)-specific phos-
pholipase C (PI-PLC).?! A bacterial PI-PLC promotes fusion in the absence of added GTP or
in the presence of GTPyS (Fig. 14). Unlike mammalian PI-PLCs, this enzyme prefers
unphosphorylated PI and so does not produce inositol triphosphate, but instead D-mzy0-inositol
1,2-cyclic phosphate, which is then hydrolyzed to D-myo-inositol 1-phosphate.® However, as
is the case for eukaryotic PI-PLCs, diacylglycerol (DAG) is produced, leading to the suggestion
that MV1 might contain high concentrations of PI as a source of diacgl%lycerol. DAG is known
to destabilize artificial protein-free lipid bilayers leading to fusion.*****! Exogenous PI-PLC
does not lead to fusion when MV1 is removed from the system, suggesting that quantities in
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Figure 12. Electron micrographs of swollen sea urchin male pronucleus formed in vitro. A. Whole nucleus.
B. Close up of nuclear envelope showing double membrane and pores (arrows). Bar = 0.1 um. Reproduced
with permission from Collas and Poccia, Meth Cell Biol1998; 53: 417-452.

Figure 13. Fusion of MV fractions with LSs and each other. MV or LSs were labeled with DiO-Cg (green)
or Dil-Cyg (red). Purified MVs with S100 were added in various combinations to nuclei. Orange indicates
GTP-induced fusion from mixing of lipophilic dyes in the same membranes. A. Fusion of red MV1 with
green LSs. B. Lack of fusion of green LSs with red MV2a. C. Lack of fusion of green LSs with red MV2.
D. Fusion of green MV 1 with red MV2a. E. Lack of fusion of green MV1 with red MV 2. E Lack of fusion
of green MV2a. with red MV2p. G. Fusion of green MV1 with red MB2f in the presence of unlabelled
MV2a. Blue is Hoechst 33342 stained chromatin. Bar = 5 um. Reproduced with permission from Collas
and Poccia, ] Cell Sci 1996; 109:1275-1283. DPlease see http://www.curekah.com/
chapter.php?chapid=697&bookid=568&¢catid=15 for the color version of the figure.
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Figure 14. MV fusion is induced by a bacterial phosphatidyl inositol specific phospholipase C (PI-PLC).
A. ATP-dependent binding of MVs. B. GTP-dependent fusion. C. PI-PLC dependent MV fusion in the
absence of GTP. D. Swelling of complete nuclei treated as in C. E. Inhibition of PI-PLC fusion by the PI-
PLCinhibitor 1-O-octadecyl-2-O-methyl-sn-glycero-3-phosphorylcholine. (ET-18-OCHj3). E GTP induced
fusion is not inhibited by ET-18-OCH3. MVs labeled with DiO-Cg. Reproduced with permission from
Larijani et al, Biochem J. 2001; 356:495-501. Please see http://www.curekah.com/
chapter.php?chapid=697&bookid=568&¢catid=15 for the color version of the figure.
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excess of the 5-10% PI typical of most cellular membranes are required to produce fusion by
this mechanism.> The physiological relevance of this inducer of fusion remains to be established.

GTP however initiates significant amounts of fusion in MV1-depleted fractions, presum-
ably by MV2a homotypic fusion. This and GTP-initiated fusion of unfractionated MVs are
subject to blocking by the phosphatidylinositol 3 kinase (PI-3 kinase) inhibitors wortmannin
and LY 294002 near their ICsg’s, suggesting a role for PI phosphorylated in the 3 position of
the inositol ring.?' The roles of different phosphorylated Pls containing phosphates at the 3
position (i.e., PI-3 P; PI-3,4 Py; PI-3,4,5 P3) are not known, nor is their relative abundance in
the cell-free system.

Completion of Male Pronuclear Envelope Formation

The nuclear envelope that forms immediately following fusion in vitro is devoid of lamins
but contains lamin B receptor (Fig. 15).%2 The nuclei remain as spheres of 4 um in diameter
until provided with additional ATP. The ATP leads to import of lamins from the cytosol, and
further membrane fusions as the nucleus almost doubles in diameter.!® The swollen nuclei
contain lamins in association with the lamin B receptor, and if B-type lamin uptake is blocked
(by immunodepletion or inhibiting pore function) the nuclei fail to swell, raising the possibil-
ity that lamin polymerization might drive swelling of the nucleus."®

Comparison with Other Systems and Speculations

Novel aspects of the sea urchin system discussed above include: 1) LSs, remnants of the
sperm nuclear envelope exhibiting detergent-resistance and serving as required sites of egg MV
binding to chromatin, 2) multiple MV fractions contributing uniquely and in an ordered
fashion to the nuclear envelope, 3) a membrane vesicle subfraction MV1 highly enriched in
phosphatidylinositol and required for PI-PLC-induced fusion, and 4) a role for PI-3 kinase in
GTP-induced nuclear envelope formation. Below we discuss each of these in turn.

LS s in Other Cell Types

LS regions serve as required binding sites for egg cytoplasmic MVs and their lipophilic
materials are incorporated into the nuclear envelope upon fusion. In the sea urchin, two LSs
are needed for a complete nuclear envelope and they define opposite poles of the nucleus. One
of these poles is the region of the centriolar fossa whose centrosome serves to organize an astral
array of microtubules during male pronuclear migration. The monopolar sperm aster contrasts
with the bipolar LSs. In vivo, egg cytoplasmic endoplasmic reticulum derivatives are organized
as a spherical halo around the male pronucleus during its migration.”® Given the geometry of
the LSs vs. the centrosome, and the typical continuity of the outer nuclear membrane with the
endoplasmic reticulum, it is possible that LSs have a role in cytoplasmic membrane reorganization
different from that of microtubules.

LSs are not restricted to sea urchins, but can be demonstrated in sperm of vertebrates in-
cluding fish, frogs, rabbits, foxes, bulls and mice (Fig. 16).%> They appear as one or two regions
of detergent-resistant lipophilic material, one of which is always associated with the implanta-
tion fossa (centriolar fossa). Vertebrate LSs can bind echinoderm or mammalian MVs and
echinoderm LSs can bind mammalian MVs. Although binding is not species-specific, mem-
brane fusion induced by GTP hydrolysis is. This suggests that common mechanisms might act
to initiate male pronuclear envelopes in a variety of species, but that some elements of the
fusion machinery may differ.

It is not known if detergent-resistant membrane fractions initiating MV binding are typical
of mitotic somatic chromosomes, but polarization of envelope formation has been observed in
many cell types. For example, nuclear envelope formation in HeLa cells appears to derive from
ER, initiating at the chromosomal regions away from the spindle-chromosome fibers and pro-
ceeding towards the kinetochores.®® In rat epithelial cells, envelope formation was also ob-
served to initiate at the region away from the fibers in continuity with the ER, and to complete
near the kinetochores.** Although these observations are also consistent with the spindle fibers
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Figure 15. Independent recruitment of lamin B and lamin B receptor during nuclear envelope formation
invitro. A. Immunofluorescence of nuclei with bound MVs, fused MVs forming a nuclear envelope, swollen
nuclei (NE) and S150 control (no membranes). B. Immunoblots corresponding to time points shown in
A. Insets show blue Hoechst 33342 staining, same fields reduced. Lamin B is absent from initial
nuclear envelopes but is imported and required for swelling. Reproduced with permission from
Collas and Poccia, J Cell Biol 1996; 135:1715-1725. Please see http://www.curekah.com/
chapter.php?chapid=697&bookid=56&¢catid=15 for the color version of the figure.

sterically hindering approach of M Vs, they are also consistent with a spatially ordered assembly
of vesicles. In this regard, binding of nuclear envelope components in certain cell types appears
to begin at discrete sites associated with individual chromosomes.*>*4

Cultured mitotic cells contain vesicles differing in protein markers of inner membrane and
pores differentially assembled at mitosis.* An LBR containing vesicle fraction from mamma-
lian or avian cells is required for binding to chromosomes.?” Non-uniform binding of LBR to
mitotic chromosomes (resembling Q or G banding patterns) suggests receptors for LBR may
be non-uniformly distributed on chromosomes.*’ The chromosomal caps or initial regions of
binding may contain lamins, pore complexes, nuclear membrane proteins and heterochroma-
tin protein 1 (see ref. 48 for discussion).

Early embryos may exhibit more atypical or accelerated patterns of nuclear envelope forma-
tion required by the rapid replication cycles of these cells. In some cells, individual chromo-
somes become fully surrounded by membranes forming karyomeres prior to fusion of each of
these to form the nuclear envelope encircling the chromosomal set, 952 6365 po example, in
sea urchin blastomeres, individual telophase chromosomes have well developed attached nuclear
envelopes that appear to subsequently fuse.”! Karyomeres can function as mini-nuclei, repli-
cating independently.*® In such cases, it is imperative to ensure that all chromosomes are in-
cluded in the new nucleus, but how this is regulated is not known. In Drosophila embryos, NE
breakdown during mitosis is incomplete, and only the region where the spindle fibers attach
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Figure 16. Binding of LSs to MVs is conserved from echinoderms to mammals. Various sperm nuclei were
demembranated with 0.1% TX-100 and their LSs were labeled green with DiO-Cg. They were
incubated in sea urchin egg cytoplasm whose membrane vesicles were labeled red with Dil-Cis.
Binding of membranes was followed at successive times of incubation. Reproduced with permission
from Collas and Poccia, Eur J Cell Biol 1996; 71:22-32. Please see http://www.eurekah.com/
chapter.php?chapid=697&bookid=568&catid=15 for the color version of the figure.
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breaks down.>* This differential nuclear envelope breakdown is reminiscent of sea urchin sperm
nuclear envelope breakdown, though more membrane is retained in the former case.

In any event, mechanisms involving nuclear envelope organizing centers associated with
individual chromosomes might be typical of most or all somatic cells. LSs could ensure that all
chromosomes become enclosed in an envelope, ready for incorporation into the full diploid
nucleus, which would prevent aneuploidy. The distribution of LSs in one or two regions of
various sperm nuclei might be explained if such sites on individual chromosomes were clus-
tered together durin§ spermatogenesis as are, for example, telomeres or centromeres in
mammalian sperm.’

Multiple MV Fractions

Studies from several groups on assembly of nuclear envelopes in amphibian egg extracts
have also shown that multiple MV with distinct markers and ordered timing of chromosomal
binding contribute to the nuclear envelope. The major precursor vesicle gopulation for the
male pronuclear envelope in Xenopus is enriched in an ER marker enzyme.’* Differential tim-
ing of assembly of two distinct membrane populations containing different markers of ER/
outer nuclear membrane and inner nuclear membrane proteins leads to nuclear envelope as-
sembly in Xenopus eggs and cultured cells.”® Other studies show that two vesicle populations
are necessary for the assembly of normal sized nuclei. One contains chromatin targeting mol-
ecules and membrane fusion machinery and the other contains chromatin targeting molecules
and a molecule necessary for nuclear pore complex assembly. The first assembles a minimal
nuclear membrane, and the second is needed for assembly of nuclear pore complexes and
swelling.”®>7 Although the relationship between the MV reported by these groups and the sea
urchin M Vs is not clear, in all cases assembly seems to require more than a single homogeneous
population of precursor vesicles, ordered timing of membrane binding to chromatin, and a
segregation of some element of the fusion machinery similar to the sea urchin system.

PI-Containing Membrane Vesicles and PI-PLC Induction of Nuclear

Envelope Formation

A possible role of PI-rich MV1 is to provide a large source of DAG after hydrolysis. We are
not aware of any reports of naturally occurring membranes with such high levels of PI as sea
urchin egg MV1. Consistent with experiments showing that MV1 is needed for PI-PLC in-
duced nuclear envelope formation, several in vitro studies indicate that large unilammellar
vesicles in which diacylglycerol is groduced by the action of phospholipase C (PI- or PC-
specific) lead to membrane fusion >*40:41

PI derivatives have been reported to have a role in fusion of endosomes and secretory
granules.’® > PIs phosphorylated in the 3, 4 and 5 positions have been implicated in various
steps of endocytosis (reviewed in ref. 60). But it is still not clear which if any phosphorylated
derivatives of the PIin MV1 is produced in vitro or whether nuclear envelope formation by PI-
PLC in vitro is an artifact of non-physiological levels of the enzyme.

Role of PI-3K in Nuclear Envelope Formation

The wortmannin and LY 294002 sensitivity of GTP-induced fusion of MVs in forming a
nuclear envelope implicates a PI-3 kinase activity in this event. Three classes of PI-3 kinases are
known:®! Class I which functions predominantly in tyrosine kinase surface receptor activated
signalling pathways, Class II of unknown function and Class III which is involved in vacuolar
protein sorting in yeast and lysosomal sorting and endosomal fusion reactions in mammals.
The latter may hint at a possible reason for the sea urchin PI-3 kinase requirement for fusion.
In the endosomal };athway, PI-3 P serves to recruit the small GTPase Rab5 and a protein EEA1
to the membrane.®” These proteins are potent effectors of membrane fusion and similar mol-
ecules might have a role in nuclear envelope formation.
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Highly curved small unilamellar vesicles containing PI are enhanced substrates for PI-3
kinase.%? This offers a possible mechanism for recruitment of the enzyme to regions of high
curvature such as “stalks”, hypothesized to be intermediates in membrane fusion. In such a
scenario, clustering of PI might stimulate local PI-3 P formation and assemble fusion machin-
ery at the correct sites.

Issues for Future Investigation

Observations on nuclear envelope formation in sea urchin egg cytoplasmic extracts raise
new issues concerning nuclear envelope formation and suggest several possible avenues for
further investigations. What if any compositional or physical characteristics do lipophilic
structures have in common with rafts and other DRGs? Is initiation of binding of membrane
precursors to the nuclear envelope orchestrated by similar membranous elements in somatic
cells? Do LSs have a role in organization of cytoplasmic membranes or insuring against aneup-
loidy? Do MVs enriched in PI contribute to somatic nuclear envelope formation? Are there
classes of MVs which catalyze or confer directionality on fusion reactions? What are the mini-
mum lipid and protein requirements for nuclear envelope precursor vesicles? Does production
of high levels of DAG promote fusion of nuclear envelope precursor vesicles? Does PI-3 P serve
to assemble parts of the fusion machinery for nuclear envelope formation as it does for endosomal
vesicles? Is there a Rab protein unique to the nuclear envelope pathway?

Use of cell-free systems, mutated recombinant proteins and reconstitution of minimal vesicle
populations of defined lipid compositions should lead to a deeper understanding of the assem-
bly of membranes delimiting the nucleus.
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CHAPTER 10

Nuclear Envelope Dynamics in Drosophila
Pronuclear Formation and in Embryos

Mariana F. Wolfner
’ I Yhe essential role of the nuclear envelope in basic cellular events such as DNA replication,

nuclear organization, gene expression and the cell cycle is well known in many organisms.

Recently it has become clear that the nudlear envelope plays an important role in development
and in particular cell types (e.g., 1-4). The stages surrounding the formation of pronuclei in
fertilized eggs involve dramatic changes in nuclear envelope composition, organization and
function, making them of particular interest for investigating nuclear envelope dynamics.
Knowing the basis of the changes in nuclear envelopes as one goes from gamete to differentiating
embryo is instructive both to our understanding of nuclear assembly/disassembly and func-
tion, and to our understanding of this critical developmental stage. This article focuses on
pronuclear and embryo nuclear envelope formation and function in Drosophila melanogaster. 1
will first describe the overall dynamics and composition of Drosophila nuclear envelopes, and
then their developmental dynamics in the stages surrounding pronuclear formation and early
embryonic development.

Drosophila Nuclear Envelopes

Composition

As in other animals, the nuclear envelope in Drosophila has three basic sub-parts: the nuclear
membranes, a lamina just beneath the membrane layer, and nuclear pores that rivet the nuclear
membranes and permit nucleo-cytoplasmic transport.

There are two nuclear membranes, each a lipid bilayer containing characteristic proteins.
The outer nuclear membrane is continuous with the endoplasmic reticulum. The inner nuclear
membrane contains proteins that can associate with lamin and/or chromatin. The Drosophila
genome predicts genes for relatives of several proteins known to be in the inner membranes of
vertebrates or nematodes. These include otefin, a LEM protein,s’7 which has been shown to be
a constituent of the Drosophila inner nuclear membrane, and predicted counterparts of two
other LEM proteins (emerin and MAN-1) as well as nurim, the lamin B receptor (LBR), and
unc-84 (see ref. 7); we still await reports of the subcellular localization of these predicted pro-
teins.

The Drosophila nuclear lamina contains proteins related to those in other animal nuclear
laminas. In particular, its major constituent is intermediate-filament proteins of the lamin
family. As in most higher animals, Drosophila has lamins of two subtypes: A-type and B-type.
However, its suite of lamins is simpler than that in vertebrates. Drosophila has a single gene for
a B-type lamin called lamin Dmg.® Lamin Dmyg derivatives (called, collectively, lamin Dm,
below) are present in the nuclear envelopes of nearly all Drosgphila cells’* and, this protein is
essential for full viability."> Fertility of Droxol];/]ila females also demands sufficient levels of
lamin Dmy derivatives in the female germ line.’> The B-type lamin undergoes post-translational
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modifications, including phosphorylations that convert it from a soluble form (Dm ;) to nuclear
forms that can make polymeric fibers in the lamina (Dmy, Dm,.""1¢ Drosophila’s single A-type
lamin (“lamin C”, 7°19), analogous to the vertebrate situation, is found only in certain cell
types; in Drosophila these are a subset of differentiated cells. Drosophila nuclear laminas in early
embryos include at least one protein without a vertebrate counterpart—the Young Arrest
(“YA”) protein,"*” a novel hydrophilic nuclear lamina component that is essential for embry-
onic development to initiate (see below). Made only during oogenesis (though excluded from
nuclei at this time*""*%), YA is found only in the nuclei of young (cleavage stage) embryos;" 2
after this time it is not detected in any Drosophila cells, except for developing oocytes.

Drosophila nuclear envelopes also contain pore complexes whose components are relatives
of those of vertebrate nuclear pores:*® including nup154,%* gp210,%> a Tpr homologue,*®
myosin-like proteins?”*® and a predicted nup153 homologue with RNA binding activity.?’
Components of the nuclear import/export system, including importin family members and an
exportin homologue, have also been found in Drosophila (e.g., see refs. 30-39).

Cell Cycle Dynamics

In at least some, and possibly all, Drosophila cells, nuclear envelopes do not completely
break down during mitosis. This was first shown for cleavage stage Drosophila embryos, in an
elegant electron microscopy study;** subsequent investigators extended this finding by docu-
menting the behaviors of specific nuclear envelope, or envelope-associated, proteins during the
cell cycles in embryos. % The envelopes of interphase nuclei in embryos are continuous around
the nuclei. By prometaphase, the envelopes are seen to be open at the spindle poles. A second
membrane layer, paralleling the nuclear membranes and, like them, open at the spindle poles,
begins to form around the original nuclear envelope. Nuclear pores dissociate from the nuclear
membranes beginning in prophase.?’ In metaphase, the nuclear lamina largely dissociates:
most of its lamin Dm disappears from the nuclear periphery’ and YA also becomes undetect-
able at the nuclear periphery.! However, the fenestrated, double “spindle envelope” remains,
still open at the poles. Chromosomes segregate on the spindle within this envelope. At telo-
phase, lamin Dm, otefin and nuclear pore proteins begin to be detected in the nuclear enve-
lopes, and the second membrane layer disappears.>2%%° At the end of telophase in early em-
bryos, the YA protein becomes detectable at the nuclear periphery, suggesting that it assembles
into the nuclear envelope after lamin Dm.! These nuclear envelope dynamics may be charac-
teristic of all Drosophila nuclei: spindle envelopes of similar appearance to those reported by
Stafstrom and Stachelin®® have also been seen in spermatogenic cells®! and in cultured
Drosophila cells.*?

Developmental Changes in Nuclear Envelopes Around the Time

of Fertilization

Dramatic changes in nuclear envelopes occur around the time of fertilization in animals. At
these times, highly differentiated gametes, with unique nuclear structures, combine to form a
zygote. The gamete nuclei are converted to pronuclei that then participate in a special series of
events that generates the first zygotic nuclei of the embryo. In many animals, including Droso-
phila, the zygotic nuclei then go through a very rapid mitotic stage (cleavage), using maternal
proteins stored in the egg. When the maternal “dowry” has been depleted, the zygotic genome
takes control of cell division dynamics, and usually at about the same time the zygotic cells
begin to undertake differentiative pathways.

The next sections of this article follow these events in Drosophila. 1 briefly describe the
formation of gametes, pronuclei, zygotic nuclei, cleavage nuclei and nuclei committed to
differentiative pathways. I then focus on the composition and changes in nuclear envelopes
that accompany these events. If the roles of nuclear envelopes or their constituents are known,
these are included. As illustrated in the Figure, some nuclear envelope components are nearly
ubiquitous throughout these stages, others are present in, and essential for, the functions of
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particular nuclei, and still others appear or disappear when nuclei have certain character-
istics or fates.

Gamete Nuclei

Oocytes

The development of an oocyte begins with 4 mitotic divisions by the daughter of a germ line
stem cell (see ref. 43 for review); these divisions have incomplete cytokinesis. Fifteen of the cells
produced in these divisions (the “nurse cells”) then cease dividing. They endoreplicate their ge-
nomes and begin to synthesize RNAs and proteins that will be transferred to the oocyte to
provision it for subsequent embryo development. The 16 cell, the oocyte, initiates meiosis,
arresting in metaphase of meiosis I at the end of oogenesis. This arrest is maintained until the
oocyte is ovulated.* Ovulation activates the oocyte to complete meiosis; thou;gh meiotic progres-
sion occurs at the time of fertilization, it is independent of sperm penetration. ™4’ Meiosis I and,
immediately thereafter, meiosis II occur (for reviews see refs. 47-50). The process is extremely
rapid, taking as little as 17 min to complete. It occurs without cytokinesis, and results in the
presence of 4 haploid meiotic products in the activated egg.

Several nuclear envelope proteins have unique behaviors, or biochemical properties, in de-
veloping or activating oocytes. Oocyte nuclei (and nurse cell nuclei) initially have standard
nuclear envelope compositions, including lamin Dm,!! otefin®! and nup154.% By late oogen-
esis, the distribution of these proteins in the oocyte nucleus appears to be different from that in
typical nuclei (including the nurse cell nuclei): higher levels of lamin Dm and otefin are de-
tected within the oocyte nucleus (relative to levels at its periphery) than in other cell types.!"!
Whether this reflects a difference in nuclear structure, leading to a greater accessibility of inter-
nal lamin Dm to staining or is due to a redistribution of lamin Dm at this stage is not known.
In late-stage oocytes, there is also a soluble form of lamin Dm, that remains detectable until the
end of the maternally-driven cleavage-cycle phase of embryonic development.!' This lamin
isoform, which is presumably the lamin Dm donated to the oocyte by the nurse cells and stored
for use in embryo mitosis, is thought to be the same as the mitotic isoform of lamin, Dmyy;,,
that is observed in tissue culture cells.!! Finally, the YA protein is detected in oocytes; this is the
first time it is found post-embryonically. However, this YA is in a highly phosphorylated form
that is excluded from the nuclei, apparently by associating with a cytoplasmic retention com-
plex 2122

At the very end of oogenesis, the metaphase-arrested nucleus of the oocyte appears to
disassemble: lamin Dm and otefin become undetectable at the oocyte's nuclear periphery,
though the precise structure of any remaining nuclear envelope is not known.'"*! The dynam-
ics of the nuclear envelope during the rapid meiotic divisions that follow are also unknown.
The interphase between meiosis I and meiosis II is extremely short and hard to “catch”, and
there may be no typical interphase at all. In preliminary experiments we have been unable to
detect assembly of a nuclear lamina around the meiotic nuclei during the time between telo-
phase of meiosis I and metaphase of meiosis I1.>

The nuclear envelope plays important roles in oogenesis. Females homozygous for a partial
loss-of-function allele of the lamin Dmy gene are sterile, indicating the essential function of
this lamin in oogenesis."” At least part of the function of lamin Dm may relate to its role in
polarity generation in the oocyte. In normal oocytes, the nucleus is located at the anterior end
of the cell, and is closer to one side of the oocyte (see ref. 53 for review). That side is fated to
become the dorsal side of the egg and embryo. mRNA from the gurken (grk) gene (a TGF-alpha
family member) accumulates near the oocyte nucleus (see ref. 53 for review). This results in
higher levels of GRK protein in the vicinity of the oocyte nucleus, which in turn activates a
signaling system that confers a dorsal identity on the side of the oocyte nearest the nucleus. In
oocytes carrying misguided mutations of the lamin Dmg gene, grk RNA is mis-localized, and
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Figure 1. Nuclear envelope components in the nuclear periphery of gametes, pronuclei and early Drosophila
embryos. Theupper panel shows the dynamics of the nuclear cycles between gametogenesis and mid-gastrulation.
DNA of the oocyte nucleus and female pronucleus (upper of the two nuclei in the Gonomery panel) is shown
in red. DNA of the sperm nucleus and male pronucleus (lower of the two nuclei in the Gonomery panel) is
in blue at http://www.eurekah.com/chapter.php?chapid=7118&bookid=568&catid=15. Nuclei in the cleavage,
Stage 3 and Stage 12 panels are zygotic nuclei. Their DNA is shown in purple at http://www.eurekah.com/
chapter.php?chapid=7118&bookid=56&catid=15. I = interphase, M = mitotic metaphase. The nuclear en-
velopes of gametogenic cells, oocytes and cleavage stage nuclei in interphase are shown as single black lines.
Spindle envelopes (metaphase of the gonomeric and cleavage divisions) are shown as double black lines; the
inner ones represent the nuclear membranes and the outer ones represent the additional membrane layer
that forms at this stage. Below the drawings are listed the proteins or complexes known to be present in
nuclear envelopes at the indicated stages (see references in the text; “nups” refers to nuclear pores and to the
pore-associated antigen Bx34 [see ref. 26]): V = detectable, — = not detectable, n.k. = not known. Stage 3
= the cleavage stage at which pole cells form (-1.5 hr of development). Stage 12 = the germ band retraction
stage during gastrulation, at which lamin C is first detected (-10 hr of development).

the oocyte’s dorsoventral polarity is consequently disrupted.54 Thus, the nuclear envelope con-
tributes to proper positioning of dorsoventral determinants in the developing oocyte.

Sperm

The development of sperm begins with mitotic divisions by the daughter of a stem cell in
the male germline (see ref. 55 for review). After 4 mitotic divisions with incomplete cytokine-
sis, the nuclei undertake meiosis. After meiosis has completed, spermiogenesis occurs. During
this process, the sperm nucleus becomes elongated and bounded by microtubules and the
sperm itself elongates and loses most of its cytoplasm.

There are dramatic changes in the nuclear envelope of spermatogenic cells during this pro-
cess. The nuclei in the cells undergoing mitosis have nuclear envelopes that contain lamin
Dm,'**® otefin’! and nup154,>4 and can accommodate YA if it is ectopically expressed in these
cells.”® The distribution of other nuclear envelope components in spermatogenic cells has not
been reported. The nuclear envelopes of spermatogenic cells have spindle envelopes, and cell
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cycle dynamics of the type described above.*! During spermiogenesis, when the sperm nucleus’
shape changes, the composition of its nuclear envelope also changes. All detectable nuclear
envelope antigens tested (lamin Dm, otefin, and, upon ectopic expression, YA'>>1%) become
undetectable around the sperm nuclei. Membranes are reported to remain around the sperm
nucleus at least until late in this stage. The nucleus of a mature Drosophila sperm either does
not have a nuclear envelope or is bounded by an atypical envelope whose protein components
are not cross-reactive with any somatic nuclear envelope protein tested thus far.

Pronuclei

Female

After the oocyte nucleus has completed meiosis, nuclear envelopes form around the four
female meiotic products. All four meiotic products are within the egg cytoplasm and are
indistinguishable in terms of nuclear envelope antigens at this time, even though their fates will
be different. The haploid nucleus closest to the center of the egg will usually become the female
pronucleus and contribute to the embryo’s genome. The other three meiotic products will
migrate to the egg periphery, where these “polar bodies” will enter a metaphase-like state but
then degenerate (see ref. 48 for review).

The envelopes of the four products of oocyte meiosis contain lamin Dm and the YA pro-
tein. The presence of lamin Dm in the envelopes of these nuclei likely is simply a reflection of
the return to standard nuclear envelope structure. YA’s presence in the envelopes of the
post-meiotic nuclei marks, however, the initial appearance of this protein at the nuclear periph-
ery—YA was produced, but excluded from nuclei, during oogenesis.*! YA’s phosphorylation
level drops during egg activation.”! We hypothesize that this releases YA from a cytoplasmic
retentiorzlzcomplex, and allows it to enter nuclei for the first time when nuclei form after
meiosis.

Male

If the egg is penetrated by a sperm, the sperm's nucleus will have to be converted to a male
pronucleus in order to participate in development. As in systems that are presently better
characterized (e.g., see refs. 57,58 for review), the sperm nucleus' chromatin must decondense
(presumably involving replacement of some of its chromatin-packaging proteins with proteins
available in the egg), change shape,13 14 and acquire a new nuclear envelope made from
maternally-provided constituents including lamin Dm and YA." Since the entire Drosophila
sperm enters the egg, still bounded by its plasma membrane,*” the first step in converting the
sperm nucleus to a male pronucleus is removal of the sperm’s plasma membrane. The product
of the sneaky (snky) gene appears to be necessary for this membrane removal; evidence suggests
that sperm from males mutant in snky fail to demembranate when they enter eggs.?" In eggs
fertilized by snky sperm, the sperm nucleus fails to decondense, change shape or migrate, and it
does not become surrounded by lamin Dm or YA.!3¢0

Once the sperm nucleus has been exposed to the cytoplasm of the fertilized egg, it begins to
swell and decondense its DNA. Partway through the decondensation process, the sperm nucleus
acquires an envelope made from components present in the egg.'>1*®! Analysis of subsequent
steps in Drosophila male pronuclear formation have been most informed by genetic analysis,
since existing in vitro nuclear assembly systems®>®* have not been ideal for detailed examina-
tion of nuclear assembly: these systems are too inefficient, perhaps because they are made from
embryos at mixed stages of the cell cycle.63 The in vitro assembly systems have, however, been
useful for identifying chromatin decondensation factors that may act in pronuclear formation.*>¢°

Phenotypic analysis of mutants in the maternal-effect gene sésame (ssm)'* suggest that Droso-
phila male pronuclear formation follows the paradigm elegantly established in sea urchins, in
which decondensation of the sperm nucleus occurs in two phases: an initial decondensation
independent of acquisition of a new nuclear envelope, and a later decondensation dependent
on a nuclear envelope derived from maternal components (see refs. 57, 58, 67, 68 for review).
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In eggs lacking functional ss7 gene product, sperm nuclei decondense only partially. The par-
tially decondensed sperm nuclei have acquired nuclear envelopes that include lamin Dm and
YA (provided by the egg).'* The phenotype of the sperm nuclei in ss7 embryos suggests that
ssm may encode a maternal factor needed for the second, nuclear envelope-dependent, phase of
male pronuclear formation. The molecular nature of the ss72 gene product has not yet been
reported.

Combining the Pronuclear Genomes

Once the sperm nucleus has acquired a maternally-provided nuclear envelope,
microtubules from its associated centriole capture one of the female meiotic products (the
female pronucleus). The female and male pronuclei, each bounded by a lamin Dm- and
YA-containing nuclear envelope, migrate into the anterior/center of the embryo and become
closely apposed, but do not fuse (1, 61, 69; see ref. 48 for review). The apposed pronuclei then
initiate the first cell cycle of the early embryo. Pronuclear DNA replicates. A single spindle
forms, using centrosomes that derived from a centriole donated by the sperm. A metaphase
occurs, with the maternal chromosomes remain on one side of the spindle and the paternal
ones on the other. The two chromosome complements then undergo anaphase, in coordina-
tion but again each on their own side of the spindle."®""® These characteristics lead to the
designation of this division as “gonomeric”. In late telophase of the gonomeric division, the
parental chromosome complements finally mix; thus the first zygotic nuclei form at the end of
the first cell cycle. Two independent lines of evidence confirm the light-microscopy determina-
tion of gonomery. In eggs of normal females fertilized by sperm from Wolbachia-infected male
flies, development arrests soon after fertilization.”””! Many such zygotes show abnormalities
during the gonomeric division. Their male-derived chromosomes are abnormally condensed
and confined to one side of the gonomeric spindle; the maternal genome segregates, as normal,
on the other side of the spindle.”? The phenotype of the ss7 mutant also shows that maternal
and paternal chromosomes segregate separately during the gonomeric division. In fertilized
ssm eggs, one side of the spindle is occupied by condensed male chromatin that cannot partici-
pate in the division, but maternally-derived chromatids still segregate as normal on the other
side of the spindle.'*

In these developmental events as well, the nuclear envelope and its components play impor-
tant roles. Function of the YA protein is essential for the nuclei to enter the gonomeric cell
cycle. In the absence of YA function, the apposed pronuclei appear to arrest prior to S phase of
this cell cycle’’>7# Our data lead us to hypothesize that YA function is necessary for nuclei to
pass a checkpoint that monitors completion of meiosis and creation of mitotically-competent
nuclei. YA is capable of binding to chromatin, via interaction with DNA and histone H2B,%3”>
and also interacts with lamin Dmg.”® We hypothesize that its function is to confer a
mitotically-competent state on nuclei.”* Another nuclear envelope-related protein whose func-
tion is apparent at this early time in development is Ketel, a Drosophila homologue of
importin-B.>* Ketel protein is made during oo;enesis and placed into eggs; it continues to be
made from the zygotic genome in embryos.>* Embryos lacking maternal Ketel product, or
embryos produced by females carrying apparent dominant-negative Ketel mutations arrest
development during the gonomeric cell cycle, with nuclei that appear abnormal. The arrest
phenotype of these embryos indicates that Ketel is required for proper nuclear assembly following
mitosis.**?> The mechanism by which Ketel exerts this function is not known. The
simplest possible model—that Ketel mutations prevent all nuclear import and hence assembly
of nuclei with proper nuclear envelopes—is ruled out since at least one substrate
(cNLS-phycoerythrin) can enter nuclei in the mutant embryos. This suggests that Ketel has
either a unique function specific to nuclear assembly at the end of mitosis’”’® or that the
import of at least one molecule essential for nuclear assembly is completely dependent on
Ketel, with no alternative pathway available for its import.>*3>
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The nuclear envelope also confers the “gonomeric” character on this first cell cycle. Immuno-
fluorescence studies showed that the separation of the parental genomes during the gonomeric
division is due to the presence of a spindle envelope around each of the pronuclei.®! The spindle
envelopes, open at the poles, allow microtubules of the single spindle to penetrate, but keep the
parental chromosome separate until they reach the spindle poles late in telophase.®!

Cleavage Nuclei

The gonomeric division is followed by 12 very rapid mitotic divisions (reviewed in ref. 48),
leading to several thousand nuclei. These divisions occur within a syncytium, are roughly
synchronous, and are driven by maternal products that were stored in the egg during oogenesis.
After about 7 nuclear cycles (including the gonomeric division) the nuclei begin to migrate to
the periphery of the egg, forming a “syncytial blastoderm” (see ref. 48 for review). Towards the
end of the syncytial phase of development, the division cycles slow from ~9 min to ~21 min, as
maternal products are depleted. In the final cleavage cell cycle, the maternally-provided mRNA
for string (stg), which encodes a cdc25-family phosphatase, is degraded. Further progress through
mitotic cycles requires transcrignion of stg from the zygotic genome, and accumulation of STG
protein to sufficient levels.”8! At this time also, membranes grow down into the egg, separat-
ing each nucleus into its own cell (initiating the cellular blastoderm stage). In such cellularized
embryos, mitotic cycles become more independent, losing the synchrony seen in syncytial
blastoderm embryos; however nuclei of cells with similar fate often share similar cell division
behaviors (mitotic domains; see ref. 82).

During the pre-cellularization nuclear division cycles, nuclear envelopes show typical Droso-
phila nuclear envelope dynamics,’ involving cyclic loss, and then restoration of nuclear pores
and their associated proteins, otefin and lamin Dm (in telophase),1’5’26’40 YA (later in telo-
phase)," and presence of fenestrated membranes and a spindle envelope during mitosis. Lamin
Dmg derivatives show changes in phosphorylation status that are thought to
correspond to the appearance of nuclear, polymerized forms (Dm1, Dm?2) in addition to the
soluble form (thought to be Dmy,;) that was already present in early ernbryos.11

The nuclear envelope has several essential developmental functions during the cleavage
stages. First, the timing of nuclear envelope reassembly plays an important role in cell cycle
dynamics at this stage. A checkpoint, identified through the phenotype of the grapes (grp)
mutation, involves the role of the nuclear envelope.®*** grp mutants arrest because their nuclei
undertake cell cycles with improperly condensed chromatin. Careful examination of the dy-
namics of a variety of nuclear structures in grp vs. normal embryos in the presence and absence
of aphidicolin, indicated that the defect in grp embryos results in premature breakdown of
nuclear envelopes in those embryos. This premature breakdown occurs before the
chromosomes are fully condensed or fully replicated, resulting in abnormal chromosome
behaviors during mitosis.** The GRP protein is normally located in nuclei, but is released
when nuclear envelopes break down; it is suggested to be part of a checkpoint that prevents
nuclear envelope breakdown until S-phase is completed,® also allowing for attainment of the
proper condensation state by chromosomes. A second role for the nuclear envelope is su%gested
by the tight parallel of lamin's, and its position and dynamics to those of mitotic spindles.® It was
proposed that the nuclear lamina might play a role in facilitating spindle formation or dynamics
during mitosis.®* A third role for the nuclear envelope is more indirect, in the generation of some
embryo polarities during this developmental stage. This role results from the nuclear envelope
acting as a barrier that separates nuclear contents from the cytoplasm: dorsoventral polarity, for
example, is controlled by the regulated access of the DL transcription factor to the nuclear
interior. On the dorsal side of the embryo, a cytoplasmic complex keeps DL out of nuclei,
causing them to take on a dorsal fate (e.g., see ref. 86 for review). Disruption of this complex
on the ventral side of the embryo due to a signaling pathway (e.g., see ref. 87 for review) allows
DL to enter nuclei on this side, conferring on them a ventral fate. Though roles, if any, for
specific nuclear envelope proteins in the regulation of dorsoventral polarity are not known, this
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example serves to illustrate the critical role of a functional nuclear envelope in developmental
choices.

Nuclei of Differentiating Cells in Embryos

The first overt differentiative change in the embryo is detected in the behavior of -8 nuclei
in an otherwise cleavage-stage embryo. During cycle 9 (counting the gonomeric division) these
most posterior nuclei of the embryo bud out into individual cells. These “pole cells” are fated to
form the germ line. Their divisional timing differs from the synchronous syncytial divisions of
the remaining somatic nuclei in the embryo. The nuclear pores of pole cell nuclear envelopes
acquire an associated protein that is the product of the germcellless (gcl) gene.5® Function of
gel is essential for pole cell nuclei to take on a germ cell fate. g/ is also expressed at other times
in development, but its function at those times is not known. A vertebrate counterpart of ge/
has recently been reported to be involved in regulating transcription,”® suggesting that modu-
lation of transcription by GCL protein in pole cells may be important in specifying their fate.

Other nuclei and cells in Drosophila embryos only show signs of commitment to a differen-
tiated fate after the cellular blastoderm stage. As nuclei take on differentiated fates, the compo-
sition of their envelopes change from that of cleavage nuclei: YA protein disappears’*® by the
end of the blastoderm stage and later, during gastrulation, lamin C becomes detectable in
nuclear envelopes of differentiated cells (initially in the nuclear envelopes of cells that will
become oenocytes, hindgut and posterior spiracle, and later in additional cell types').

The nuclear envelope is again seen to play important roles in the differentiative stages. For
example, misguided mutant alleles of the lamin Dmj gene have a phenotype in differentiating
cells: these mutations specifically disrupt the branching growth of trachae that occurs late in
embryogenesis. The aberrant growth and targeting by the tracheal branches suggests that
lamin Dm plays a role in cell polarity.

Conclusion

Nuclear envelopes undergo dramatic changes in composition and dynamics during the
developmental transition from gametes to differentiating embryos. These changes include
modification and partial dissolution in gametogenesis, complete re-formation from maternal
components in early embryos, and modulation of composition during embryogenesis as nuclei
take on differentiation competence. In Drosophila, we now know much about the dynamics
and functions of nuclear envelopes at these critical times, and several of the likely important
molecular players. Continued exploitation of the genetics, genomics and molecular develop-
mental biology in this model system will provide a detailed picture of the mechanism by which
pronuclear envelopes form, break down, and regulate the start of development.
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CHAPTER 11

The Distribution of Emerin
and Lamins in X-Linked Emery-Dreifuss
Muscular Dystrophy

G. E. Morris, S. Manilal, I. Holt, D. Tunnah, L. Clements, F.L. Wilkinson,
C.A. Sewry and Nguyen thi Man

Introduction
asic research into nuclear structure and function received a significant boost with the
B discovery in 1996 that an X-linked human %enetic disease is caused by absence of a
novel nuclear membrane protein, emerin."* When it emerged in 1999 that an
autosomal-dominant form of this disease is caused by mutations in lamin A/C,? a well-known
component of the nuclear lamina, interest was stimulated yet further among the large body of
researchers concerned with nuclear structure in general and the lamma in particular.

Demonstration of a direct interaction between emerin and lamin A% confirmed the implica-
tion that both forms of Emery-Dreifuss muscular dystrophy (EDMD) are likely caused by loss
of function of an emerin-lamin A/C complex, though this function remains unknown at the
present time.

Emerin is a member of a small, but growing, family of integral nuclear membrane proteins
that interact with the nuclear lamina. They attach to the inner nuclear membrane through a
short hydrophobic transmembrane sequence and project into the nucleoplasm where they bind
to lamins and chromatin (Fig. 1). The most studied member of this family is LAP2
(lamina-associated protein 2p), one of three splicing isoforms from the LAP2 gene.” Other
family members in higher organisms include LAP1(see ref. 6), MAN1 (with two transmem—
brane sequences) and lamin B receptor (LBR, with seven transmembrane sequences) Nurim
may also be considered a member of this family though it consists of little other than five
transmembrane domains.? Distinct, though related, inner nuclear membrane proteins in droso-

phila melanogaster (otefin) and c. elegans (UNC84) have been reviewed by Gruenbaum et al.'

A Brief History of EDMD

Emery-Dreifuss muscular dystrophy (EDMD) was first described in 1966 in a large family
in Virginia with eight affected males.'" Although the age of onset is similar to Duchenne/
Becker MD, EDMD has little else in common with these diseases. In particular, there is no calf
hypertrophy in EDMD, little elevation of serum creatine kinase and no intellectual impair-
ment.'? Tt was not until 1986, however, that location of the EDMD gene to the Xq28 re-
glon13 14 conﬁrmed that the affected gene was dlstmct from Duchenne/Becker at Xp21. The
name “emerin” was coined by Toniolo and coworkers'® who identified the gene by positional
cloning in 1994. The distinctive features of EDMD are (a) preferential weakness/wasting of

muscles in the upper arm, shoulders and lower leg, (b) early appearance of stiffness
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Figure 1. Integral proteins of the inner nuclear membrane and interacting partners of the nuclear lamina
and chromatin.

(“contractures”) at the ankles, elbows and/or neck, and (c) very frequent cardiac conduction
defects requiring insertion of a cardiac pacemaker.'? Distinctive as these features now seem,
when we consider the phenotypic variability of many neuromuscular disorders and the adept-
ness of many clinicians at fitting square pegs into round holes, it is a tribute to Alan Emery that
EDMD was classified as a separate disorder so early.

The vast majority of emerin mutations in X-EDMD cause loss of the C-terminal trans-
membrane region and consequent absence of emerin (because truncated forms are unstable).'®
Such mutations include deletions of the entire emerin gene, partial deletions that remove the
transmembrane-encoding DNA, smaller deletions that cause frameshifting and nonsense mu-
tations causing early stop codons. Only 4 or 5 pathogenic missense or in-frame deletions are
known (Fig. 2), though these include the five amino-acid YEESY deletion of the original Em-
ery and Dreifuss (1966) X-EDMD family.

It once seemed that the autosomal dominant form of EDMD was clinically indistinguish-
able from the X-linked form, but it is now clear that lamin A/C missense mutations may cause
more severe cardiomyopathy, often requiring heart transplant, and also more variable symp-
toms than absence of emerin.'” The notion that lamin A/C mutations cause a variety of differ-
ent diseases is largely a result of this variability of symptomatic expression. Thus, lamin A/C
mutations appear to cause dilated cardiomyopathy with conduction defects (CMDI1A;
OMIM:115200) in families that do not display skeletal muscle problems,'® a limb-girdle mus-
cular dystrophy (LGMD1B; OMIM:159001) when muscle wasting is the main clinical fea-
ture'” and AD-EDMD when all features are present. It was first thought that cardiomyopathy
and EDMD were caused by mutations affecting different domains of the lamin A/C mol-
ecule,'® but studies with larger patient numbers have not supported this view.*’ A rare example
of autosomal-recessive EDMD, resulting from a consanguineous marriage, was found to be
due to a lamin A/C mutation (H222Y) that was asymptomatic in the parents who had only
one affected allele but produced a severe EDMD in the homozygote.?' In contrast, a rather
similar mutation (H222P) in a different family caused typical AD-EDMD in heterozygotes.?’
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Figure 2. Primary structure of emerin and mutations in X-linked Emery-Dreifuss muscular dystrophy. Most
mutations (over 95%) in X-EDMD are null mutations leading to complete deletion of early stop due to
nonsense mutations or frameshift deletions. There are only five missense mutations or small in-frame deletions.
Known functional domains of emerin are indicated. Each “P” represents a potential phosphorylation site.

Some variability is also observed in X-EDMD,?>%3 suggesting that lack of emerin and lamin A/
C mutations cause related defects at the nuclear rim but other factors, such as genetic back-
ground (modifying genes), may determine the clinical consequences for different families or
different individuals within a family. Involvement of other unidentified genes is emphasized by
the fact that Wehnert and coworkers have identified an AD-EDMD family that has no muta-
tions in either the lamin A/C gene or the emerin gene (M. Wehnert, personal communication).
Dunnigan-type familial partial lipodystrophy (FPLD; OMIM: 151660) is a fourth disease
caused by lamin A/C mutations and appears to be caused by a few specific amino-acid changes
in the tail region of lamin A/C.2* The principal clinical features of FPLD, insulin resistance,
redistribution of fat deposits and onset at puberty, are quite different from EDMD. Recently,
however, a patient with an R527P mutation in lamin A/C was found to display clinical features
of both FPLD and EDMD? whereas this mutation causes typical EDMD in other families.
One interpretation of this is that EDMD/CMD mutations and FPLD mutations affect differ-
ent functions. Some mutations, like R527P, may alter lamin A/C structure so that both func-
tions are affected (though only when genetic background permits). It has been suggested that
that the FPLD mutations may specifically alter lamin A/C interaction with SREBP-1¢, a tran-
scription factor that regulates adipogenesis and locates to the nuclear rim.>4

The Normal Distribution of Emerin and Lamins

The earliest work with anti-emerin antibodies showed that this protein is concentrated at
the nuclear rim." Emerin was proposed to be a type II integral protein of the inner nuclear
membrane bccause of its sequence and structural homology with a known nuclear membrane
protein, LAP2B When the emerin gene was first sequenced, an homology with thymopoietin
was noted,'® but the function of thymopoietin was not known at that time. It was not until the
publication of the rat LAP2 sequence by the Gerace laboratory® that the identity of LAP2f
and f- thymopmetm was first appreciated.® Biochemical and EM studies later confirmed the
orientation of emerin with most of the molecule projecting into the nucleoplasm from the
C-terminal transmembrane domain.”*®

The current hypothesis for targeting of inner nuclear membrane proteins is that the pro-
teins are first inserted via their transmembrane sequences into the endoplasmic reticulum sys-
tem (ER, which includes the Golgi and nuclear membranes). They then diffuse freely until
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they are trapped in the nuclear membrane by interactions of nucleoplasmic domains with, for
example, the nuclear lamina and/or chromatin. This has been demonstrated for emerin by
photobleaching studies.” Transfection studies with emerin fragments at first seemed inconsis-
tent with this view, since the transmembrane domain alone seemed capable of directing emerin
to the nuclear rim®’, but more recent studies suggest that the isolated transmembrane domain
locates throughout the ER system, as expected. 31 Early biochemical fractionation studies’
showed a small proportion of the emerin in rabbit brain in the microsomal ER fraction. This
may represent emerin in the ER not yet trapped at the nuclear rim, though this is not proven.
Lamins are not detected in this fraction and they, of course, are transported to the nucleus by a
different mechanism (through nuclear pores by their nuclear localization signal sequences).

Immunolocalization of emerin in the heart at first suggested its additional presence at inter-
calated discs which might explain the conduction defects;?® indeed, if emerin were also present
at the myotendinous junction, a related structure, this might also provide the basis for
contractures and muscle wasting. However, a subsequent study using fully-characterised anti-
bodies showed that rabbit antisera can stain intercalated discs nonspecifically and that both
affinity-purified rabbit antibodies and monoclonal anti-emerin antibodies stained only the
nuclear membrane and not discs in the heart.>* Interest in this hypothesis waned further with
the subsequent identification of the lamin A/C gene as responsible for the autosomal dominant
form of EDMD, since no-one has yet been bold enough to suggest that lamins have any func-
tion at intercalated discs. One study detected small amounts of over-expressed recombinant
emerin in the plasma membrane of cultured cells® where it is less mobile than in the ER, but
the significance of this has not yet been explored further.

What is responsible for trapping emerin at the nuclear rim as it diffuses through the ER?
Colocalization of emerin and lamin A/C in cells and tissues’>** suggested that the nuclear
lamina, below the inner nuclear membrane, might be involved and this was confirmed by the
lamin A/C knockout mouse.>* In the absence of lamin A/C, emerin remained to a large extent
in the ER. In some knockout mouse tissues, such as heart and muscle, loss of emerin from the
nucleus was incomplete, implying the presence of another trapping protein.* It seems unlikely
that this protein is a B-type lamin, although there is some evidence that an interaction between
emerin and lamin B may be possible in vitro.>> The normal distribution of B-type lamins is
altered in lamin A/C knockout mouse fibroblasts and LAP2, a known lamin B interactor,
follows the abnormal distribution pattern, but emerin does not.>* This is consistent with the
suggestion®” that an emerin-laminA system may be complementary to the LAP2-laminB sys-
tem, perhaps even acting as a backup for some functions. The interaction of emerin with
chromatin via BAF*® remains a possibility for the additional nuclear trapping mechanism,
though it is not clear why emerin should be retained in some knockout tissues and not in others.

The regions of emerin involved in nuclear targeting, lamin A/C interaction and chromatin
binding have all been mapped®”*"3® (Fig. 2). Removal of amino acids 107-175 (the
Tsuchiya-Ostlund sequence) from emerin prevents targeting to the nuclear membrane; a
C-terminal fragment containing this sequence (aa 107-254) targets normally.*>*! The first 170
aa of emerin (which includes the Tsuchiya-Ostlund sequence) targeted correctly when an arti-
ficial transmembrane sequence was attached, but the Tsuchiya-Ostlund sequence alone (aa
117-170) did not.?? This suggests that the LEM domain (aa 6-44) and its interaction with
chromatin via BAF contributes to normal emerin localization. The lamin A binding region of
emerin has recently been mapped to aa 70-164 minimum or 55-178 maximum, since muta-
tions at amino-acids 70 and 164 (and points between) prevented binding to lamin A while
mutations at amino-acids 54 and 179 did not®®. This lamin A binding sequence overlaps with
the Tsuchiya-Ostlund sequence for nuclear targeting, but there is a distinction in thataa 70-116
are evidently needed for lamin A binding but not for nuclear targeting. The logical extension of
this data is that nuclear targeting can occur without lamin A binding and that a third protein,
other than lamin A and BAF, may be implicated. Almost all potential phosphorylation sites in
emerin lie within the BAF and lamin A binding regions. Phosphorylation of lamins and LAP2
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by cdc2 kinase disrupts protein-protein interactions and is important for nuclear disassembly
during mitosis.””** Changes in emerin phosphorylation during the cell cycle have also been
reported,®® although emerin has no cdc2 kinase sites (Fig. 2). Clearly, the state of phosphoryla-
tion of emerin may have a bearing upon both its interaction with other proteins and its local-
ization within the cell.

Although emerin is clearly concentrated at the nuclear rim in sections of skin or cardiac
muscle, this is much less clear in cultured fibroblasts or COS cells where the internal nucleo-
plasmic staining can be almost as strong. The internal emerin has a finely-granular appearance
with frequent brighter spots (Fig. 3A) and structures that resemble channels or invaginations of
the nuclear membrane (Fig. 3B). Larger aggregates of internal emerin are sometimes observed
(Fig 3C). Complete absence of antibody staining in emerin-negative EDMD fibroblast nuclei
(Fig. 3D) shows that the internal nuclear stain is authentic emerin. It seems possible that some
of the apparent invaginations in Fig. 3 are shrinkage artefacts during fixation, though channel-like
structures were also observed in large cardiomyocyte nuclei in unfixed heart sections.*® Internal
nuclear staining observed by conventional microscopy of monolayer cultures might be ex-
plained by emerin in the upper surface of the nucleus, but confocal microscope sections clearly
show the granular emerin staining throughout the nucleoplasm (Fig. 3). Lamins are also present
in the nucleoplasm of interphase cultured cells and they have a very similar distribution to
emerin.?® This internal lamin staining presumably represents the nuclear matrix, of which
lamins form a major part. Hozak et al’ showed that some lamin antisera fail to detect internal
nuclear lamins because of epitope masking and their presence was revealed only after removal
of chromatin. A panel of mAbs against emerin that recognise six different epitope regions®>
revealed no evidence of masking of particular emerin regions; two mAbs showed brighter nuclear
rim staining but this was not related to the position of their epitopes (unpublished data). We
conclude that if masking of emerin does occur in fibroblast nuclei, whether at the rim or in the
interior, it must be masking of the whole emerin molecule and not just some epitopes.

When the nuclear membrane breaks down during mitosis, emerin becomes dispersed
throughout the mitotic cell cytoplasm, presumably by redistribution into the ER, which per-
sists during mitosis.>>*1#2 It behaves, in this respect, like LAP2f3. As the nucleus is re-assembled
during telophase, emerin becomes associated briefly with chromosomes, an interaction medi-
ated by the DNA—bindin§ protein, BAE*2 Here it associates with lamin A/C but not with
LAP2 or B-type lamins.*" Although emerin binds to the spindle attachment region of the
chromosome, this binding is not affected by drugs that disrupt microtubules.*> Emerin later
begins to spread to cover the entire rim of the daughter nuclei.”2 However, when COS cell
daughter nuclei separate after mitosis, a continued association is observed of both emerin and
lamins with what appears to be remnant spindle mid-body connecting the daughter nuclei.”

Transfected emerin, detected with a “tag” antibody, shows a very similar distribution to
endogenous emerin in about 50% of transfected cells. The other 50% of transfected cells,
however, have emerin in larger aggregates in the nucleoplasm and half of these also have emerin
aggregates in the cytoplasm.*® This contrasts with transfected lamin A, which is similar to
endogenous lamin A and emerin in 90% of transfected cells, the remaining 10% showing
additional cytoplasmic staining. This difference in behaviour between transfected emerin
and lamin A may be a simple consequence of their different routes to the nucleus, ER in one
case and nuclear pores in the other. The higher levels of nucleoplasmic emerin and lamins in
cultured cells, compared for example with post-mitotic cardiomyocyte nuclei, may be con-
nected with the suggested association of nucleoplasmic lamins with regions of DNA replication.’

Although emerin levels by western blotting are similar in all tissues,” many nuclei in tissue
sections do not stain with emerin antibodies. Nagano and coworkers' saw no emerin staining
in kidney tubule nuclei or nuclei from neurons, spleen or liver. Manilal and coworkers* found
that nuclei in the heart that were strongly emerin-positive, such as cardiomyocytes, were also
strongly stained by lamin A/C antibodies. Many nuclei with B-type lamin staining at the nuclear
rim did not contain either emerin or lamin A/C. The reports described above of loss of emerin
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Figure 3. Emerin distribution in cultured human skin fibroblasts. Emerin (green) was detected using
monoclonal antibody MANEMS5 and FITC-labelled secondary antibody with a BioRad MicroRadiance
confocal microscope Nucleiwere counterstained with ethidium bromide (red) and the more intensely-stained
bodies are nucleoli. (A)-(C) show different patterns observed in normal nuclei and (D) shows absence of
emerin in an X-EDMD nucleus. Cells were fixed with 50:50 acetone:methanol. Please see
http://www.eurekah.com/chapter.php?chapid=7158&bookid=568&¢catid=15 for color version of the figure.

from the nuclear rim in cell lines lacking lamin A/C raise the interesting possibility that vari-
able expression of lamin A/C in different cell types may also be responsible for differential
emerin staining in adult tissues.

Distribution of Emerin and Lamins in X-Linked EDMD

In most cases of EDMD, emerin is completely absent, so the question of its distribution
does not arise. The exceptions are the two or three missense mutations in emerin (Fig. 2), two
small in-frame deletions and rare frameshifts in which some mutant emerin with an altered
C-terminus is synthesized. One of the three missense mutations, g933t, causes either incorrect
RNA splicing with a frameshift or, when normal splicing does occur, a Q133H amino- ac1d
change. Emerin levels are greatly reduced, although some mutant emerin is synthesized.
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Although the mutation lies within the lamin A binding and nuclear targeting regions (Fig. 2),
no direct effects on these processes were observed.*® The reduction in emerin required to pro-
duce EDMD symptoms is not known. Carrier females with less than 5% of normal emerin
levels have cardiac problems.16 In such carriers, however, 5% of cells would have normal emerin
levels and 95% would have no emerin at all, so comparison with EDMD patients is not valid.
The other two mutations, S54F and P183H or T, have no effect on emerin levels, at least not
in lymphoblastoid cells.*”*8 There is evidence from transfection studies, however, for reduced
association with the nuclear rim and a greater tendency to aggregate in the ER/cytoplasm. 748
Since the disease is as severe in S54F (or nearly as severe in P183) as in emerin null mu-
tants,”’* $54 and P183 presumably have an important role in emerin function, although they
both lie outside any known functional region (Fig. 2) and neither of them affects interaction
with lamin A in vitro.* One of the two in-frame deletions removes six amino-acids from the
transmembrane sequence. This appears to prevent membrane integration and thus renders the
mutant protein unstable, since mutant emerin is barely detectable on Western blots and is
absent from the nuclear membrane.'®*” The AYEESY deletion affects interaction with lamin
A% and causes a greater reduction in nuclear rim association than the missense mutations.*’
Total levels of the AYEESY protein are also lower in patient lymphoblastoid cells.*’ Cartegni et
al®® described an interesting two-base frameshift deletion which by chance added a novel hy-
drophobic sequence to the first 169 amino-acids of emerin. This chimeric emerin, having both
a nuclear targeting sequence and a hydrophobic C-terminal domain, located correctly to the
nuclear rim (though in reduced amounts). The same effect was observed when this unusual
mutant was transfected into COS cells.”” A similar frameshift that added 101 amino-acids after
the emerin transmembrane sequence resulted in no emerin production, presumably because
normal insertion into the ER was prevented.*

Effects of absence of emerin in X-EDMD on the distribution of lamins and chromatin have
been reported, similar to, though not as consistent as, the effects of absence of lamin A/C in the
knockout mouse.>* Ognibene and coworkers®! studied skin fibroblasts from one X-EDMD
patient and found patchy distribution at the nuclear rim of both A-type and B-type lamins in
18% of all nuclei. The areas of reduced lamin staining also showed reduced chromatin. In the
electron microscope, areas of reduced peripheral heterochromatin were observed in 10% of
skeletal muscle nuclei. Rather similar structural changes in muscle nuclei have been observed
by electron microscopy in some, though not all, cases of autosomal dominant EDMD.>? A
resemblance to nuclear changes in apoptosis has been noted but it is unlikely that late stages of
apoptosis would be occurring in such a high proportion of nuclei in muscle tissue.’®>* It must
be emphasized that EDMD patients do not have any skin disorders and the proportion of
emerin-negative cells in EDMD carrier epidermis is usually around 50%, much higher than
would be expected if such cells were less viable. Similarly, there is little obvious difference in
lamin A/C distribution between emerin-positive and emerin-negative regions of carrier skin
biopsies,”>>> although this has not been studied by electron microscopy. The changes observed
in cultured skin fibroblasts would seem to argue against these changes being secondary effects
of the disease, so the precise significance of these interesting observations is not yet clear.
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CHAPTER 12

Laminopathies:
One Gene, Two Proteins, Five Diseases. ..

Corinne Vigouroux and Gis¢le Bonne

Abstract
amins are the major components of the nuclear lamina, a network located between inner
I nuclear membrane and chromatin, which plays a fundamental role in the organization
of the nuclear architecture in all human cells. Lamins A and C, which are alternatively
spliced products of the A-type lamin gene (LMNA), are expressed in differentiated cells, whereas
B-type lamins, arising from two different genes, are ubiquitous.

Recent familial genetic studies have shown, contrary to all expectations, that naturally
occurring mutations in LMNA are responsible for two groups of diseases, apparently
unrelated, affecting highly specialized tissues: dystrophies of skeletal and/or cardiac muscles,
and partial lipodystrophies.

This review will first focus on the clinical aspects of these diseases and the phenotype-
genotype correlations. We will summarize recent biological and experimental data on tissue
and cellular alterations related to diverse molecular abnormalities in lamins A/C. This field of
investigations provides informations of great interest for the understanding of the physiological
role of lamins, and allows the exploration of new hypotheses on pathophysiological mecha-
nisms leading to LMNA-linked diseases.

Introduction

Lamins are widely expressed proteins, but their precise physiological role remains still un-
known. As other members of the intermediate filament protein family, their structure com-
prises a central a-helical coiled-coil rod domain flanked by globular N-terminal (head) and C-
terminal (tail) domains.! Lamins A and C are the major alternative splice products of the
LMNA gene. Their expression is developmentally regulated, increasing during differentiation.
Two genes give rise to B-type lamins, which are constitutively expressed. Both types of lamins,
dephosphorylated at the end of the mitosis, polymerize through coiled-coil interactions be-
tween their a-helical rod-domains, to form the nuclear lamina at the nucleoplasmic side of the
inner nuclear membrane in interphase cells. The lamina interacts with integral proteins of the
inner nuclear membrane like emerin, which binds A-type lamins. In addition, the lamina has
narrow intrications with chromatin and nuclear pores complexes which mediate molecular
trafficking between cytoplasm and the nucleus.?

The first evidence that LMNA was linked to a genetic disease was reported in 1999. By a
positional approach, studies of familial genetic linkage in a large French pedigree with autosomal
dominant Emery-Dreifuss muscular dystrophy (AD-EDMD) showed a strongly positive lod-
score at an 8-cM locus on chromosome 1q21-q23. LMNA, which is located in this interval,
was subsequently shown to be mutated in all affected subjects.® After this first publication,
LMNA heterozygous alterations were shown to be responsible of two other diseases, which
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share with AD-EDMD several clinical symptoms: dilated cardiomyopathy with conduction
defects (DCM-CD),*> and limb-girdle muscular dystrophy with cardiac conduction distur-
bances (LGMD1B).6

A genetic linkage between the familial partial lipodystrophy of the Dunnigan type (FPLD)
and a chromosome 1q21-22 locus has been known since 1998.” The discovery of LMNA
mutations in this disease was surprisin%, since this disorder was clinically not at all suspected to
be linked to muscular dystrophies.'®!

After a description of the clinical and genetic features of these two groups of diseases, we
will report the recent findings on the nuclear alterations found in cells from patients and in
experimental models (e.g., transgenic mice or genetically modified cell lineages). We will discuss
rising pathophysiological hypotheses on these LMNA-linked diseases.

Disorders of Cardiac and/or Skeletal Muscles Linked
to LMNA Alterations

Emery-Dreifuss Muscular Dystrophy (EDMD)

Benign forms of Duchenne muscular dystrophies were reported for the first time by Becker
and Kiener in 1955.'2 In 1961, Dreifuss and Hogan described a Virginian family with an X-
linked muscular dystrophy that was considered at that time as a benign form of Duchenne
muscular dystrophy (DMD).!3 However, after a detailed clinical characterization of the family,
Emery and Dreifuss suggested that this familz presented a muscular dystrophy different from
Duchenne and Becker muscular dystrophy.' This new clinical entity was later referred to as
Emery-Dreifuss muscular dystrophy (EDMD)."> Nevertheless, EDMD was most probably
described for the very first time in 1902 by Cestan and Lejonne.'® These authors reported a
case of two brothers with a familial myopathy with severe and generalized contractures.

EDMD is a clinically and genetically heterogeneous condition. It is typically characterized
by a triad of: 1) early contractures of the Achilles tendons, elbows and post- cervical muscles,
often before there is any significant weakness, 2) slowly progressive muscle wasting and weakness
with a distinctive humero-peroneal distribution early in the course of the disease and 3) by
adult life, cardiomyopathy usually presenting as cardiac conduction defects (ranging from si-
nus bradycardia, prolongation of the PR interval on ECG to complete heart block requiring
pacing). Thus affected individuals may die suddenly from heart block, or develop progressive
heart failure. The latter may occur subsequent to the insertion of a pacemaker to correct an
arrhythmia (Fig. 1, Table 1).>'7'® Skeletal muscle biopsies from patients with EDMD show
dystrophic changes with a few necrotic and regenerating fibers, but this is not specific to this
muscular disease. Usually fiber necrosis is less prominent than in DMD or Becker muscular
dystrophy (BMD)." Skeletal muscles also show marked variations in fiber diameter and an
increased number of hypertrophic fibers and internal nuclei.**!

Two major modes of inheritance of EDMD exist, X-linked (XL-EDMD) and autosomal
dominant (AD-EDMD). Rare cases of autosomal recessive transmission (AR-EDMD) have
been also reported.??* Defects in the emerin protein are responsible of XL-EDMD,? whereas
mutations in lamin A/C gene cause AD and AR-EDMD.>?* The three forms are overall clini-
cally identical,'®2%%7 even if some slight differences emerge between XL and AD forms of
EDMD.? AD-EDMD exhibits wider clinical variability than XL-EDMD. AD-EDMD pa-
tients have more severe and gro§ressive wasting of the biceps brachii compared to what is
typically found in XL-EDMD.***" Hypertrophy of the quadriceps and of the extensor digitorum
brevis occurs in several AD-EDMD patients but not in XL-EDMD. Contractures, which are
the first symptoms in XL-EDMD, might appear after weakness and difficulty in running in
AD-EDMD patients. Loss of ambulation due to a combination of increasingoint stiffness and
weakness is observed in AD-EDMD but is extremely rare in XL-EDMD, %2831
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Limb-Girdle Muscular Dystrophy Associated with Atrioventricular

Conduction Disturbances (LGMD1B)

Among the large family of muscular dystrophies, “limb-girdle muscular dystrophies” (LGMD)
represent a genetically heterogeneous group of myogenic disorders with a limb girdle distribu-
tion of weakness.>> The inheritance pattern in LGMD is heterogeneous. Four dominant
(LGMD1) and eight recessive forms (LGMD?2) have been identified to date. Van der Kooi et
al*® have described the LGMD1B form, inherited as an autosomal dominant trait. It is charac-
terized by symmetrical weakness starting in the proximal lower limb muscles, and gradually
proximal upper limb muscles also become affected. At variance with EDMD, eatly contractures
of the spine are absent, and contractures of elbows or Achilles tendons are either minimal or
late. Cardiac deficiency is not a constant feature in LGMD. However in LGMD1B, cardiologi-
cal abnormalities are found in the majority of patients. These include dysthythmias and atrio-
ventricular conduction disturbances, such as bradycardia and syncopal attacks that require
pacemaker implantation, and sudden cardiac death. In the three families described by van der
Kooi et al,?® there was a significant relation between the severity of atrioventricular conduction
disturbances and age, and neuromuscular symptoms preceded cardiological involvement. These
clinical features are very close to those of EDMD, however, the late appearance or absence of
contractures led the authors to conclude that this disorder differed from EDMD. Muscle biop-
sies from patients with LGMD1B show non-specific myopathic changes similar to those ob-
served in XL and AD-EDMD (Table 1).”?

Because the locus of LGMD1B had been mapped to chromosome 1q11-21,* where LMNA
is located, the LMNA gene became a good candidate for this muscular disease. Mutation analy-
sis of LMNA in the three LGMD1B families described by van der Kooi et al identified three
different é,MNA mutations. This demonstrated that LGMD1B and AD-EDMD are allelic
disorders.

Dilated Cardiomyopathy and Conduction Defects (DCM-CD)

Cardiomyopathies are defined as diseases of the myocardium associated with cardiac
dysfunction.”” The most common forms are the dilated forms, responsible for approximately
60% of cases of cardiomyopathy with an annual incidence estimated to be 5-8 cases per 100,000
people.®® Dilated cardiomyopathy (DCM) is characterized by dilatation and impaired contrac-
tion of the left ventricle or both ventricles. Histology is non-specific. Presentation is usually
with heart failure, which is often progressive. Arrhythmias, thromboembolism and sudden
death are common and may occur at any stage. Many causes of DCM have been described, but
most commonly this disease is considered idiopathic. In the past years it has become increas-
ingly clear that in at least 25% of DCM cases have a genetic basis.’”*® Familial DCM is a
heterogeneous disorder with different inheritance patterns. Autosomal dominant inheritance is
the most common, but autosomal recessive, X-linked and mitochondrial inheritance have also
been identified. In the last couple of years important progress has been made in unraveling
familial DCM. Multiple genetic loci and several genes have been identified in this disease.

That LMNA could also be involved in DCM was completely unexpected. In the majority of
affected members of one of the French families with AD-EDMD, the disease was confined
exclusively to the heart and associated with arrhythmias, left ventricular dysfunction, dilated
cardiomyopathy and a high incidence of sudden death.*> These patients with exclusive cardiac
involvement could easily have been diagnosed as DCM with conduction defects (DCM-CD,
Table 1), suggesting that LMNA was one of the disease genes of familial DCM-CD. In agreement
with this finding, mutations in LMNA were found in unrelated families with DCM-CD.* In
addition, a LMNA mutation was identified in a family in which three phenotypes were described,
DCM with EDMD-like skeletal muscle abnormalities, DCM with LGMD-like skeletal muscle
abnormalities and pure DCM-CD.* So far, no sign of lipodystrophy has been reported in
patients with striated muscle disorders due to LMNA mutations.

There is no specific treatment for these cardiac and/or skeletal laminopathies. However,
great care should be given to proper diagnosis and follow-up of patients with EDMD, LGMD1B



Table 1. Clinical features of laminopathies affecting cardiac and/or skeletal muscles

Emery-Dreifuss Muscular Dystrophy
(AD-EDMD)

Limb-Girdle Muscular Dystrophy
(LGMD1B)

Dilated Cardiomyopathy with
Conduction Defects (DCM-CD)

Inheritable pattern

Clinical features
Neurological symptoms

Onset

Cardiological symptoms

Onset

Biological features

Skeletal muscle histology

Autosomal dominant Autosomal recessive

- Slow progressive muscle wasting and
weakness predominantly affecting
humero-peroneal muscles

- Early contractures of elbows, Achilles
tendons and spine

Childhood (birth for severe cases)

Conductions defects (AV-block), and
dysrhythmias requiring pacing

- Dilated cardiomyopathy

- Sudden death

Second to third decade

CK level normal to mildly elevated

Mild dystrophic pattern,but not specific

Autosomal dominant

- Slow progressive muscle wasting and
weakness starting in the proximal lower
limb muscles and gradually affecting
proximal upper limb

- Absence or minimal and late
contractures of elbows, Achilles tendons
and spine

Childhood to third decade

Conductions defects (AV-block), and
dysrhythmias requiring pacing

- Dilated cardiomyopathy

- Sudden death

Second to fourth decade
Significant relation between the severity
of AV conduction disturbances and age.

CK level normal to mildly elevated

Mild dystrophic pattern, but not specific

Autosomal dominant

No sign

Conductions defects (AV-block), and
dysrhythmias requiring pacing

- Dilated cardiomyopathy

- Sudden death

Second to fourth decade

CK level normal

Normal
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or DCM-CD. All patients should have a detailed cardiac examination and regular follow-up by
a cardiologist since sudden death can occur, and early detection of arrhythmias can be lifesaving
by defibrillator implantation. Also relatives of such patients should be cardiologically screened
even if they show no subjective neuromuscular or cardiac symptoms. Apart from the patients
with a typical presentation of weakness, contractures, and arrhythmia, especially in familial
cases with a history of sudden death, ZMNA mutations ought to be searched for.

Spectrum of LMNA Mutations in Cardiac
and/or Skeletal Muscle Disorders

Lamins A and C (664 and 572 amino acids, respectively) are encoded by the LMNA gene
through alternative splicing within exon 10. LMNA contains twelve exons, which are spread
over approximately 24 kb of genomic DNA (Fig. 2).° Since the first description of LMNA
mutations in AD-EDMD, a total of fifty-one different mutations were reported, forty- four in
striated muscles disorders and seven in partial lipodystrophies. These mutations are: 2 non-
sense mutations, 2 deletions with frameshift, 1 splice site mutation, 4 in-frame deletions and
42 missense mutations (Fig. 2). Two “hot spot” mutations are observed: the R453W missense
mutation®*?$4142 in AD-EDMD and the missense mutation at R482. The R482 mutation
exists in three different forms (R482W, R482Q and R482L) in FPLD.!0:11.43.44

In cardiac and skeletal muscle disorders, the mutations are distributed along the gene be-
tween exons 1 and 10 in the region common to lamins A and C except for three missense
mutations. One is located in exon 10 specific of lamin C and the other two in exon 11 specific
of lamin A.>41% Thirty-five mutations were identified in 19 AD-EDMD families, 36 sporadic
EDMD cases and 4 LGMD1B families.>¢2428:41:424647 The Jarge proportion of EDMD spo-
radic cases reported underlines the high frequency of de novo mutations in the LMNA gene.”®
However, if mutations in LMNA gene are identified in 100% of EDMD familial cases, they are
found in only 35% of sporadic cases with EDMD-like phenotype (Bonne G., personal com-
munication). The clinical picture is often compatible with other muscular dystrophies, ex-
plaining the low efficiency of LMNA mutation detection in the EDMD-like isolated cases.

One mutation, H222Y, was identified at a homozygous state in a patient from a consan-
guineous family. The unaffected parents carried the mutation at a heterozygous state, demon-
strating that LMNA mutations are also responsible of AR-EDMD.?* The same amino acid,
H222, was mutated to a proline (H222P) in another EDMD family with autosomal dominant
transmission.?® Thus, the pathogenic effect of mutations affecting the same amino acid is vari-
able depending on the type of amino acid change (tyrosine versus proline). Another recessive
case was recently described in which two heterozygous mutations were identified, one being
specific of lamin A.*! Finally, the R336Q mutation was identified in an EDMD family with an
autosomal dominant transmission in which only two out of the four members carrying the
mutation were affected.?* Altogether, theses results demonstrate that LMNA mutations have
variable pathogenic effects with a semi-dominant, dominant or recessive pattern of expression.>*4!

Eleven mutations have been reported in patients with isolated DCM. >3448 [t was ini-
tially suggested that mutations in either the rod domain or the tail domain of lamin C might
underlie the DMC-CD phenotype.? However, two reports demonstrated that within a family,
the same LMNA mutation gives rise to various phenotypes ranging from an isolated DCM to
LGMDI1B or EDMD.>?

Among all the reported cases with cardiac and/or skeletal disorders (EDMD, LGMD1B
and DCM) due to LMNA mutation, there is no clear correlation between the phenotype and
type or localization of the mutation in the gene.>®#283%47 Fyrther studies are needed to
identify the factors modifying striated muscle phenotypes among patients harboring muta-
tions within lamin A/C. In contrast, 90% of mutations described in FPLD affect the same
codon in exon 8 (arginine 482 is mutated in 28/32 reported FLPD cases). Besides this “hot
spot”, four other mutations were reported in FPLD families, two located in exon 8 and two in
exon 11 that encodes only the tail domain of lamin A.!%114344
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Figure 1. Clinical features of Emery-Dreifuss muscular dystrophy. (A) Clinical characteristics of a 18-year-
old male patient with proven mutation in the LMNA gene (see Fig. 2). The phenotype is suggestive of
EDMD with limitation of neck flexion and marked elbow and heel contractures. Due to complete atrio-
ventricular block, an implantable defibrillator has been inserted at age 18. Courtesy of J.-A. Urtizberea,
Service de Médecine Physique et Réadaptation de 'Enfant, Hopital Raymond Poincaré, Garches, France.
(B) Clinical features of partial lipodystrophy of the Dunnigan type in a 39-year-old woman. Note the
accumulation of adipose tissue in the face and neck, constrasting with peripheral lipoatrophy with muscle
prominence. This clinical aspect appeared gradually after puberty and the patient subsequently
developed insulin-resistant diabetes and hypertriglyceridemia. Please see http://www.eurekah.com/
chapter.php?chapid=716&bookid=56&catid=15 for color image.
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Figure 2. LMNNA mutations identified in EDMD, LGMD1B, DCM-CD and FPLD. Mutations identified
in AD-EDMD are shown in red. 32428394146 The AR-EDMD mutation is depicted by an asterisk (*).24 The
double heterozygous mutations identified in an EDMD patient are depicted by a double asterisk (**).4!
LGMD 1B mutations are shown in green.®* Mutations in black are responsible for DCM. 45394548
Mutations in blue are reported in FPLD.!®1143:44 Plegse see hetp://www.eurekah.com/
chapter.php?chapid=7168&bookid=56&¢catid=15 for color image.
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Lipodystrophies and the Familial Partial Lipodystrophy
of the Dunnigan Type (FPLD)

Lipodystrophies

Lipodystrophies represent a heterogeneous group of diseases characterized by generalized or
partial alterations in body fat development or distribution, and insulin resistance. The other
cardinal clinical signs of these syndromes are acanthosis nigricans, which is a skin disorder
associated with insulin resistance, frequent hyperandrogenism in females, muscular hypertrophy
and liver steatosis. Insulin resistance is associated with a progressive altered glucose tolerance
leading to diabetes, and with hypertriglyceridemia.*>® When chronic hyperglycemia occurs,
its treatment is often very difficult due to major insulin resistance, and the condition leads to
early diabetic complications. Acute pancreatitis due to severe hypertriglyceridemia, and liver
cirrhosis arising from the frequent nonalcoholic steatohepatitis are also responsible for the
morbidity and mortality of these diseases. However, a broad pattern of severity is seen in
lipodystrophies, ranging from the rare and serious congenital generalized form to the milder
acquired partial one.

The main forms of lipodystrophies are classified according to their origin, either genetic or
acquired, and to the clinical pattern of the lipoatrophy, either generalized or partial (Table 2).
Etiologies of lipodystrophies are very heterogeneous. Two genetic loci, on chromosomes 9q34
and 11q13 are linked to the congenital generalized lipodystrophy (Berardinelli-Seip syndrome),
which is transmitted as an autosomal recessive trait.” "2 Recently, the 11q13 locus has been
identified as the BSCL2 gene, encoding seipin, a protein of unknown function mainly ex-
pressed in brain.>?

LMNA is presently the only gene known to be involved in a genetic syndrome of partial
lipodystrophy, i.e the familial partial lipodystrophy of the Dunnigan-type (FPLD). However, it
was shown that dominant negative mutations in PPARY, a transcription factor involved in
adipogenesis, lead to severe insulin resistance, diabetes, and hypertension.53 Recent studies
suggest that affected subjects also present subcutaneous paucity of fat on limbs (S. O’Rahilly,
personal communication).

Some forms of lipodystrophies could have an immunological basis: auto-immune diseases
are sometimes associated with sporadic cases of generalized lipoatrophies (e.g., Lawrence
syndrome). The C3 nephritic factor, an IgG antibody against complement components, can be
detected in some cases of partial lipodystrophy of the Barraquer-Simons type (li;)oatrophy of
face and trunk, with excess accumulation of fat in the lower part of the body). 4 Finally, the
probably most frequent form of lipodystrophy is the redistribution of fat that occurs in HIV-
infected patients, mainly treated by antiretroviral medications. These patients frequently lose
peripheral subcutaneous fat, accumulate visceral adipose tissue, and develop hypertriglyceridemia
and insulin resistance.”

The pathophysiology of lipodystrophies is still unknown. However, murine models of
lipoatrophic diabetes (aP2-nSREBP-1c and A-ZIP/F-1 mice) revealed that primary genetic
alterations in fat development resulted in diabetes and dgrslipidemia.%’w Diabetes could be
reversed by fat transplantation in the A-ZIP/F-1 model.”® Leptin deficiency, caused by the
absence of adipose tissue, could be an important determinant of the metabolic abnormalities
since exogenous administration or transgenic over-expression of leptin has been shown to mark-
edly improve insulin sensitivity, glycemic control, dyslipidemia and hepatic steatosis in these
mice.>%0 Similarly, the defect in adiponectin, another fat-derived hormone, has recently been
shown to be involved in insulin resistance.®’ Regarding the HIV-linked lipodystrophy syn-
drome, several authors recently pointed out the deleterious effects of some antiretroviral treat-
ments on adipogenesis.®*4 Altogether, these studies provide strong arguments for a primary
role of disturbances in fat distribution or development, which lead secondarily to insulin resis-
tance and metabolic complications.



Table 2. Classification of the main lipodystrophy syndromes

Generalized Lipoatrophies

Partial Lipodystrophies

Berardinelli-Seip
Syndrome

Lawrence Syndrome

Familial Partial
Lipodystrophy of the
Dunnigan Type (FPLD)

Barraquer-Simons
Syndrome

Lipodystrophy Linked to
Antiretroviral Treatments
of HIV Infection

Clinical features

Onset

Inheritable
pattern

Biological

Congenital total
lipoatrophy

At birth or in the firsts
months of life

Autosomal recessive

Severe insulin resistance

Acquired total
lipoatrophy

In infancy or early
adulthood

Acquired

Diabetes occurring usually in late infancy or

adolescence
Severe hypertriglyceridemia

Lack of adipose tissue
in the limbs, buttocks
and trunk

Fat accumulation in the
neck and face

At puberty

Autosomal dominant

Severe insulin resistance
Diabetes in adulthood
Severe hypertrigly-
ceridemia

Lipoatrophy of face and
trunk

Fat excess in the lower
part of the body

More frequent in females

Peripheral subcutaneous
lipoatrophy (face and four
limbs) and/or excess of
central fat (visceral fat, or
“buffalo neck”)

More marked signs in females

In infancy or adolescence

Unknown

Metabolic complications
are uncommon
(dyslipidemia, altered
insulin sensitivity)

Most frequently a few
months after antiretroviral
therapy containing HIV-
protease inhibitors

Mild insulin resistance
Mild to severe
hypertriglyceridemia

Continued on next page
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Table 2. Cont.

Generalized Lipoatrophies

Partial Lipodystrophies

Berardinelli-Seip Lawrence Syndrome Familial Partial Barraquer-Simons Lipodystrophy Linked to
Syndrome Lipodystrophy of the Syndrome Antiretroviral Treatments
Dunnigan Type (FPLD) of HIV Infection
Clinical
Etiology - Mutations in the BSCL2 - Some forms could be  Mutations in LMNA exon - Unknown cause Inhibition of adipogenesis
gene encoding seipin of genetic origin but 8 (R482W/QJ/L; K486N; induced by HIV-protease
secondary expressed G465D) or in exon 11 inhibitors?

- Forms linked to a chr - Some forms are
9934 locus associated with auto-
immune diseases

(R582H; R584H)

- Presence of C3 nephritic
auto-antibodies with
glomerulonephritis in some cases
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Partial lipodystrophies with insulin resistance are pathophysiological models of great inter-
est for diabetologists. Indeed, they represent stereotyped forms of the metabolic syndrome,
largely prevalent in developed countries, which associates android repartition of fat, glucose
intolerance, hypertension and dyslipidemia.®® This frequent condition represents a strong risk
factor for cardiovascular diseases. As abnormalities in the body distribution of fat are possible
important primary etiologic factors for the development of type 2 diabetes,**%” partial lipodys-
trophies constitutes a new field of investigation in the pathophysiology of diabetes.

Familial Partial Lipodystrophy of the Dunnigan Type (FPLD)

Among lipodystrophic syndromes, the familial partial lipodystrophy of the Dunnigan-type
(FPLD), dominantly inherited, is a rare disease characterized by the disappearance, after puberty,
of adipose tissue in the limbs, buttocks and trunk. This progressive lipoatrophy spares the neck
and face, where adipose tissue can accumulates, causing frequently a cushingoid appearance.®®
However, in lean patients, this latter feature can be lacking, and differential diagnosis with total
acquired lipoatrophy can be difficult if the familial dominant transmission of the disease is not
evident. Prominence of muscles and superficial veins are partly due to the lipoatrophy, but, as
in the other syndromes of insulin resistance, a genuine muscular hypertrophy is present.® The
android aspect of patients is particularly striking in females, but does not systematically draw
attention in males, in which this condition is frequently unrecognized. Garg et al performed
magnetic resonance imaging studies in four affected patients, three females and one male.”®
They confirmed the clinically observed altered distribution of the subcutaneous adipose tissue,
near-totally absent in areas from extremities and gluteal region, reduced in the truncal area, and
increased in the neck and face. Intra-abdominal, intra-thoracic, and intermuscular fat is preserved,
as well as mechanical adipose tissue (present in orbits, palm, sole, scalp and periarticular re-
gions). In females, breasts have a markedly reduced subcutaneous fat whereas adipose tissue
accumulates in the labia majora.”® The partial adipose tissue loss in FPLD is associated with a
reduced plasma leptin level, to about 40% of normal.”!

Metabolic alterations associated with FPLD are responsible for the severity of the disease.
Insulin resistance, usually attested by hyperinsulinemia with concomitant normal or elevated
glycemia, has been confirmed by several tests, including euglycemic-hyperinsulinemic clamp.”?
Insulin-stimulated glucose transport and/or oxidation was found to be impaired in neck and
abdomen adipocytes from affected patients, despite normal insulin binding, showing a post-
receptor defect in the insulin action.”? Clinically, acanthosis nigricans, brownish hyperkeratosic
skin affection localized to the axillary and inguinal folds, is associated with insulin resistance.
When hyperinsulinemia no longer compensates for insulin resistance, glucose intolerance, then
diabetes, occur.

Dyslipidemia is frequent among FPLD patients. Hypertriglyceridemia, due to elevated very
light density lipoprotein (VLDL) level, is the more prevalent feature. When severe, it can lead
to a life-threatening acute pancreatitis. Other perturbations of the lipid profile can also be
associated with FPLD, as decreased high-density lipoprotein (HDL)-cholesterol levels, with or
without elevated total cholesterol.”>”# As hypertension is also frequent in FPLD, these patients
accumulate numerous cardiovascular risks, leading to early coronary heart disease.”” Like in
other lipodystrophic syndromes, a liver steatosis, with its risk of evolution towards cirrhosis,
usually occurs in these patients.

Although this disease affects males and females, both clinical traits and metabolic complica-
tions are more severe in women. 47 Accordingly, this disease was first reported only in fe-
males, and a X-linked dominant transmission was initially evoked.% In addition, women af-
fected by FPLD frequently complain of hirsutism, and a polycystic ovary syndrome with ovarian
dysfunction, and hyperandrogenism is usual. So far, no specific cardiomyopathy or skeletal
muscular dystrophy linked to LMNA mutations have been reported in FPLD patients.

Treatment of FPLD is difficult. Appropriate diet and physical training are important to
minimize metabolic alterations. However, diabetes mellitus, which appears secondarily in the
evolution of the disease, requires usually large doses of insulin. Insulin sensitizers, like metformin,
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could improve the control of glycemia. PPARY agonists, such as thiazolidinediones, which
promote both adipocyte differentiation and insulin sensitivity, seem promising in lipodystrophic
syndromes.”” A leptin treatment is currently evaluated in these patients.

Mutations causing FPLD cluster only in exons 8 and 11 of LMNA, coding for the globular
C-terminal domain of type A-lamins (Fig. 2).*1143447879 They all affect highly conserved
residues among species. The most frequent mutation substitutes a basic amino acid at position
482 (arginine) for a neutral residue (tryptophan, glutamine, leucine). All patients are heterozygous
for these mutations. The mutations occur in several different haplotypes in the families, sug-
gesting that codon 482 is a site of recurrent mutation in unrelated pedigrees. The critical loca-
tion at codon 482 of FPLD-linked LZMNA alterations was recently confirmed by the observa-
tion of a patient witha LGMD1B phenotype due to a missense mutation at the adjacent codon
481."7 The deamination of C to T at a CpG site is a likely mutational mechanism in the case of
the R482W substitution. Other mutations also induce a complete or partial loss of a positive
charge (from lysine for K486N substitution, or from arginine in the mutations R582H or
R584H which affect exon 11) or the appearance of a negative charge (aspartate in the G465D
mutation). Alterations in exon 11 are rare, concerning two reported families for the R584H
alteration®”® and only one for the R582H substitution.®* They affect specifically the A isoform
of lamin. Two sisters affected by the R582H substitution have a less severe loss of subcutaneous
adipose tissue and milder metabolic abnormalities.”? However, we did not observe such an
attenuate phenotype in the patient harboring the R584H mutation that we studied.
Environmental factors, such as diet and phgsical activity, are probably important determinants
of the severity of metabolic complications.”®

Studies of LMNA in other metabolic disorders have been performed. We excluded LMNA
mutations as being responsible for generalized lipodystrophy.* No mutations in exon 8 of
LMNA have been found in subjects with HIV therapy-associated lipodystrophy. Furthermore,
lamins A/C and HIV-1 protease do not have any sequence homology, providing no evidence
for the direct inhibition of lamins by HIV-1 protease inhibitors.®” Hegele et al suggested that a
common variation in LMNA could be associated with obesity-related phenotypes.®** However,
there is presently no evidence for an association of this variant with type 2 diabetes.®

Could Some Patients with LMNA Mutations be Affected by Both
Skeletal or Cardiac Muscular Symptoms and Lipodystrophy?

The association of LMNA mutation-linked skeletal or cardiac muscular defects with lipod-
ystrophy or metabolic abnormalities has not been reported so far. A muscular hypertrophy is
usual in FPLD, as in other lipodystrophic syndromes. Calf hypertrophy could be reminiscent
of what is observed in LGMDI1B. Although some patients complain of cramps, their muscular
strength is normal in most cases. However, patients with FPLD due to the LMNA R482W
mutation and presenting muscular signs compatible with LGMD1B are being investigated.*
A cardiac septal hypertrophy can be observed in FPLD patients, but is difficult to attribute to
a specific genetic defect since it could be secondary to diabetes and hypertension. Further investi-
gations of neuromuscular and cardiac phenotype in FPLD patients are needed. Likewise, an accu-
rate evaluation of adipose tissue distribution, insulin sensitivity and lipid metabolism has not been
reported in patients with AD-EDMD, LGMD1B or DCM-CD linked to LMNA mutations.

Experimental Models of Lamin A/C Alterations
Imna Knock-Out Mice

Sullivan et al reported the derivation of mice in which the lamins A/C have been eliminated
by gene targeting (by deletion of a region extended from exon 8 to the middle of exon 11), to
produce either homozygous or heterozygous offspring.®> Homozygous mice, although normal
at birth, rapidly exhibit a striking cardiac and skeletal muscular dystrophy with rigidity, more
marked in proximal muscles, that resembles the EDMD phenotype in humans. In addition,
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postnatal growth is severely impaired and the mice exhibit premature mortality. Although a
white fat atrophy has also been reported in this model, additional metabolic features of a
lipodystrophic syndrome have not been described, so this appearance could be related to cachexia.
Mice heterozygous for the /mna mutation are overtly normal at 6-10 months with minimal
evidence of dystrophy.

Studies of cells from these mice clearly showed that loss of lamin A/C affects nuclear enve-
lope integrity.® Indeed, nuclei from embryonic /mna’ fibroblasts often exhibited an abnormal
shape, with nuclear regions displaying disruption of heterochromatin, withdrawal of B-type
lamins and other proteins of the inner nuclear envelope such as lamina-associated polypeptide
(LAP)2p, irregular distribution of nuclear pores complexes, and partial mislocalization of emerin
to the cytoplasm. Interestingly, this aberrant emerin distribution was rescued by over-expres-
sion of wild-type or R482W-mutated lamin A, contrary to the L85R, N195K or L530P mu-
tated forms of the protein, which had no effect on emerin relocalization.®>%¢

Nuclear Alterations in Cells Harboring LMNA Mutations

From the studies in mna’™ mice, it could be postulated that a loss of lamin A/C protein
expression or function could underlie the muscular phenotypes. One the other hand, from
studies of patients with XL-EDMD, it appears that the disease arises from either loss of emerin
protein or mutations resulting in its subcellular mislocalization.”#” XL and AD-EDMD are
almost clinically indistinguishable, thus a pathophysiological hypothesis would be that a defect
in emerin distribution, secondary to LMNA mutations, is responsible for EDMD, as also sug-
gested by studies of Imna’" cells. However, heterozygous Imna*"” mice are healthy, and although
their cells present frequent irregular nuclei, nuclear envelope proteins show a largely normal
distribution.®

In human, immunocytochemical analysis of lamin A/C and emerin on skeletal muscle bi-
opsies of AD-EDMD patients carrying LMNA mutation showed no detectable differences
from control muscles, indicating that the mutations do not significantly alter the structure of
the nuclear envelope.?! The same analysis performed on a cardiac biopsy of an AD-EDMD
patient with a non-sense mutation showed the same results.? The latter mutation leads poten-
tially to the production of truncated lamins A/C with only five amino acids. Most probably
such small peptides are degraded and only lamins A/C produced by the intact allele are ex-
pressed in the patients. This hypothesis was confirmed by the Western-blot analysis of the
explanted myocardial tissue that showed a decreased expression of lamins A/C compared to that of a
control heart tissue.”

In some of EDMD patients, an ultrastructural examination of the skeletal muscle biopsies
showed a loss of heterochromatin from wide stretches along the nuclear envelope, in 10% of
nuclei, with a rarefaction of nuclear pores complexes in these areas. Irregular shapes of some
nuclei are also reported.?"”* However, only a small proportion of muscle nuclei exhibit
abnormalities, thus study of additional cases is required to draw any conclusion. Nevertheless,
these alterations are reminiscent of features of lmna’ mouse cells, albeit affecting a lower
percentage of cells, and in skeletal muscle of XL-EDMD patients.”"*? Further work is required
using cells from patients with skeletal or cardiac muscular disease linked to LZMNA alterations
in order to evaluate the extent of nuclear disturbances.

We recently performed a study of skin fibroblasts of FPLD patients with R482W and R482Q
LMNA mutations.” Protein expression of type A and type B lamins, LAP2f and emerin was
normal in the whole population of fibroblasts. However, 5-25% of these cells had abnormal
blebbing nuclei with A-type lamins forming a peripheral meshwork that was frequently disor-
ganized (Fig. 3). Emerin strictly colocalized with this abnormal lamin A/C meshwork (Fig. 4),
in agreement with the R482W mutated-lamin A dependent relocalization of emerin in /mna’
~ fibroblasts,®¢ and the preserved interactions between R482Q) lamin A and emerin in vitro.”4
Cells from lipodystrophic patients often had other nuclear envelope defects, mainly herniations
deficient in B-type lamins, nuclear pores and LAP2f3. Furthermore, heterogeneous DNA staining
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Figure 3. Fibroblasts from lipodystrophic patients with a LMNA R482W mutation show blebbing of
nuclei with lamina disorganization and alterations in chromatin structure. Skin fibroblasts from control
individuals and patients affected by FPLD due to a LMNAR482W mutation were fixed in methanol, then
labeled with the DNA stain DAPI, and/or antibodies directed against lamins A/C (red) and B (green),
as indicated, before analysis by confocal (A) or conventional (B) immunofluorescence microscopy. Five
to 25% of fibroblasts from FPLD patients have abnormally shaped nuclei with buds containing a disor-
ganized lamina with a honeycomb aspect or holes in the type A-lamin lattice and a weak or absent B type-
lamin staining. The faint DAPI staining of DNA in the buds suggests that chromatin is decondensed in
nuclear areas flanking disorganized nuclear envelope domains. See http://www.eurekah.com/
chapter.php?chapid=716&bookid=56&¢catid=15 for color image.
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Figure 4. Emerin strictly colocalizes with the lamin A/C meshwork, even in nuclear herniations from FPLD
fibroblasts. Fibroblasts from control individuals and patients affected by FPLD due to a LMNA R482W
mutation were labeled for double immunofluorescence with antibodies directed against lamins A/C (green)
and emerin (red), and observed with a confocal microscope. Emerin systematically colocalizes with lamin A/C in
nuclei from both control subjects and patients fibroblasts, even in nuclear herniations with an abnormal type
A-lamins meshwork, suggesting that the interactions between R482W mutated-laminA/C and emerin are
preserved. See http://www.eurekah.com/chapter.php?chapid=7168&bookid=56&¢catid=15 for color image.
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by DAPI suggested that chromatin was decondensed in nuclear areas flanking disorganized
nuclear envelope domains (Fig. 3). The mechanical properties of nuclear envelopes were al-
tered, as judged from the extensive deformations observed in nuclei from heat-shocked cells,
and from the low stringency of extraction of nuclear envelope proteins. These structural nuclear
alterations were caused by the lamins A/C mutations, since the same changes were introduced
in human control fibroblasts by expression of R482W mutated lamin A. However, despite
these abnormalities, we showed that the fibroblasts from FPLD patients were euploid and able
to cycle and divide.

Recently, transfection studies of mutant LAMNA alleles have been performed in several cell
types by three grouép s (Favreau C, Ostlund C, Worman HJ, Courvalin JC, Buendia B, personal
communication).®*?> Data in HeLa cells and C2C12 myoblasts show heterogeneous defects in
the shape of the nuclei, in the assembly of type A-lamins and/or in the distribution of emerin
that concern some but not all EDMD or DCM-linked ZMNA mutations. In human fibro-
blasts and in C2C12 myoblasts, overexpression of lamin A mutated in the carboxy-terminal
domain generated an aberrant nuclear phenotype similar to that observed in cells from FPLD
patlents (Favreau C, Ostlund C, Worman HJ, Courvalin JC, Buendia B, personal communica-
tion).”

The observation of heterogeneous, but very similar nuclear alterations in fibroblasts from
EPLD patients or from XL-EDMD patients, from lmna’™ mice and from myocytes of AD-
EDMD patients confirms that lamins A/C are major determinants of the nuclear architecture.
However, these studies have shown that A-type lamins are not the only determinants of emerin
localization. If altered interactions between FPLD-linked mutant forms of lamin A/C and
emerin do not seem likely in FPLD, they probably neither represent the only pathophysiologi-
cal mechanism in cardiac and skeletal muscular dystrophies linked to LZMNA mutations.

Conclusion

Recent experiments evidenced the essential role of A-type lamins in nuclear architecture
and integrity. However, the pathophysiology of the diseases linked to LMNA mutations re-
mains unclear. A striking feature of these diseases is the tissue-specificity of the alterations,
which is difficult to relate to the widespread expression of lamin A/C in differentiated cells.

Germline mutations of the RET protooncogene is another example of different phenotypes
arising from mutations in the same gene. However, in the case of RET mutations, the pheno-
types of either to congenital malformations or inherited cancer syndromes are due to the loss or
gain of function of the mutated protein.”® The divergent consequences of alterations in lamin
A/C, astructural protein, seem more complex to understand. Knowledge about the other spe-
cific functions of lamin A/C is presently lacking to unravel the pathophysiological mechanisms
of muscular dystrophies and lipodystrophies linked to LMNA. However, several hypotheses
can be discussed.

The diverse types of LMNA mutations in patients with EDMD, LGMD1B and DCM-
DC, some of them leading to a truncated form of the protein, suggest that a loss of function of
lamin A/C could be responsible for the cardiac and/or skeletal muscle diseases. This loss of
function could act via a secondary mislocalization of emerin, as suggested by the close clinical
symptomatology induced by emerin mutations. However, from present cellular studies, emerin
alterations were not systematically found when the LMNA gene was mutated, suggesting that
this mechanism might not be unique. Further work on cells from patients will most likely
provide more detailed information on this issue.

The compromised nuclear integrity could lead to nuclear fragility, and to mechanical dam-
age during muscle contractions that could explain the striated muscle affections. However, the
preferential alteration of the conduction pathway in cardiac tissue in LMNA-linked muscular
dystrophies and cardiomyopathies and the nuclear fragility that we recently evidenced in cells
from FPI9,3D patients with LMNA R482W or R482Q) mutations, are not in favor of this hy-
pothesis.



Laminopathies:One Gene, Two Proteins, Five Diseases. .. 167

The mutational hot-spot found in FPLD-linked phenotype suggests a more specific alter-
ation of a lamin A/C function that could only be expressed at the adipocyte level. The system-
atic alteration of the charge of an amino acid in the C terminal domain of the protein could
evoke modifications of the binding of lamin A/C with others partners. The recent crystalization
of the C-terminal end of lamin A showed that it is spatially organized as an immunoglobulin-
like domain and that mutations in amino acids at positions 465, 482 and 486, found in FPLD,
are localized at the external surface of the structure (S. Dhe-Paganon, E. Warner, S. Schoelson,
personal communication). As immunoglobulin folds are known to mediate protein-protein,
protein-lipid and protein-DNA interactions, this hypothesis could have a pathophysiological
relevance, but data about of lamin A/C partners inducing a tissue-specific response are pres-
ently lacking.

A role for the inner nuclear membrane in the regulation of gene expression has been previ-
ously suggested.”” In yeast, the inner nuclear membrane is involved in the spatial organization
of chromatin and in the regulation of transcription.”® In mammalian species, gene expression is
also influenced by the spatial organization of the nucleus (for a review, see ref. 99). Distur-
bances in heterochromatin organization are a largely represented feature in cells affected by
LMNA mutations. It is tempting to speculate that lamins could alter tissue-specific gene ex-
pression, and that the mutations could affect muscle or adipose tissue function, differentiation
or survival. Indeed, several transcription factors, among which the retinoblastoma protein pRb,
a key regulator of cell-cycle dependent transcription, are known to interact with A type-lamins
(for a review, see refs. 100-102. Furthermore, the lamina provides an attachment site for apoptotic
signaling machinery'® and nuclear envelope proteins are early targets for caspase degrada-
tion.'%

Finally, it has recently been shown in Drosophila that lamins, in addition to their role in
nucleus integrity, are also required for cytoplasmic organization,'** in accordance with the
known mechanical interactions between nuclear scaffolding proteins and cytoskeletal fila-
ments.'” This aspect has now to be investigated in mammalian LMNA-mutated cells. Con-
stant improvements in the description of lamin A/C-associated diseases and in experimental
models for alterations in nuclear envelope proteins will provide important information for the
understanding of nuclear physiology, adipose tissue and metabolic diseases, and skeletal and
cardiac muscle dystrophies.

Addendum

During the editing process of this communication, a new phenotype also due to mutation
of lamin A/C gene has been reported. This fifth laminopathy disease is an autosomal recessive
form of axonal neuropathy (Charcot-Marie-Tooth disorder type 2, or CMT2B1).!% The Char-
cot-Marie-Tooth (CMT) disorders comprise a group of clinically and genetically heteroge-
neous hereditary motor and sensory neuropathies, which are mainly characterized by muscle
weakness and wasting, foot deformations, and electrophysiological as well as histological changes.
A subtype, CMT2, is defined by a slight or absent reduction of nerve-conduction velocities
together with the loss of large myelinated fibers and axonal degeneration. Homozygosity map-
ping in inbred Algerian families with autosomal recessive CMT2 (AR- CMT2) provided evi-
dence of linkage to chromosome 1¢21.2-q21.3 in two families. All patients shared a common
homozygous ancestral haplotype that was suggestive of a founder mutation as the cause of the
phenotype. A unique homozygous mutation in LMNA was identified in all affected members
and in additional patients with CMT2 from a third, unrelated family. Ultrastructural explora-
tion of sciatic nerves of LMNA null (i.e., LMNA"") mice was performed and revealed a strong
reduction of axon density, axonal enlargement, and the presence of non-myelinated axons, all
of which were highly similar to the phenotypes of human peripheral axonopathies. The asso-
ciation of nerve abnormality with LMNA mutations enlarges the already broad range of phe-
notypes of laminopathies and shed further light on the important interactions between nerve
and striated muscle.
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