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Determining nuclear shape

The role of farnesylated nuclear membrane proteins
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hanges in nuclear morphology are

observed in diverse developmental
processes as well as in pathological con-
ditions. Modification of nuclear mem-
brane and nuclear lamina protein levels
results in altered nuclear shapes, as it
has been demonstrated in experimental
systems ranging from yeast to human
cells. The important role of nuclear
membrane components in regulating
nuclear morphology is additionally
highlighted by the abnormally shaped
nuclei observed in diseases where
nuclear lamina proteins are mutated.
Even though the effect of nuclear enve-
lope components on nuclear shape has
been thoroughly described, not much is
known about the molecular mechanisms
that govern these events. In addition to
the known role of intermediate filament
formation by lamins, here we discuss
several mechanisms that might alone or
in combination participate in the regu-
lation of nuclear shape observed upon
modification of the levels of nuclear
membrane and lamina proteins. Based
on recent work with the two farnesyl-
ated nuclear membrane Drosophila pro-
teins, kugelkern and lamin Dm0, we
propose that the direct interaction of
farnesylated nuclear membrane proteins
with the phospholipid bilayer leads to
nuclear envelope deformation. In addi-
tion to this mechanism, we suggest that
the interaction of nuclear membrane
and lamina proteins with cytoskeletal
elements and chromatin, and modifica-
tions in lipid biosynthesis might also be
involved in the formation of abnormally
shaped nuclei.

Nucleus

The Nuclear Lamina

The nuclear envelope (NE) is composed of
an outer nuclear membrane (ONM) and
an inner nuclear membrane (INM). The
ONM is continuous with the endoplasmic
reticulum (ER). The INM faces the inte-
rior of the nucleus and is characterized by
the presence of a number of integral mem-
brane proteins. In metazoans, a mesh-
work of proteins called the nuclear lamina
underlies the INM. The lamina attaches
to the INM via INM proteins and it also
interacts with parts of the chromatin,
either directly or via chromatin binding
proteins."? One of the numerous functions
of the nuclear lamina is maintaining the
mechanical properties of the nucleus and
of the whole cell, by interacting with the
cytoskeleton.?

The lamina is mainly composed of
lamins and lamin interacting proteins.
No lamins have been found in yeast! and
it remains unclear whether a structural or
functional equivalent to the nuclear lam-
ina exists in the yeast nucleus’ Lamins
are nuclear-specific Type V intermediate
filaments, classified in A- and B-type.
They share a common polypeptide struc-
ture, consisting of a short N-terminal
head domain followed by an a-helical
rod domain and a globular C-terminal
tail domain. The C-terminal residues
match the CaaX farnesylation motif.
B-type lamins are permanently farne-
sylated while the C-terminal motif of
lamin A is proteolytically processed, lead-
ing to loss of the farnesylated residue.®
Mutations resulting in defective lamin or
lamin binding proteins are associated to



a variety of human diseases, collectively

called laminopathies.””

Laminopathies
include neuromuscular disorders (Emery-
Dreifuss muscular dystrophy, Charcot-
Marie-Tooth  disease and  dilated
cardiomyopathy), lipodystrophies
progeria syndromes [Hutchinson-Gilford

and

progeria syndrome (HGPS) and atypical
Werner syndrome].

Nuclear Shape Changes
in Development and Disease:
The Role of Nuclear Membrane
and Lamina Components

The nuclei of most eukaryotic cells are gen-
erally round or oval shaped and smooth.
Nevertheless, alterations in nuclear mor-
phology are observed in various physiolog-
ical processes and pathologies. A classical
example of nuclear shape changes under
physiological conditions are the nuclei of

neutrophil granulocytes.'!

During cell
differentiation, the granulocyte nucleus
adopts a lobulated shape, assumed to
facilitate cell function, which involves
migration through narrow tissue open-
ings.”? Other examples of dramatically
altered nuclear morphology in differen-
tiating cells are the nuclei of spermato-
cytes”® and of myocytes." Developmental
nuclear shape changes are also observed
in the early Drosophila embryo, where
the shape of the cortical nuclei changes
from spherical to ellipsoidal, showing a
2.5-fold increase in length.”" In addi-
tion to their increased length the nuclei
show apical ruffling of the NM. Nuclear
shape changes are associated with physi-
ological organismal aging of C. elegans,
D. melanogaster and humans.'*?° Among
the pathologies where nuclear shape
changes are observed are cancer” as well
as laminopathies.®

Generally, the molecular mechanisms
that participate in defining nuclear shape
in the above mentioned situations have
remained unclear.”? As indicated by the
abnormal nuclear shapes observed in dis-
eases caused by mutations in NM com-
ponents and lamina proteins, the NM
seems to play an active role in determining
nuclear shape.” A characteristic example is
the Pelger-Hiiet anomaly (PHA) caused
by mutations in the gene encoding the
lamin B receptor (LBR).?* The neutrophil

granulocyte nuclei of PHA patients show
hypolobulation and altered chromatin
organization, indicating that the LBR
participates in shaping the granulocyte
nucleus.

Both depletion and overexpression of
lamins result in aberrant nuclear shapes.
Filament formation mediated by the rod
domain of lamins is undoubtedly impor-
tant for the definition of nuclear shape
and the maintenance of nuclear integ-
rity.?*» Nevertheless, upon overexpression
of lamins, their farnesylated C-terminal
part seems to play a prominent role in
the induction of nuclear abnormalities. A
striking example is HGPS, a laminopathy
caused by a point mutation in exon 11
of LMNA, activating a cryptic splice site
and resulting in the formation of a per-
manently farnesylated variant of lamin
A, LaA50/progerin.’®%
of LaA50/progerin results in the forma-

Accumulation

tion of abnormally shaped nuclei with
NM blebs and infoldings.”® The activ-
ity of LaA50/progerin on nuclear shape
seems to be dependent on farnesyl-
ation, since the use of farnesyltransfer-
ase inhibitors (FTTs) restores the nuclear
29,30

morphology defects. The farnesyl-
ated C-terminal part of lamins was also
shown to be important for modulating
nuclear shape by studies where lamin vari-
ants consisting only of the C-terminal
part were tested for their activity.** In
these studies it was shown that farnesyl-
ated truncated lamin constructs lacking
the filament forming domain are able to
induce formation of abnormally shaped
nuclei, in contrast to non-farnesylatable
mutants or the non-farnesylatable lamin
C, which have no activity on nuclear mor-
phology. Importantly, a lamin C mutant
containing the CaaX of lamin Dm0, was
able to induce NM abnormalities indi-
cating that the CaaX motif is directly
implicated in the nuclear morphology
changes.*

Apart from lamins, the only farne-
sylated NM protein described so far is
the Drosophila INM protein kugelkern
(Kuk).?® The polypeptide structure of Kuk
is somewhat similar to the one of lamins,
containing a putative N-terminal coiled-
coil motif and a C-terminal CaaX motif.
Apart from the structural similarities, Kuk
shares functional similarities with lamins,

Nucleus

since Kuk overexpression results in aber-
rant nuclear shapes in different cell types
(Fig. 1A-C).’®33% Furthermore, over-
expression of Kuk in the adult fly results
in shorter lifespan and aging related
phenotypes similarly as when LaA50/
progerin is expressed in mice or humans.'®
Reduced Kuk levels also affect nuclear
morphology. In kuk deficient cellulariz-
ing Drosophila embryos, the nuclei fail
to elongate and do not show apical NM
ruffling.®® Furthermore, the nuclei seem to
be detached from the centrosomes® which
might indicate that Kuk mediates the con-
nection of NM to cytoskeletal elements.
The activity of Kuk on nuclear elongation
seems to be specific, since the kuk mutant
phenotype cannot be rescued by overex-
pression of lamin Dm0.*

Another example of a nuclear pro-
tein influencing nuclear shape is Esclp, a
yeast membrane-associated component of
the nuclear periphery®® that mediates the
interaction of chromatin with the NE.
Despite its coiled coil motifs Esclp does
not seem to form filaments and it is gen-
erally not comparable to lamins. When
Esclp is overexpressed it induces forma-
tion of lobulated and abnormally shaped
interphase nuclei’ The solubilization
properties of Esclp suggest that it bears
a not yet defined lipid modification,*
indicating that it could represent another
example of a lipid modified protein that
affects nuclear shape.

Farnesylated Nuclear Membrane
Proteins Affect Nuclear Shape by
Directly Interacting
with the Nuclear Membrane
via their Lipophilic C-Terminus

Triggered by the observation that the
C-terminal lipophilic part of farnesyl-
ated NM proteins seems to be sufficient
for their effect on nuclear shape we inves-
tigated how the C-terminal part affects
the NM. In our recent study* we focused
on the two farnesylated Drosophila NM
proteins, lamin Dm0 and Kuk. Strikingly,
we observed that expression of lamin Dm0
and Kuk in yeast, results in the formation
of enlarged nuclei, bearing NM lobes
and protrusions (Fig. 1C). The modified
nuclear shapes observed upon expression
of lamin Dm0 and Kuk in yeast where
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there is no classical nuclear lamina, indi-
cate that the existence of a lamina is not
required for the activity of farnesylated
proteins. Furthermore, LaminDmOAN,
a truncated lamin Dm0 construct lacking
the entire N-terminal filament forming
part showed activity on nuclear shape in
mouse fibroblasts and yeast. This obser-
vation implies that intermediate filament
formation does not seem to be essential for
affecting nuclear shape.

Considering the indications for a lam-
ina and filament independent mechanism,
we tested the activity of recombinant
lamin Dm0 and Kuk protein constructs
on protein free liposomes. We used full
length Kuk, two truncated Kuk con-
structs lacking parts of the N-terminal
half of the protein, LaminDmOAN, and
two GFP-fusion constructs and liposomes
consisting mainly of negatively charged
phosphatidylinositol and phosphatidyl-
serine. GFP-NLS-Cterm consists of GFP
fused to the NLS of lamin Dm0 followed
by the C-terminus of lamin Dm0 with-
out the globular part whereas GFP-NLS-
CaaX consists of GFP fused to the NLS
and the CaaX of lamin Dm0. Consistent
with the weak partition properties of
farnesyl residues, we observed that bind-
ing to liposomes is not complete. We also
observed that binding of the constructs to
the liposomes is not absolutely dependent
on farnesylation. This indicates that other
parts of the protein and additional factors
may participate in the interaction of farne-
sylated proteins with the NM. Our results
come in agreement with previous studies
showing that farnesylation is necessary,
but not sufficient for targeting lamins to
the NM.%% Importantly, when we exam-
ined the morphology of the liposomes by
fluorescence microscopy we found that
the proteins deform the liposomes in a
farnesylation dependent way,*® meaning
that binding to the liposomes was accom-
panied by morphological changes only
when the proteins were farnesylated. In
addition, we observed that the C-terminal
globular domain of lamin Dm0 seems to
contribute to the activity of the protein
in membrane deformation, since GFP-
NLS-Cterm and GFP-NLS-CaaX showed
activity on liposome morphology only
at ten times higher concentration than
LaminDmOAN, despite binding to the
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Figure 1. The farnesylated nuclear membrane protein Kuk affects nuclear shape in different cell
types. (A) Surface view of a wt Drosophila embryo (left) and of an embryo with six genomic copies
of kuk (right), in late cellularization. Kuk is used as a marker of the NM. Scale bar: 10 um. (B) Nuclear
morphology upon Kuk overexpression in NIH-3T3 cells. The nucleus of a transiently transfected
NIH-3T3 cell expressing Kuk (green) is shown together with the nucleus of a non transfected

cell. Lamin A/C (red) marks the NM. Scale bar: 5 pm. (C) Nuclear morphology of control (left) and
GFP-Kuk expressing (right) S. cerevisiae in mid-log phase. mCherry-Nup133 (red) marks the NM and

GFP-Kuk is shown in green. Scale bar: 2.5 pm.

liposomes. The reduced activity of the two
GFP-fusion constructs was also observed
in transfected mouse fibroblasts.

Taking into consideration the observa-
tions discussed above we propose that the
abnormalities in nuclear shape observed
upon overexpression of farnesylated NM
proteins might be directly arising from
the insertion of the proteins to the lipid
bilayer of the NM via their lipophilic
farnesylated moiety. Since we observed
that deletion of the C-terminal globular
part of lamin Dm0 noticeably reduces the
activity of the protein on the NM and on
liposomes, we suggest that the globular

Nucleus

part plays an important role in affect
ing nuclear shape. Kuk does not seem to
contain a homologous globular domain,
but we cannot exclude the possibility that
structured domains in its C-terminus
confer membrane deforming activity. In
our current model shown in Figure 2, we
propose that the association of farnesyl-
ated NM proteins with the lipid bilayer of
the NM via their modified CaaX motif,
results in the positioning of C-terminal
protein domains in close contact with the
NM, thus mediating structural changes
in the lipid bilayer and finally inducing
abnormal NM shapes.
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Figure 2. Farnesylated nuclear membrane proteins affect nuclear shape by directly interacting
with the lipid bilayer. Schematic representation of our current model, explaining how farnesyl-
ated proteins of the nuclear membrane affect nuclear shape by directly interacting with the lipid
bilayer of the INM via their farnesylated C-terminus. The arrows indicate sites where the C-terminal
part of the protein is interacting with the lipid bilayer.

Involvement of Cytoskeletal
Elements, Chromatin
and Lipid Biosynthesis
in the Formation and Maintenance
of Abnormal Nuclear Shapes

Even though the direct interaction of
farnesylated proteins with the lipid com-
ponents of the NM can nicely explain the
effect of lamin Dm0 and Kuk on protein
free liposomes, it seems quite unlikely that
this is the only event triggering the for-
mation of abnormal nuclear shapes when
lamin mutants or farnesylated proteins are
accumulating in the nucleus in vivo. First
of all, in the case of the liposomes a convex
surface is deformed when the farnesylated
proteins bind to the lipid layer while in the
nucleus they are expected to deform a con-
cave surface, in the case of bleb formation.
Furthermore, the complexity of the NM
and its interactions with both chromatin
and the cytoskeleton suggest that addi-
tional cellular components might partici-
pate in the induction and maintenance of
aberrant nuclear shapes (Fig. 3).

The

consisting of lamins and the cytoskeleton

nucleoskeleton, predominantly

are interconnected via the formation of

macromolecular complexes which span the
NM. The “linkers of the nucleoskeleton

20

to the cytoskeleton” (LINC) complex
primarily consists of SUN proteins of the
INM and KASH proteins of the ONM,
and mediates the connection of the
nuclear lamina to actin filaments, micro-
and 40,41

possibilities of how disturbed nucleoskel-

tubules centrosomes. Several
eton-cytoskeleton interaction can affect
nuclear shape are illustrated in Figure
3A. Mutant forms of lamin accumulat-
ing in laminopathic nuclei, might dis-
turb the interactions of the nucleus with
cytoskeletal thus affecting
nuclear shape. The potential involvement
of LINC components in the determina-
tion of nuclear shape is highlighted by the

abnormal nuclear morphologies observed

elements,

in the fibroblasts of patients with lami-
nopathies caused by Nesprin mutations,*
as well as by the increased levels of SUN1
in HGPS cells® and the decreased levels
of Nesprin 2 in a cell culture progeria
model.** Actin has also been proposed to
define nuclear shape, by forming a cap
apical to the nucleus.” This cap is found
to be disrupted in cells from laminopa-
thies showing abnormal nuclear shapes
as well as in cells with disturbed LINC
complexes. Another example where cyto-
skeletal components have been suggested
to be involved in shaping of the nucleus

Nucleus

is the neutrophil granulocyte nucleus, in
which the centrosome and the associated
microtubules are thought to mediate the
lobulated nuclear shape.'
Conformational changes in chromatin
structure might also be partially respon-
sible for shaping the nucleus (Fig. 3B). In
our recent study,® we found that down-
regulation of BAF, an adaptor protein
between the lamina and chromatin,*® and
of p55, a nucleoplasmic WD-repeat com-
ponent of histone modifying and chroma-

47,48

tin assembly complexes,””# affects nuclear

morphology in cultured Drosophila
cells. Downregulation of BAF has also
been reported to affect nuclear shape in
Drosophila imaginal discs and the effect
has been attributed to the disruption of
interactions between BAF, LEM domain
proteins and lamin Dm0.” The interac-
tion of the NM with chromatin is also
suggested to participate in the shaping of
the granulocyte nucleus, where the ele-
vated levels of LBR are thought to increase
the connectivity of NM and chromatin."
Compaction of chromatin together with
ER expansion and separation of INM and
ONM have been observed upon expres-
sion of LBR mutants in human cells in
culture’® NM and chromatin interplay
could also explain the abnormal nuclear
morphology of Esclp overexpressing
yeast cells, since Esclp can function as an
anchor for chromatin.*

Another
nuclear shape changes could be the expan-
sion of the NM surface by increased
incorporation of phospholipids in the
bilayer (Fig. 3C). Since phospholipids
are one of the main components of mem-
branes, changes involving their biosynthe-
sis, transport or remodeling are expected
to affect membrane morphology. As
reviewed by Siniossoglou,’ lipins, a fam-
ily of lipid phosphatases involved in the
synthesis of diacyl glycerol via dephos-
phorylation of phosphatidic acid, seem to
be involved in nuclear membrane synthe-
sis. Deletion of the yeast lipin PAHI or
of its regulators NEM1 and SPO7, results
in the formation of abnormally shaped
nuclei with multiple layers of nuclear
membrane.’** Furthermore, downregula-

mechanism involved in

tion of C. elegans lipin, was shown to result
in disruption of peripheral ER structure
and aberrant nuclear envelope assembly.’*
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Figure 3. Cytoskeletal elements, chromatin structure and lipid biosynthesis are involved in shaping the nuclear membrane. (A) Disturbed nucleoskel-
eton-cytoskeleton interactions may be caused i.e., by modified levels of SUN or KASH proteins, by mutations in KASH or SUN proteins or by abnor-
mal lamina structure. In all cases, the interaction of lamina-INM-ONM-cytoskeleton is not properly established. (B) Interactions of the lamina with
chromatin (in circles) are either direct or mediated by the interaction of INM proteins with chromatin binding proteins i.e., LEM proteins with BAF#>7
or LBR with HP1.°® Disturbed interaction of lamina and chromatin either by general changes in chromatin conformation or by modified levels of the
proteins mediating the interaction might lead in changes in nuclear shape. The chromatin lamina interaction might be lost (circles) or enhanced i.e.,
due to increased LBR amounts or to mutations in LBR (double circle). (C) Altered lipid biosynthesis i.e., by mutations in lipins is suggested to influence
membrane structure, even though the mechanism remains unclear.
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The influence of lipins in the maintenance
of nuclear shape indicates that phospho-
lipid metabolism is connected to nuclear
membrane biosynthesis. Even though the
exact role of lipins in shaping the nuclear
membrane is unclear, it has been suggested
that they regulate lipid metabolism at dif-
ferent levels; on one hand by regulating
lipid biosynthesis and on the other hand
by transcriptionally regulating the expres-
sion of genes related to lipid metabolism.”!
Evidence supporting the latter hypothesis,
are the observations that the intranuclear
pool of mammalian lipin 1 regulates gene
expression of adipogenic and fatty-acid
oxidation genes.”>>¢

In conclusion, we propose that a
combination of different events includ-
ing the alteration of NM-chromatin or
NM-cytoskeleton interactions and the
modification of lipid biosynthesis results
in the abnormal nuclear shapes observed
upon
nuclear proteins. Even though it is clear,

overexpression of farnesylated

as suggested by experimental data from
different systems, that the above men-
tioned cellular components are involved in
shaping the NM, further work is required
in order to elucidate the exact molecular
mechanism and to analyze the interplay
between these different components.
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