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Abstract

Lamin proteins are type V intermediate filament proteins (IFs) located inside the cell
nucleus. They are evolutionarily conserved and have similar domain organization and
properties to cytoplasmic IFs. Lamins provide a skeletal network for chromatin, the
nuclear envelope, nuclear pore complexes and the entire nucleus. They are also responsible
for proper connections between the karyoskeleton and structural elements in the
cytoplasm: actin and the microtubule and cytoplasmic IF networks. Lamins affect
transcription and splicing either directly or indirectly. Translocation of active genes into
the close proximity of nuclear lamina is thought to result in their transcriptional silencing.
Mutations in genes coding for lamins and interacting proteins in humans result in various
genetic disorders, called laminopathies. Human genes coding for A-type lamin
(LMNA) are the most frequently mutated. The resulting phenotypes include muscle,
cardiac, neuronal, lipodystrophic and metabolic pathologies, early aging phenotypes,
and combined complex phenotypes. The Drosophila melanogaster genome codes for
lamin B-type (lamin Dm), lamin A-type (lamin C), and for LEM-domain proteins, BAF,
LINC-complex proteins and all typical nuclear proteins. The fruit fly system is simpler
than the vertebrate one since in flies there is only single lamin B-type and single lamin
A-type protein, as opposed to the complex system of B- and A-type lamins in Danio,
Xenopus and Mus musculus. This offers a unique opportunity to study laminopathies.
Applying genetic tools based on Gal4 and in vitro nuclear assembly system to the fruit
fly model may successfully advance knowledge of laminopathies. Here, we review
studies of the laminopathies in the fly model system.
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Lamins

Lamins are evolutionarily conserved proteins, defined as class V intermediate filament
(IF) proteins [1]. Typically, lamins are of the B- or A-type. All lamins share the same
structure, independent of organism of origin: a central, a-helical rod domain flanked
by an N-terminal head domain and a C-terminal tail domain [2—4]. The rod domain
consists of four coiled-coil domains separated by flexible linkers [5]. The head domain
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is of variable length and contains several conserved motifs including a Cdk1 (cyclin-de-
pendent kinase 1) site. The tail domain also contains several conservative motifs,
including a PKC (protein kinase C) site, NLS (nuclear localization signal), a Cdk1 site
and farnesylation motif (CaaX) site on the C-terminus. In lamin A, the C-terminal far-
nesylation motif with the farnesyl moiety is cleaved off when they reach the nucleus.

Lamins are nuclear proteins thought to be responsible for the structural organization
of the nuclear envelope, nuclear lamina and chromatin in the metazoan nucleus [6].
They are also implied to play a direct or indirect role in chromatin organization [7],
regulation of replication and transcription [8, 9], splicing [10], proper spacing of
nuclear pore complexes, signaling, the connection between the nuclear skeleton and
cytoplasmic skeletal structures [11], nuclear positioning [12—14], mechanosensing, and
mechanotransduction [15-17].

Figure 1 demonstrates a simplified view of the interactions and relationships between
lamins, LINC (linker of nucleoskeleton and cytoskeleton) complex proteins, the cyto-
skeleton and the major proteins of the nuclear envelope, nuclear lamina and chromatin.
Based on the current state of knowledge on lamins, we may assume that a major role
of lamins in vivo may be their function as a skeletal platform or hub, integrating many
different signaling networks and signals. This includes mechanical signals and traffic-
king between the cytoplasm and nucleus. Simultaneously, they are responsible for
mechanical support and protection for chromatin and the entire cell nucleus. Lamins
participate in cellular mechanosensing and mechanotransduction through their direct
link to the ECM (extracellular matrix) via the LINC complex, which directly interacts
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Fig. 1 A simplified diagram of the interaction between the protein components of the nuclear lamina and the
nuclear envelope with chromatin and the cytoskeleton. Only well documented proteins with high importance
for biological functions are demonstrated. Please note that we included two fly-specific proteins (YA and otefin)
along with the typical vertebrate proteins. ONM — outer nuclear membrane; INM — inner nuclear membrane; NL
- nuclear lamina; NET — nuclear envelope transmembrane proteins; LBR — lamin B receptor; NPC — nuclear

pore complex
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with cytoskeletal networks (F-actin, the microtubules/centrosome, and the cytoplasmic
IF-filament proteins) connected to the ECM. Lamins regulate the organization of chro-
matin and modulate gene expression by providing a skeletal network for specific
chromatin-binding proteins (BAF, HP1 and HDAC1-3) that interact with LEM-domain
proteins, LBR, Sampl and NETs. This integrates them into an interconnecting system
at the nuclear lamina. Similarly, lamins regulate proper NPC distribution. On the out-
side face of nuclear envelope, lamins maintain a proper connection with cytoplasmic
networks by positioning LINC complexes, which are fixed by interactions with lamins
and other nuclear lamina proteins.

Note that LINC complexes are not the only connection between the karyoskeleton
and cytoplasmic skeletal network. The nucleus is directly linked to centrosomes
(microtubule-organizing centers, MTOCs) through direct interaction with proteins as-
sociated with the cytoplasmic face of NE (e.g., emerin) or indirectly through
microtubule-binding proteins associated with NE.

So far, lamins were thought to be unique to metazoans, although there are several re-
ports suggesting that lamin-like proteins may be present in plants and fungi. In most
invertebrates, there is only a single lamin gene encoding B-type lamin, e.g., C. elegans
has a single Ce-lamin. Note that Ce-lamin does not have the Cdkl sites flanking the
rod domain that are typical for the other analyzed lamins. Instead, PKC sites are used
for depolymerization of Ce-lamin filaments mediated by phosphorylation. Some inver-
tebrates may have more than a single lamin gene [18-21].

In the fruit fly, there are two lamin genes: one coding for lamin Dm, which is of
the B-type, and one for lamin C, which is of A-type. In vertebrates, there are more
lamin genes. In mammals, there are two B-types: LMNBI for lamin Bl and
LMNB2 for lamin B2 and B3. The latter arises by alternative splicing of the
LMNB?2 gene, mostly in reproductive tissues. LMNA codes for two major splicing
variant proteins: lamin A and lamin C. Minor products are lamin A (A10) and
lamin C2, which is expressed in reproductive cells.

A much more complex system of genes for lamins exists in lower vertebrates, such
as teleost fish, amphibians and birds. There are genes coding for lamin A (no splicing
to the lamin C variant), lamin Bl (L1), lamin B2 (LII) and lamin B3 (LIII), the last of
which is only expressed in oocytes and the early embryo. In amphibians, the lamin B3
gene codes for three alternatively spliced transcript products: lamin B3a (LIIIa), lamin
B3b (LIIIb) and LIV [20]. Additional lamin B3 is also present in chickens, while some
fish species have an additional gene for lamin A [22].

The fly genome is unique in invertebrates: it has one gene for B-type lamin (lamin Dm)
and one for A-type lamin (lamin C) [19, 23, 24]. Fig. 2a and b shows the typical staining
pattern for lamin Dm and lamin C in larval tissues. Lamin Dm (green) is expressed in all
tissues while lamin C (red) is only expressed in differentiated ones (Fig. 2b). Both proteins
are located at the nuclear lamina. The major additional advantage of the fly model system
is the giant, polytene (up to 1024 N) chromosomes (Fig. 2a) present in salivary gland cells
of third instar larvae (Additional file 1: Video S1). These can be used to visualize events
taking place at particular loci using a combination of FISH/RISH with confocal IF
(e.g. [25, 26]). The fly system is also connected with polyploid nuclei of nurse cells in egg
chambers reaching up to 1024 N in the nuclei of cells next to the oocyte (Fig. 2d). The
chromatin organization of such nuclei may serve as an excellent control for chromatin
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Fig. 2 a The salivary gland nuclei of 3rd instar larvae with polytene chromosomes are the best known
feature of the Drosophila model system. Dissected salivary glands and prepared nuclei are shown, stained
for lamin Dm (green) with rabbit affinity purified anti-lamin Dm antibody and lamin C (red) with the
ALC28.12 monoclonal antibody. DNA is counterstained with DAPI. b A dissected 3rd instar larvae thick
specimen stained for lamin Dm (green) and lamin C (red) with antibodies as in section A. Only
differentiated cells express lamin C. Both diploid and polyploid nuclei are visible. ¢ Salivary gland nuclei of
3rd instar larvae, with polytene chromosomes, dissected from a fly strain overexpressing EGFP-lamin Dm
(green) under the control of the Act5C-Gal4 driver. Note the increased thickness of the nuclear lamina and
its irregular structure, composed of aggregates, cisterns and invaginations. d Nuclei of nurse cells of egg
chambers and follicular cells stained for lamin Dm (red) and membranes (green). Drosophila egg chambers
contain nurse cells with polyploid nuclei (up to 1024 N) and are frequently used as controls for chromatin
organization in polyploid cells without polytene chromosome structure. Please note the diploid oocyte
nuclei in which chromatin fills only part of the cell nucleus

organization in the polytene nuclei of salivary glands. Finally, the fly model system offers a
large collection of strains for tissue-specific expression of proteins and siRNA using a
large variety of strains with tissue selective Gal4 drivers [27]. Fig. 2c shows dissected saliv-
ary glands nuclei from a fly strain overexpressing GFP-lamin Dm under the control of the
Act5C-Gal4 driver. This demonstrates the great potential and usefulness of the genetic
system of Drosophila.

The minor, technical disadvantage of the genetic system of the fly model, compared
to the C. elegans model [28] is the necessity to keep large stocks of living fly strains as
a library, while worms can be kept frozen.

Drosophila Lamin B (Dm)

The Drosophila lamin Dm, which is a B-type, is longer than human lamin B1 (622 ver-
sus 586 residues) and is of similar length to human lamin B2 (620 residues). Lamin Dm
has a longer head domain: 59 versus 36 residues (45 and 23 residues to the N-terminal

Cdk1 site) and more phosphorylation sites in this domain than the mammalian lamin
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Bl. The fly lamin Dm head domain is similar in length to human lamin B2 (59 versus
41 residues) and the location of the N-terminal Cdk1 site is similar to that in lamin B1
(37 residues from N-terminus). Concomitant with the longer head domain, fly lamin
Dm also has an additional, 10-residue spacer in the tail domain separating the
C-terminal Cdkl and PKC/PKA site from the S/TRAT/S sequence, which is evolution-
arily conserved in B1-type lamins but absent in B2 and A-type lamins [18].

The fly lamin Dm, unlike another widely used invertebrate model system, C. elegans
lamin (Ce-lamin), but similarly to mammalian B-type lamins, contains the Cdkl/cdc2
site flanking rod domains. It also contains a typical Ig-fold domain and its carboxy
terminus is farnesylated and methylated at the CaaX motif [18].

Lamin Dm is expressed in almost all fly tissues. There are at least three lamin Dm iso-
forms, which can be distinguished by electrophoretic mobility and/or different staining
using phosphorylation-dependent antibodies: Dm; and Dm, are the interphase isoforms,
and Dmy,;; is the major mitotic isoform [29]. The Dm, isoform arises from Dm; by phos-
phorylation on the N-terminal domain at around S [25, 29-34]. Both Dm; and Dm, inter-
act with nucleic acids in vivo [35]. Dmy,; is soluble during mitosis, presumably due to
phosphorylation at the Cdkl1 sites [29, 32, 35-39]. In vitro, higher-order assemblies of
lamin Dm can be depolymerized by Cdkl, PKC or PKA (protein kinase A) [40, 41].

Reduction in the expression levels of lamin Dm has been studied in vitro [36, 37, 42, 43]
and in vivo [44—48]. Complete genetic knockout of the lamin Dm allele is only lethal at
the larval stage. This is probably due to the large amounts of maternally deposited lamin
Dm. A genetic approach to solve this issue through depletion of maternally expressed
lamin showed that lamin Dm is necessary for the maintenance of proper egg polarity and
embryonic development [45]. The germ line mutants have abnormal dorsal-ventral polar-
ity of the oocyte and transcripts of the dorsal determinant Gurken fail to localize properly
around the anterodorsal surface of the oocyte nucleus [45]. Partial lamin Dm gene
deletions result in milder phenotypes [44, 48].

Drosophila Lamin C

Drosophila lamin C has 16 more residues in its N-terminal head domain than verte-
brate A-type lamins. Lamin C has also an extra spacer (17 residues) compared to hu-
man lamin A, between the C-terminal Cdkl site and the unstructured region
containing the evolutionarily conserved Akt/PKC site [18]. Fly lamin C has a similar
length to human lamin A (640 versus 664 residues, out of which 14 are cleaved off
post-translationally) but has a significantly shorter tail domain than human lamin A
and therefore lacks two of several conservative motifs on its tail characteristic for
vertebrate lamin A proteins. On the other hand, it is longer than vertebrate lamins C
(640 versus 575 residues) and its tail domain is longer [49].

Lamin C also lacks a farnesylation motif on its tail. All other essential conservative
motifs of A-type lamins are present, including two Cdk1 sites flanking the rod domain.
Thus, it can be considered as an A-type lamin with more similarity to vertebrate lamin
C than A [18]. Note that fly lamin C has its “SRATS” motif in its head domain instead
of its tail domain. Since this motif is considered to be a part of the chromatin/DNA--
binding motif [50] and is a a regulatory motif in the polymerization of lamins [35], its
location may have an impact on lamin C properties [18].
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Lamin C expression is regulated developmentally [51]. Overexpression of lamin C
seems to be stage-specifically lethal [52], while genetic knockdown results in muscular
defects and semi-lethality when only truncated, N-terminally deleted lamin C was
expressed [53-56].

The presence of two lamin genes coding for lamin Dm and lamin C, which respect-
ively correspond to B-type lamin and A-type lamin of vertebrates, makes the fly system
a useful tool for studies of laminopathies. Although the fly lamin C gene originated
from duplicated ancestor gene for lamin Dm, lamin C evolved to gain structural and
functional similarity to lamin A-type proteins of vertebrates [18, 20, 21, 28, 49, 57].

Another advantage of the fly system is the in vitro nuclear assembly system widely used
for studies of nuclear protein functions, taking advantage of fly embryo extracts or fly
oocyte extracts or insect cells infected with the baculovirus system [36, 37, 42, 43, 58]. It
is also possible to investigate fly lamin properties in Xenopus in vitro nuclear assembly or
in Xenopus oocytes [35, 59].

An additional advantage of the fly system is that the fly genome encodes most of
the lamin-interacting proteins characteristic for vertebrates, including some that
have been experimentally verified: LINC complex components [60], dLBR (lamin B
receptor) [61], and the LEM-domain proteins otefin [62, 63], bocksbeutel (CG9424)
isoforms [64], Drosophila MAN1 isoforms [65-67] and BAF (barrier-to-autointegra-
tion factor) [68, 69]. Additional file 2: Figure S1 shows multiple sequence
alignment for BAF protein, demonstrating the very high similarity between BAF
proteins from C. elegans and humans. Similar multiple sequence alignments for
LEM-domain proteins MAN1 and LBR show the very low similarity between these
proteins in C. elegans and in Drosophila or human (Additional files 3 and 4:
Figures S2 and S3). MAN1 protein (single protein) in the fly system is translated
from 3 different transcripts: A, B and C. There are also three transcripts for LBR
protein in flies, which can give rise to two translation products: isoforms A and B,
which are identical, and isoform C which has a longer N-terminus.

Laminopathy model based on Lamin Dm

Several genetic models have been tested for the function of the lamin Dm proteins. After
the initial discoveries of lamin Dm null lethality and the role of maternally deposited
lamin Dm in vivo [45, 46], studies focused on the discrete mechanisms underlying this
lethality. Lamin Dm knockout or siRNA-mediated knockdown result in reorganization
and transcriptional activation of heterochromatic, testis-specific gene clusters in somatic
tissues. These were also associated with the detachment of these loci from their nuclear
envelope location [70]. This suggests that lamin Dm plays an important role in chromatin
organization and heterochromatin maintenance. Genetic studies on the role of lamin Dm
on position effect variegation using the lamin Dm Ari allele (the farnezylation-deficient
mutant of lamin Dm) and wm4 allele revealed a strong silencing effect [71]. Further ana-
lyses demonstrated that lamin Dm null neuroblasts proliferate normally (no lamin C
expressed in the neuroblasts), but further development of gonad and CNS (central ner-
vous system) tissues demonstrated hypertrophy but hypotrophy of the ventriculus and
muscle layer formation was observed. The latter was associated with a decreased level of
ecdysteroid hormone receptor (EcRB1) protein [44, 48].
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The fly system was also used to test aging related to lamins. It was demonstrated that
age-related loss of expression of lamin Dm in the fat body, a major immunomodulatory
organ, results in immunosenescence, which induces strong systemic inflammation. This
in turn induces hyperplasia in the midgut. Lamin Dm loss also induces heterochroma-
tin loss in fat body cells and de-repression of immune response genes [72].

Another aging-related phenotype can be observed in flies with overexpression of
lamin Dm and/or kugelkern proteins [73]. Both proteins contain farnesylation motifs
on the C-terminus. Thus, the phenotype may be a specific result of protein overexpres-
sion or an unspecific effect related to induction of nuclear envelope blebbing by
additional amounts of farnesylated proteins, since overexpression of a C-terminal frag-
ment of farnesylated protein also causes NE increase and blebbing. Another fly study
demonstrated that through interaction with Nup107, lamin Dm is involved in proper

organization of spindle microtubules during male meiosis [74].

Laminopathy model based on fly Lamin C

The lamin C gene is located within intron 5 of the essential fly gene fout velu (ttv), which
caused considerable problems with genetic analyses of lamin C function. Nevertheless,
the first systematic study of the gene using stage-specific expression of siRNA demon-
strated a role for lamin C in development related to its effect on chromatin organization
through relocation of HP1 protein. Furthermore, the lamin C mutant suppressed position
effect variegation. Overexpression of lamin C was found to be stage-specifically lethal
through induction of caspase-dependent apoptosis [54]. Stage-specific lethality induced
by ectopic expression of lamin C was confirmed independently [52] suggesting that the
lamin C protein is necessary for fly development. Surprisingly, the fly nervous system was
not affected when lamin C expression was specifically targeted to this tissue [54]. Another
study, using the GAL4-UAS genetic system, tested the effect of ectopic expression of
lamin C in the larval body wall muscles, showing no visible phenotype [55].

When an N-terminally truncated version of lamin C lacking the first 48 N-terminal
residues, including the Cdk1 site (lamin C delta N), was expressed, the semi-lethality
phenotype was observed. Survivors in adulthood demonstrated leg muscle atrophy and
dysregulated hormone regulatory pathways [53]. This indicates that fly lamin C not
only structurally but also functionally resembles vertebrate lamin A/C.

The first systemic, comparable studies of fly lamin C and human lamin A in the fly
system were performed to test the fly model as a tool for laminopathies. They
demonstrated that loss of lamin C results in nuclear envelope abnormalities resembling
vertebrate lamin A loss. Ectopic expression of analogs of human laminopathic lamin A
mutations in fly lamin C protein also resulted in muscle abnormalities typical for the
muscular laminopathy phenotype as in humans [55] Further studies demonstrated that
fly lamin C loss resulted in pupal metamorphic lethality. This effect was assigned spe-
cifically to the abnormal phenotype in tendon cells. There was a complete loss of
organization of shortstop protein, belonging to the spectraplakin family, around the cell
nucleus. The wild-type phenotype was restored when lamin C was expressed in tendon
cells but not when lamin C was expressed in skeletal muscle cells [56].

Preliminary data on nuclear stretching in the stretched larval body wall muscles
expressing the headless lamin C mutant indicated that intact N-terminal lamin C (head
domain) is necessary for proper strain resistance [75].
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Human laminopathy mutations tested in the Drosophila model

Since the fly model offers a unique opportunity to design simple genetic systems for
genetic analyses of the function of particular protein, it was also used to study human
intermediate filament (IF) properties, including those of lamins and lamina-associated
proteins [76—80] The initial study simply compared the location and the effect of the
expression of human lamin A, C, B1 and B2 in Drosophila larval tissue to the location of
endogenous fly lamin Dm and C [55]. Human lamins generally localized to the nuclear
lamina, similarly to the endogenous lamins, but human lamin C was more nucleoplasmic
than fly lamin C. Human lamin B2 frequently formed extra envelope structures, especially
when overexpressed. Yeast two-hybrid system studies demonstrated evolutionary conser-
vation of interactions between fly and human lamins and LEM-domain proteins.

Fly lamin C null cells showed nuclear envelope defects similarly to the human lamin
A phenotype in mammals. Expression of fly lamin C with mutations representing hu-
man lamin A laminopathy mutations such as N210K (N195K in human lamin A/C),
R401K (R386K), K493W (K453W), W557S (W520S) and L567P (L530P) under the con-
trol of different drivers were lethal except when drivers provided a low level of mutant
protein comparable to endogenous lamin C [55, 79].

Another study demonstrated the effect of the expression of a new set of laminopathy
mutations — G489 V (G449 V), N496I (N4561), V528P (L489P) and M553R (W514R) — in
the body wall muscles of fly larvae [75, 78]. These mutants were also mostly lethal when
expression was driven by the Mef2 promoter (embryo and larvae specific) and viable when
MHC promoter (adult muscle specific) was used. Some of the mutants partially relocated
a fraction of FG-repeat nucleoporins, gp210 protein and klaroid protein.

In another study, mutants and headless fly lamin C were shown to affect the expres-
sion of genes using total RNA isolation and microarray (Drosophila 2.0 GeneChip
array) [81]. The expression of the G489 V mutant changes the expression of 87 genes
compared to the wild type, while headless lamin C affected the expression of 28 genes.
Of these two sets of genes, there was an overlap of 21 genes affected coding for pro-
teins involved in large variety of functions. Two of them (glutathione transferase and
oxidoreductase) were associated with oxidative/reductive stress [81]. Nuclear transloca-
tion of Cap-and-collar-C protein, a fly homologue of human Nrf2 protein, was
observed, as was the disappearance of Keep1 proteins. This suggests that the Nrf2 path-
way may contribute to the toxicity of laminopathy mutations V528P and M553R.

Our knowledge suggests that the Drosophila melanogaster model system for studies
of nucleus biology and the functions of nuclear proteins, especially lamins and
lamina-associated proteins, reflects very well processes from vertebrates and mammals.
Therefore, the fly model system seems to be a very attractive animal model system for
the study of lamins, laminopathies and a large variety of other genetic disorders and
can contribute considerable valuable data impossible to generate in vertebrates.

Additional file

Additional file 1: Video S1: The video shows a 3D model of salivary gland nuclei stained for lamin Dm (red) with
monoclonal antibodies ADL67.12 and stained for DNA with DAPI to visualize polytene chromosomes. Please note
that the contacts between lamin Dm protein and the chromosomes are not limited to nuclear rim/nuclear lamina/
NE but lamin Dm “intercalates” in between polytene chromosomes. (AVI 84131 kb)
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Additional file 2: Figure S1. Multiple sequence alignment of BAF proteins from different species: Caenorhabditis
elegans (NP_499085.1 Barrier-to-autointegration factor 1), Drosophila melanogaster (NP_001260220.1 barrier to autointegra-
tion factor), Xenopus laevis: factor A (NP_001084558.1 barrier-to-autointegration factor A) and factor B (NP_001087314.1
barrier-to-autointegration factor B), Mus musculus (NP_001033320.1 barrier-to-autointegration factor), and Homo sapiens
(NP_003851.1 barrier-to-autointegration factor). The darker blue color indicates higher similarity. The numbering above the
multiple sequence alignment is for D. melanogaster. All sequences were aligned with CLUSTALX v. 2.0. Each alignment was
edited in JALVIEW v. 2.8. and individually corrected for inaccurate fragments. (PNG 33 kb)

Additional file 3: Figure S2. Multiple sequence alignment of MANT1 proteins from different species:
Caenorhabditis elegans (NP_496944.1 LEM protein 2), Drosophila melanogaster (NP_001286812.1 MANT1), Xenopus
laevis: (NP_001082578.1 LEM domain containing 3 S homeolog), Mus musculus (NP_001074662.2 inner nuclear
membrane protein Man1), and Homo sapiens: isoform 1 (NP_055134.2 inner nuclear membrane protein Man1
isoform 1) and isoform 2 (NP_001161086.1 inner nuclear membrane protein Man1 isoform 2). The darker blue color
indicates higher similarity. The numbering above the multiple sequence alignment is for D. melanogaster. All
sequences were aligned with CLUSTALX v. 2.0. Each alignment was edited in JALVIEW v. 2.8. and individually
corrected for inaccurate fragments. (PNG 309 kb)

Additional file 4: Figure S3. Multiple sequence alignment of LBR proteins from different species: Drosophila
melanogaster. isoform A (NP_611608.1 lamin B receptor, isoform A), isoform B (NP_726115.1 lamin B receptor, isoform B),
isoform C (NP_726114.1 lamin B receptor, isoform C), Xenopus laevis (NP_001079301.1 lamin B receptor S homeolog), Mus
musculus (NP_598576.2 lamin-B receptor), and Homo sapiens (NP_002287.2 lamin-B receptor). Isoforms A and B of LBR
proteins in D. melanogaster are shown on one alignment because they have the same amino acid sequence. The darker
blue color indicates higher similarity. The numbering above the multiple sequence alignment is for D. melanogaster. All
sequences were aligned with CLUSTALX v. 2.0. Each alignment was edited in JALVIEW v. 2.8. and individually corrected for
inaccurate fragments. (PNG 217 kb)
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