s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Biochem Soc Trans. Author manuscript; available in PMC 2015 February 19.

Published in final edited form as:
Biochem Soc Trans. 2011 December ; 39(6): 1735-1741. doi:10.1042/BST20110724.

Evolvement of LEM-proteins as chromatin tethers at the nuclear
periphery

Andreas Brachner and Roland Foisner
Max F. Perutz Laboratories, Medical University of Vienna, Dr. Bohr-Gasse 9, Vienna, Austria

Abstract

The nuclear envelope in eukaryotic cells has important roles in chromatin organization. The inner
nuclear membrane contains over 60 transmembrane proteins. LAP2-emerin-MAN1 (LEM)-
domain containing proteins of the inner nuclear membrane are involved in tethering chromatin to
the nuclear envelope and affect gene expression. They contain a common structural, bi-helical
motif, the so-called LEM domain, which mediates binding to a conserved chromatin protein,
Barrier-to-Autointegration Factor (BAF). Interestingly, this domain is highly related to other bi-
helical motifs, termed helix-extension-helix (HeH) - and SAF-Acinus-PIAS (SAP) motifs, which
are directly linked to DNA. Here we summarize evidence that the LEM motif evolved from the
HeH and SAP domains concomitantly with BAF. In addition we discuss the potential evolution of
HeH/SAP and LEM domain containing proteins and their role in chromatin tethering and gene
regulation from unicellular eukaryotes to mammals.
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The nucleus of eukaryotic cells houses the genomic DNA and is physically and functionally
separated from the cytoplasm by the nuclear envelope (NE) [1, 2]. The NE consists of two
concentric lipid bilayers, the inner and outer nuclear membrane (INM and ONM), which are
connected by the pore membrane at the sites of nuclear pore complexes (NPCs). The ONM
is continuous with the endoplasmic reticulum (ER) membrane and many membrane proteins
of the ER are also found in the ONM. The INM, in contrast includes over 60 putative
transmembrane proteins specifically targeted and/or retained at the INM [3, 4]. In metazoa,
the lamina - a protein meshwork of type V intermediate filament proteins called lamins - is
attached to the nuclear side of the INM. It provides mechanical stability for the nucleus and
serves as an interaction platform for chromatin and various signaling molecules and
transcription factors [5]. Lamins and several proteins of the INM directly interact with DNA
and/or chromatin proteins and have active roles in chromatin organization and in the
regulation of gene expression. In this review, we focus on the role of a specific group of
INM proteins, termed LEM-proteins, in chromatin tethering to the NE, and highlight some
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aspects of the evolution of LEM-proteins in particular the evolvement of the domains
mediating chromatin binding.

Chromatin organization in the 3D space of the nucleus regulates gene
expression

Interphase chromosomes occupy distinct territories within the nucleoplasm [6-8]. There is
increasing evidence that the localization of a gene within the nucleus affects its epigenetic
regulation and gene expression [9-12]. Chromosome and gene positioning in the nucleus are
tightly regulated during differentiation. In fact, specific (re-) positioning of gene clusters
during development and during differentiation is increasingly recognized as means to
control differentiation-specific gene expression. For instance, testis specific gene clusters are
repressed in Drosophila somatic cells by lamin-mediated tethering at the nuclear periphery
[13]. In C. elegans, ectopic DNA arrays containing reporters driven by myogenic promoters
have been shown to translocate away from the nuclear periphery during muscle
differentiation - concomitant with the activation of muscle specific promoters [9]. In
addition, the IgH loci in B-cells were found to change their subnuclear position before and
after V(D)J recombination, indicating that NE tethering can also limit the availability of
certain loci to recombination factors [14, 15].

In metazoan cells the nuclear periphery has mostly been described as a gene-silencing
compartment [16]: Gene-rich, transcriptionally active euchromatin is mostly found in the
nuclear interior, whereas gene-poor and transcriptionally silent heterochromatin is
concentrated near the nuclear envelope (NE) [17, 18]. A DamID approach using a Lamin
B1-adenine methyltransferase (Dam) fusion protein revealed preferential tethering of
intergenic regions with repressive histone marks at the NE [19]. This led to the concept that
lamina-associated domains (LADs), whose molecular properties remain elusive, mediate
anchoring of genomic regions to the periphery and keep genes in a transcriptionally
“locked” state in response to differentiation cues [20-22]. In addition, several groups have
shown that artificial tethering of ectopic and endogenous genes to the nuclear periphery can
repress transcription [11, 15] although this was not seen in all studies [23] and may also be
influenced by the respective experimental setup, such as the promoters used [24]. Although
lamins and several INM proteins have been shown to bind DNA or chromatin in vitro [3,
25], the role of these proteins in chromatin tethering at cellular level remains unclear. In
view of previous proteomic studies showing that the NE of rat liver cells contains over 60
different potential integral membrane proteins [4], most of which are uncharacterized at the
moment [26], it is plausible that functional redundancy of these proteins assures a tight
regulation of position-mediated gene expression. The picture may become even more
complex, as evidence is emerging that different cell types express different sets of INM
proteins [27-29]. The overlap of INM protein expression in different cells/tissues and their
general and tissue-specific functions have yet to be determined, but LEM proteins are good
candidates for having fundamental roles in chromatin tethering and gene positioning.
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Evolution of the LEM domain as a chromatin-binding motif in INM proteins

Members of the LEM-protein family are among the best characterized INM proteins to date
[30]. LEM proteins are defined by the presence of a common structural bi-helical motif
called LAP2-Emerin-MAN1 (LEM) domain (Fig. 1) [31, 32]. The canonical LEM-domain
was shown by several means to bind Barrier-to-Autointegration Factor (BAF) [33-35], an
essential 10 kDa chromatin-associated protein found in all metazoa [36-38] (Fig. 2B).
Thereby, LEM-proteins are thought to dynamically associate with chromatin [39], likely
regulated by phosphorylation of BAF [40-42] and other so far unknown mechanisms.

Interestingly, lamina-associated-polypeptide 2 (LAP2) one of the “founding” members of
the LEM-protein family, contains an additional LEM-related motif, termed LEM-like
domain, which is 30% similar to the canonical LEM motif in primary sequence and forms a
similar bi-helical structure (Fig. 1 A, B). However, in contrast to the canonical LEM motif,
the LEM-like domain has been found to interact directly with ds DNA [34].

Intriguingly, the LEM- and LEM-like domains are also highly related to the SAF-A/B,
Acinus and PIAS (SAP) - and helix-extension-helix (HeH)-domain superfamilies [43, 44].
All four motifs share conserved residues on primary sequence level (Fig. 1A) and a highly
similar structural organization, consisting of two parallel alpha helices connected by an
extended loop (Fig. 1B and compare fold #63450 in SCOP database http://scop.mrc-
Imb.cam.ac.uk/scop/). Similar to the LEM-like motif, the SAP and very likely also the HeH
motifs interact directly with DNA [45]. Consistently, orthologs of metazoan LEM-proteins
in unicellular eukaryotes, which lack BAF, contain a SAP or HeH instead of a LEM motif
(Fig. 2B, squares with “h™), suggesting that the LEM-domain evolved from an ancestral
SAP/HeH domain in chromosome tethering proteins, concomitant with the emergence of
BAF.

The evolution of LEM-proteins and their role as essential chromatin-

tethering factors

In mammals three major types of LEM proteins can be distinguished based on their domain
organization (Fig. 2A). Lamina-associated polypeptide 2 (LAP2), emerin and LEMD1 are
transmembrane proteins of the INM (Fig. 2A, group I), with a long nucleoplasmic domain
including the LEM motif, a single transmembrane spanning domain and a short luminal
domain between INM and ONM [46, 47]. Interestingly, LAP2 is expressed as six
alternatively spliced isoforms, all of which contain a LEM-like motif upstream of the LEM
motif [48]. Two of the LAP2 isoforms, LAP2a and LAP2C, lack a transmembrane domain
and localize in the nucleoplasm [48, 49]. The second group of LEM proteins (I1) in the INM
includes LEM2 and MANL1. They contain an N-terminal LEM domain in the nucleoplasm,
and two transmembrane domains [32, 50]. Group |11 LEM proteins include two so far
uncharacterized LEM-proteins, Ankyrin and LEM domain containing protein (Ankle) 1 and
2, which lack a transmembrane domain and may localize in the nucleoplasm and/or
cytoplasm.
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The number of genes encoding LEM domain-containing proteins increased during evolution
(Fig. 2B). In metazoa, at least one group I, one group II- and both group I11 proteins seem to
form a minimal set of LEM-proteins. In unicellular eukaryotes, however, only one type of
LEM-protein is conserved, representing an ortholog of the metazoan group 11 LEM2/MAN1
gene (Fig. 2B). According to in silico predictions, all representatives of group 1l LEM-
proteins containing an N-terminal LEM-, SAP- or HeH domain, also contain a C-terminal
MAN1-SRC1p-C-terminal (MSC) motif downstream of the second transmembrane region.
The structure of the MSC motif was solved for human MANL1 and revealed a winged-helix
fold that interacts directly with DNA [51]. The MSC motif likely is evolutionary older than
the bi-helical SAP / HeH domain, as it is also found in related transmembrane proteins in
early eukaryotic lineages (unicellular organisms and plants), which otherwise lack a bi-
helical motif at their N-terminus (Fig. 2B, squares with X). Based on the high conservation
of the MSC domain we hypothesize that the LEM domain (initially the HeH/SAP domain)
evolved in MSC-domain containing, chromatin-binding proteins, to generate a specific
“clamp-like” DNA-interacting conformation. Comparing the two mammalian group Il
LEM-proteins, MAN1 and LEM2, MANL1 contains an additional C-terminal domain
downstream of the MSC domain, which is predicted to serve as an RNA recognition motif
(RRM). Experimentally, however, RNA binding could not be detected so far. Instead, this
motif was reported to interact with R-Smad proteins, downstream components of the
transforming growth factor (TGF)R3-/bone morphogenic protein (BMP) signaling pathway
[52]. This interaction is thought to recruit and deactivate Smad-complexes [53], thus
antagonizing the TGFR- and BMP signaling. The findings that (1) unlike LEM2, MANL1 is
present in Placozoa (Trichoplax adherens) and most other early metazoan lineages, and that
(2) both, LEM2 and MAN1, are co-expressed only in amniota (Fig. 2B), suggests that
LEM2 in birds and mammals originated from a MAN1 gene duplication and a concomitant
loss of the RRM motif. Noteworthy, database searches showed, that among all
pseudocoelomata analyzed, Caenorhabditis was the only genus that lacks a MAN1-type
protein, but possess LEM2 (lacking the RRM motif). In species, where both genes are
present the proteins may share redundant functions in chromatin organization, mediated by
their common LEM-and MSC domains. Both proteins, however, seem to be essential, as
lack of either LEM2 (see homepage Larry Gerace, http://www.scripps.edu/cb/gerace/
research.html) or MANL1 [54] causes embryonic lethality in mice.

LEM-proteins acquired multiple functions throughout evolution

Four excellent recent studies on the LEM2 homologs in yeast, HeH1 or SRC1p, and in
C.elegans, ceLEM-2, shed more light on their role in tethering chromosomes to the NE.
HeH1 was shown to associate predominantly with repetitive and transcriptionally silent
DNA, such as telomeric and subtelomeric DNA and rDNA loci [12, 55-57]. HeH1-mediated
tethering of these chromatin regions causes transcriptional silencing [56] and represses
deleterious recombination events at rDNA loci [12, 55, 57], thereby maintaining genomic
stability. Also in C.elegans, LEM2 was shown experimentally to tether chromosome arms at
the NE [58]. ChlIP-on-chip and ChlIP-Seq analyses identified distal ends of chromosomes as
LEM2-associated chromatin subdomains, which contain increased levels of the silencing
epigenetic marks, H3K9me3 and H3K27me3. In contrast, the genomic regions located
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between LEM2-associated subdomains contained highly transcribed genes, which may loop
out into the nuclear interior. It remains to be tested, whether the LEM2-associated regions in
C.elegans correlate with the lamina-associated domains (LADSs) described in mammalian
cells [19]. Overall LEM-proteins clearly seem to be involved in tethering distinct chromatin
subdomains to the nuclear periphery, thereby regulating gene expression and maintaining
genomic integrity. Very little is known about the DNA sequence motifs, chromatin-
associated factors or epigenetic marks in these genomic regions that mediate LEM-protein
binding.

HeH/LEM-proteins have acquired additional functions during evolution, some of which are
redundant. In yeast, heh1A and heh2A strains exhibited mislocalization of key components
of the NPC (nucleoporins), suggestion functions in NPC assembly and/or integrity [59]. In
addition, HeH1 is also part of the THO-transcription export (TREX) pathway, implying a
potential function in MRNA export [56]. Whether any of these additional functions might be
conserved in multicellular organisms remains elusive at present. To date, other, partially
redundant roles have been identified in metazoan LEM-proteins. For instance, emerin and
LEM2 can functionally compensate each other in several important activities, as shown in
C.elegans [60] and mammalian cells [61]. While the phenotype of individual emerin or
Lem-2 knockdown in worm strains was mild, the combined depletion of both genes revealed
crucial functions in chromosome segregation and mitosis [60]. In human cells, LEM2
knockdown caused nuclear envelope deformations and mitotic defects [62]. Various LEM-
proteins have also been found to regulate signaling pathways: Mouse LEM2 modulates ERK
signaling during myogenic differentiation [61]. Otefin, a group | LEM-protein present in
Drosophila and other insect species is required for Dpp signaling-mediated germline stem
cell fate regulation [63]. Emerin mediates nuclear export of 3-catenin, a component of the
whnt signaling pathway and represses the expression of wnt targets [64]. Both, emerin and
MAN1 also interact with the germ cell-less (GCL) repressor protein and the transcriptional
regulator Btf [65, 66]. In addition, the identification of emerin binding partners on a
proteome wide basis suggested a multitude of additional functions of emerin in gene
regulation, mRNA splicing, signaling, mechanosensing and nuclear architecture [67, 68].
The INM LAP2 isoform, LAP2R, functions in the initiation of replication and as a
transcriptional repressor via interaction with HA95 and GCL, respectively [69, 70].

Although not experimentally proven yet, it is tempting to speculate that many of these
functions of the LEM proteins require the chromatin-binding activity of their LEM motif.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. TheLEM-, LEM-like, SAP and HeH maotifs are conserved at sequence and structural
levels

(A) Alignment of yeast HeH-, and human SAP-, LEM-like and LEM-domain sequences.
Colors indicate conservation of biochemically similar residues according to the ClustalX
color scheme (http://www.clustal.org/). (B) In silico secondary structure predictions (http://
www.chs.dtu.dk/servicessf CPHmodels/) of yeast HeH1 and the human SAP-motif of PIAS1,
LEM-like motif of LAP2 and LEM-moatif of emerin. (C) Phylogenetic tree calculated from
sequence alignments using ClustalX.
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A Archetypes of metazoan LEM-proteins
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Figure 2. The evolution of the LEM domain-containing protein family
(A) Schematic drawing of the domain organization of LEM-proteins, defining three different

groups. (B) Phylogenetic analysis of predicted and experimentally identified LEM-protein
sequences obtained from NCBI and ENSEMBL databases. The presence of homologous
LEM-proteins in selected species representing major lineages of the eukaryotic evolution are
indicated by a blue square, “h” indicates the presence of a predicted HeH/SAP motif instead
of a canonical LEM-motif. Squares are marked with “X” if the bi-helical motif was not
detectable in an otherwise homologous sequence. Note that incomplete genomic sequence

Biochem Soc Trans. Author manuscript; available in PMC 2015 February 19.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Brachner and Foisner

Page 12

information may account for the absence of LEM-proteins in the scheme (e.g. Oikopleura
Anklel). Accession numbers can be found in supplemental table 1. Polypeptides predicted
from genomic sequence using Genscan software (http://genes.mit.edu/GENSCAN.html) are
marked with a “*”.
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