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The danger of “multi-tasking”

LBR out of control
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he nuclear envelope (NE) is a barrier

that separates nuclear from cytoplas-
mic processes. It is composed of an inner
and outer nuclear membrane (INM,
ONM), separated by the perinuclear
space (PNS). The ONM is contiguous
with the endoplasmic reticulum (ER),
and thus, the lumen of the NE and that
of the ER constitute one compartment.
The lamin B receptor (LBR) is a NE
protein that has a central structural role
as a linker of the INM, the lamina and
chromatin, and a less well characterized
functional role as a sterol reductase. In a
recent study, we reported that the forced
expression of mutant variants of LBR in
some cell types induces a separation of
the INM from the outer nuclear enve-
lope concomitantly with a separation of
ER membranes, whereas in other cells no
separation is observed. In this extra view,
we speculate about the mechanism that
leads to this fundamental disruption of
NE and ER structure. Our observations
furthermore raise the question to what
extent LBR contributes to the establish-
ment or maintenance of the ER and PNS
luminal compartment, and how a single
mutant protein can so drastically inter-
fere with its regular organization.

The nuclear envelope (NE) is the struc-
ture that surrounds the nucleus and physi-
cally separates nuclear from cytoplasmic
functions. It consists of an inner (INM)
and an outer nuclear membrane (ONM),
which both contain a distinct repertoire of
proteins." The ONM is continuous with
the endoplasmic reticulum (ER), a net-
work-like compartment in which protein
folding, modification and delivery into
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the secretory pathway takes place. The
space in between both membranes, the
perinuclear space (PNS), is accordingly
continuous with the ER lumen.? Closely
underneath the INM lies, at least in meta-
zoan cells, a filamentous network termed
the nuclear lamina. It is mainly composed
of nucleus-specific intermediate filament
proteins, hence called lamins. The lamina
is tightly connected to both nuclear pore
complexes and chromatin.?

The human lamin B receptor (LBR)
is a fascinating multi-span integral mem-
brane protein of 615 amino acids sitting
in the inner membrane of the NE and
fulfilling two distinct functions.* First,
the 208 amino acid amino-terminal part
binds to B-type lamins, chromatin and
chromatin-associated proteins, such as
the heterochromatin protein 1 (HP1)
and the methyl-CpG binding protein 2
(MeCP2).#¢ The carboxy-terminal part
of 407 amino acids has been predicted to
exhibit 8 transmembrane domains that
anchor the protein into the membrane.
In this way, LBR physically links this
membrane to the underlying lamina and
chromatin. Second, the carboxy-terminal
domain has enzymatic activity, i.e., it is
a sterol reductase acting at a distinct step
of the cholesterol biosynthesis pathway
(Fig. 1).78 This finding was especially sur-
prising, since the final steps of cholesterol
biosynthesis are so far believed to take
place only at the ER. However, LBR is
found to a significant part in the ER too.
It may well be that it is not just on its way
into the nucleus but that it indeed acts as
sterol reductase in this compartment “in
transit””'® Very importantly, defective
yeast and plants can be rescued for this
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Figure 1. The conversion of 4,4-dimethyl-50-cholesta-8(9),14-dien-33-ol (C29A%") to 4,4-
dimethyl-5a--cholesta-8(9)-en-33-ol (C29A®) is catalyzed by TM7SF2 and LBR. The image was
reprinted with kind permission from Rita Roberti.>*

A

Figure 2. Mutations in LBR can cause autosomal dominant PHA (A) or autosomal recessive Green-
berg skeletal dysplasia (B). (A) Blood smears from healthy controls show normal granulocytes

with multisegmented nuclei (left), heterozygous PHA carriers display granulocytes with a typical
bilobed nucleus (middle). The patient homozygous for PHA displays granulocytes with round
nuclei (right). Scale bar, 10 um. (B) Photograph of fetus with Greenberg dysplasia, presenting with
marked hydrops and abnormally short limbs. The images in (A) were reprinted by permission from
Macmillan Publishers Ltd: Nature Genetics, Hoffmann et al. 2002,'° copyright 2002. Image in (B) is
reproduced from Offiah et al. 2003,% with permission from BMJ Publishing Group Ltd.

biochemical activity by transfection of
human LBR." It is interesting to note here
too that both fungi and plants are believed
to not contain lamins.!2%

Heterozygous mutations of LBR lead
to Pelger-Huét anomaly (PHA), a mild
hematological trait characterized by
abnormally shaped granulocyte nuclei.
Instead of adopting a lobulated shape
(Fig. 2A, left), mature granulocytes of
PHA individuals appear hypolobulated
with typically only 2-3 lobes and coarse
chromatin (Fig. 2A, middle). Besides
that, no other symptoms have been
described for heterozygous carriers of the
gene defect. Several mutations have been
characterized including frameshift, non-
sense and splice site mutations.”'® Most of
them affect the carboxy-terminal domain
that contains the transmembrane regions
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and harbors the sterol reductase enzymatic
activity. PHA was so far regarded as a lam-
inopathy, affecting basically nuclear mor-
phology and chromatin structure, but up
to date no studies on sterol metabolism of
affected individuals have been reported.”
In contrast to the mild phenotype of a
heterozygous mutation, homozygous LBR
mutations are surprisingly fatal, leading to
prenatal death of the fetuses. This condi-
tion is termed Greenberg skeletal dyspla-
sia. Affected fetuses present with hydrops,
short limbs and abnormal chondro-osse-
ous calcification leading to a severe skel-
etal phenotype (Fig. 2B).® In the case of
Greenberg skeletal dysplasia it is still not
clear whether the complete loss of func-
tional LBR or a dominant-negative mutant
protein is causing disease, nor if the INM-
lamina-chromatin-“linking” function or
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the sterol reductase activity is responsible
for lethality. In principle, the very same
step in cholesterol synthesis that is cata-
lyzed by LBR can also be catalyzed by a
closely related sterol reductase, TM7SF2.'8
Recent studies by Wassif and coworkers
showed that the two proteins are largely
redundant, and the authors therefore con-
cluded that Greenberg skeletal dysplasia is
rather a laminopathy than an inborn error
of cholesterol biosynthesis.” Hence, it may
be concluded that the loss of LBR affects
either the organization of chromatin or the
anchorage of protein factors to the nuclear
periphery, or both. On the other hand, the
INM contains a large ensemble of proteins
that interact in multiple ways with lam-
ins and chromatin.? For example, emerin
interacts with A-type lamins, but in addi-
tion also binds, like the other members of
the LEM family (Lap2 and MANI), to
chromatin via a small dimeric, chromatin-
binding protein termed barrier-to-autoin-
tegration factor (BAF).?' On the basis of
these multiple connections between the
membrane, lamina and chromatin, the
fatal outcome of homozygous mutations
appears surprising,.

It is of note that an “intermediate”
phenotype exists between the heterozy-
gous and the homozygous state of an LBR
mutation. One patient has previously been
described to be homozygous for a splice
acceptor mutation leading to the loss of
exon 13. This patient presented with com-
pletely ovoid granulocyte nuclei, mental
retardation and skeletal defects (Fig. 2A,
right). Western blot analysis of protein
extracts derived from lymphoblastoid
cells of the patient revealed the complete
absence of the mutant protein in this cell-
type, however, wildtype LBR was present
in trace amounts indicating that a small
part of the mutant mRNA is spliced cor-
rectly despite the splice site mutation.'®
Further homozygous PHA patients have
been described in the literature with
ovoid neutrophil nuclei as well as vary-
ing degrees of developmental and skeletal
abnormalities, but in none of those cases
genetic analyses were performed.”

The little that is known about the
molecular mechanisms causing PHA and
Greenberg skeletal dysplasia prompted
us to investigate the effect of the forced
expression of disease causing mutations on
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nuclear structure and chromatin organiza-
tion of various types of human cells. As a
first approach, we chose to test LBR muta-
tions in human cultured cells on the back-
ground of endogenous LBR. We tested six
protein variants, namely LBR wildtype,
one protein variant corresponding to a
Greenberg  skeletal dysplasia mutation
and four protein variants corresponding
to mutations that were found in individu-
als with PHA. Amino-terminally fused
to YFP, we overexpressed each of these
mutant proteins in six different human
cell lines of different origin, including
MCF7, HeLa and U20S (osteosarcoma)
cells. In some cell types such as MCF7, we
found all protein variants to localize at the
nuclear rim and also in the ER, most prob-
ably as a result of overexpression. In these
cells, none of the mutants significantly
altered nuclear morphology. In other cells
such as U208, however, we made a strik-
ing observation with three of the disease
causing mutants: Nuclei appeared to have
compacted the entire chromatin to one
“half”, with a clear and abrupt border on
one side.”> The other “half” was DAPI-
negative, and with differential interference
contrast (DIC) microscopy, this chroma-
tin-free region appeared as a distinct “vac-
uole-like” structure (Fig. 3). Using either
DIC or phase contrast microscopy, we
also detected smaller ovoid “vacuole-like”
areas within the cytoplasm. The mutants
that induced this phenotype were YFP-
LBR (1-533), corresponding to a mutation
detected in a fetus with Greenberg skeletal
dysplasia, YFP-LBR (A523-563) and YFP-
LBR (1-435), corresponding to mutations
detected in the homozygous PHA patient
and in a heterozygous PHA individual,
respectively.

We next performed immunofluores-
cence studies on U20S cells express-
ing one of those mutants. The cells were
stained with antibodies against different
NE proteins (lamin A/C, emerin, nuclear
pore complexes and endogenous LBR),
components of the linker of nucleoskel-
eton and cytoskeleton (LINC) complex
(Sunl, Sun2 and nesprin2-giant) and
the ER (calnexin). The LINC complex
comprises a class of proteins that physi-
cally couple cytoskeletal structures such
as actin filaments to components within
the nucleus, e.g., the lamina. Among these
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micrograph. Scale bar, 20 um.

Figure 3. Human U20S cells transiently expressing the LBR mutant YFP-LBR (1-533). Overexpres-
sion of this mutant leads to a separation of the INM from the ONM and dilation of the ER lumen
concomitantly with nuclear compaction in susceptiple cell lines. (A) Fluorescence signal of
YFP-LBR (1-533) in green, merged with DAPI-stained chromatin in blue. (B) Corresponding DIC

Figure 4. Electron microscopy images of ultrathin sections showing U20S cells transiently ex-
pressing the mutant YFP-LBR (1-533) after 10 h (A) and after 24 h (B). INM and ONM are highlighted
in red and green, respectively. During the process of membrane dilation, the distance of the
nuclear membranes and dilation of the ER lumen constantly increases (reviewed in ref. 23).

factors, SUN proteins in the INM and
nesprins in the ONM have been demon-
strated to directly interact with each other
in the PNS.24% We found both Sunl and
Sun2 as well as nesprin2-giant localized
as expected at the nuclear rim but they
were strikingly displaced from the NE
at the interface between nucleus and the
structure. Moreover,
pore complexes (NPCs) were largely
absent in this boundary but distributed
normally at the remaining NE. All other
proteins investigated localized more or
less as expected, although a significant
fraction of emerin was redistributed to
the cytoplasm. In essence, mainly those
components disappeared from the flat-
tened side of the nucleus that function in

vacuolar nuclear
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tethering the INM to the ONM. Using
electron microscopy, we finally elucidated
the nature of the chromatin-free “half”
flanking the nucleus: this area represents
a strongly dilated PNS, with INM and
ONM having separated over large dis-
tances of up to 10 um (Fig. 4). This dila-
tion occurs progressively approximately 8
to 12 hours after transient transfection of
the above-named LBR mutants. The sepa-
ration usually starts at one distinct site
of the nucleus and progressively contin-
ues along the NE. With increasing dila-
tion of the two membranes, NPCs and a
number of LINC complex components are
displaced from the nuclear membranes,
and the nucleus becomes pushed inward
and flattened at this site of the NE. The
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(arrows). Scale bar, 10 um.

Figure 5. Live cell imaging of U20S cells 12 hours after cotransfection of mCherry-LBR (1-533) (red) and SP-GFP (green), a marker construct for the ER
lumen and the PNS. Images were taken every 5 minutes, revealing the progressively dilating ER lumen (arrowheads) as well as the dilation of the PNS

dilation can become extremely expanded
in late stages of this process. In such cells,
the nucleus is usually sickle-shaped and
the chromatin is extremely compacted,
i.e., up to tenfold as concluded from the
area occupied by DAPI stained material
(Fig. 4B). Eventually, the cells die 6
to 30 hours after the first dilations are
detectable.

Concomitantly with NE separation,
ER membranes started to separate at mul-
tiple sites in the cytoplasm. Apparently,
the initial step of membrane dilation can
occur either at the NE or the ER, since
we found cells with only dilated nuclear
membranes and cells exhibiting dilations
within the ER before those of the NE
appeared (Fig. 5). Importantly, the effects
described here for U20S are not due to
unspecific cellular stress responses such as
apoptosis, autophagy or ER stress induced
by the unfolded protein response (UPR)
pathway.

As mentioned above, only three of the
five tested mutants induced NE and ER
dilation as well as nuclear compaction.
We generated various constructs of dif-
ferent protein length in order to elucidate
the protein segments important for these
effects. Most interestingly, the loss of the
very last amino acid of LBR, a tyrosine, or
its mutation to alanine was sufficient for
induction of the effects described above.
Moreover, the mere attachment of a GFP
moiety to the carboxy-terminus of the full-
length LBR was sufficient to elicit the full
destructive effect. In contrast, mutation of
tyrosine to phenylalanine did exhibit no
effect at all indicating it is not the loss of a
potential phosphorylation site for tyrosine
kinases that causes the effect. The presence
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of an aromatic amino acid at this position
is obviousy essential for the proper steri-
cal conformation of the carboxy-terminus
and protein function as a whole, possibly
by establishing interactions with other
proteins, or for the enzymatic activity of
LBR. Since the carboxy-terminus of LBR
was the crucial domain for NE and ER
integrity or disruption, a malfunction
in the proteins’ sterol reductase activity,
leading to the accumulation of cholesterol
precursors, could be a part of the molecu-

lar mechanism accounting for the dis
turbances within the internal membrane

systems. To test this hypothesis, we per-
formed two experiments: first, the sterol
content of untransfected or YFP-LBR wt
expressing U20S cells was compared to
that of U20S cells transfected with YFP-
LBR (1-533). No significant differences in
sterol composition and no accumulation
of cholesterol intermediates were detected.
Secondly, we tested if two related sterol
reductases, TM7SF2 and DHCR?7, could
induce similar effects when expressed as
truncated variants.” Strikingly, not only
those truncated variants, but even the full
length TM7SF2 and DHCR7 proteins
induced an identical phenotype, includ-
ing membrane dilation and nuclear com-
paction, when overexpressed in U20S
cells. In summary, LBR and the related
sterol reductases TM7SF2 and DHCR7
contain a carboxy-terminal domain that
can critically affect membrane integrity:
In the case of LBR, loss of the last amino
acid or improper folding leads to massive
disturbance of the integrity of NE and
ER, in the case of the two related sterol
reductases, overexpression is yet sufficient.
Notably, TM7SF2 and DHCR7 may not
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even have to enter the nucleus to cause
nuclear compaction, if membrane integ-
rity as such is affected.

Since our studies are based on overex-
pression of LBR, TM7SF2 and DHCR7
protein variants on the basis of endog-
enous protein, it is important to con-
sider the relevance and specificity of the
observed effects. Indeed, overexpression
of certain proteins can lead to various
effects that would not occur if the pro-
tein was expressed on physiologic levels.
For example, high abundance of trans-
membrane proteins in the ER can induce
extensive membrane growth, whereas low
expression does not alter ER morpholo-
gy.”” However, overexpression studies with
various LBR constructs have also turned
out to be a valuable tool to elucidate pro-
tein function.'®?®*? In our study, we care-
fully tested transfected cells for indications
of unspecific stress reactions that might
occur as a result of exogenous protein over-
load, such as apoptosis, autophagy or ER
stress due to UPR induction.’*? None of
these pathways was activated. Regarding
the reaction of cells towards LBR mutants,
namely membrane dilation and nuclear
compaction, several observations under-
line the specificity of this cellular reac-
tion. Firstly, only a part of the tested cell
lines “reacted” to LBR mutants, whereas
in MCF7 or PLC—despite high levels of
expression—membrane dilation events
never occurred. We conclude that the
above mentioned LBR mutants are “toxic”
only under distinct conditions. These may
represent a certain composition of ER,
NE and/or LINC complex proteins, or
the presence of factors that antagonize ER
lumen and PNS enlargement. Secondly,
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the phenotypic difference between cells
expressing YFP-LBR wt with 615 amino
acids and YFP-LBR (1-614), lacking only
one amino acid, respectively, reveals that
indeed an important protein function was
disrupted due to loss of the last tyrosine. In
the case of the other two sterol reductases,
high abundance within the ER is sufficient
to affect ER and PNS luminal integrity.
The three proteins seem to have a distinct
function within the membrane that is—in
a well-regulated fashion—most probably
crucial for NE and ER function. Yet this
function—altered or unregulated—might
have a strongly negative impact on these
compartments at high abundance of the
respective proteins.
We that
tion and nuclear compaction result from
gross increase of PNS and ER luminal
volume. In the process of the membrane

assume membrane dila-

dilation effect, the nucleoplasm becomes
highly compacted and the cytoplasm is
widely displaced by large luminal arrays,
as observed by electron microscopy
(Fig. 4B). The proteins that generally
confine the constraints of the ER and NE
and shape these compartments might not
be directly affected but loose their attach-
ment to the membrane or their association
to each other due to an increased pressure
inside the lumen. This might explain why
we detected SUN  proteins, nesprin2-
giant and NPCs at the NE of cells with
PNS dilations, but all of these factors
were lacking at the area where INM and
ONM were separated over large distances.
Similarly, nuclear compaction might not
be a direct effect of LBR mutants appear-
ing in the INM but rather occur due to
pressure exerted from the PNS. Given the
massive luminal expansion, we assume
that LBR, TM7SF2 and DHCR7 might
not only act as sterol reductases but may
additionally be involved in regulating
luminal ion concentrations and eventually
osmotic potential.

LBR was previously reported to oli-
gomerize and to form distinct microdo-
mains within the membrane.® It is well
possible that LBR oligomers form chan-
nels through the membrane, and loss of
a single amino acid might alter properties
of channel permeability. In line with this
notion, also point mutations within the
membrane domain, i.e., glutamic acid at
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position 407 to alanine, cause the very
same effect as the mutation of the tyrosine
at position 615. TM7SF2 and DHCR7
might also form channels, yet their con-
duction rates might be regulated solely by
protein abundance. It is not clear, however,
what molecule could pass such channels,
and how altered channel properties would
lead to such a strong increase in PNS and
ER lumen that it would exert pressure on
the nucleoplasm and cytoplasm.

Our study aimed on elucidating the
effect of disease causing LBR mutants on
chromatin and nuclear structure of cul-
tured cells. To our surprise, overexpression
of three of the investigated LBR mutants
as well as TM7SF2 and DHCR?7 induced
the large-scale separation of the INM
from the ONM as well as of ER mem-
branes, implicating an additional function
of these proteins in maintaining the integ-
rity of these compartments. Surely, our
assumptions are still highly speculative
but may indeed provide hints for further
investigations.
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