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Abstract

Nuclear envelopathies are rare genetic diseases that compromise the integrity of
the nuclear envelope. Patients with a defect in LEM domain nuclear envelope pro-
tein 2 (LEMD2) leading to LEMD2-associated progeroid syndrome are exceedingly
scarce in number, yet they exhibit shared clinical features including skeletal abnor-
malities and a prematurely-aged appearance. Our study broadens the understanding
of LEMD2-associated progeroid syndrome by detailing its phenotypic and molecular
characteristics in the first female and fourth reported case, highlighting a distinct im-
pact on metabolic functions. The patient's history revealed growth delay, facial and
skeletal abnormalities, and recurrent abdominal pain crises caused by hepatomegaly.
Comparisons with the previously documented cases emphasized similarities in skel-
etal and facial features while showcasing unique variations, notably in cardiac and
hepatic manifestations. In vitro experiments conducted on patient-derived periph-
eral blood and urinary epithelial cells and LEMD2-downregulated HepG2 cells con-
firmed abnormalities in the structure of the nuclear envelope in all three tissue-types.
Overall, our work offers a comprehensive profile of a patient with LEMD2-related
syndrome, emphasizing the hepatic involvement in the disease and broadening our
understanding of clinical and molecular implications. This study not only contributes
specific insights into LEMD2-related conditions but also underscores potential thera-

peutic paths for disorders affecting nuclear envelope dynamics.
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1 | INTRODUCTION, RESULTS, AND
DISCUSSION

Nuclear envelopathies encompass a set of rare genetic conditions
primarily affecting the structure and function of the nuclear enve-
lope (NE) and the underlying lamina, resulting in various physiolog-
ical manifestations (Somech et al., 2005). One prominent example
is the envelopathy arising from mutations in LMNA gene, encod-
ing lamin A and C via alternative splicing and resulting in diseases
such as Hutchinson-Gilford progeria syndrome (OMIM #176670)
and the autosomal forms of Emery-Dreifuss muscular dystrophy
(OMIM #181350 and #616516) (Bonne & Quijano-Roy, 2013; Ullrich
& Gordon, 2015). These diseases present with diverse symptoms,
including accelerated aging, muscle weakness, developmental delay,
and skeletal and neurological abnormalities (Emery, 2000; Ullrich &
Gordon, 2015).

LEM domain nuclear envelope protein 2 (LEMD?2), a protein of
the inner nuclear membrane (INM) and associated with the nuclear
lamina, plays a crucial role in structural organization of the nucleus,
NE integrity and its post-mitotic restoration, similar to other INM
proteins of the LEM-domain family (Brachner et al., 2005; Ulbert
et al., 2006). Studies suggest that LEMD2 also influences essential
cellular signaling pathways and complexes including attenuation
of the mitogen-activated protein kinase (MAPK) and extracellular
signal-regulated kinase (ERK) cascades (Tapia et al., 2015), the pro-
tein kinase B (AKT) (Tapia et al., 2015), and the recruitment of endo-
somal sorting complex required for transport (ESCRTIII) essential for
NE sealing and remodeling during cell division (Gu et al., 2017; von
Appen et al., 2020). However, precise understanding of LEMD2 in-
terplay and function in health and disease in humans remains rather
limited.

Here, we present the first female and fourth overall patient with
LEMD2-associated nuclear envelopathy (Marbach-Rustad progeroid
syndrome, OMIM #619322) and aim to expand our current knowl-
edge of this disease by examining her phenotypic characteristics as
well as investigating novel clinical and molecular manifestations.
The patient is the second offspring of healthy, non-consanguineous
Caucasian parents with a healthy older brother. Pregnancy was un-

eventful, and the patient was born in the 37th week of gestation with

a low birth weight (2240g, <P10), length (45 cm, <P10), and reduced
head circumference (30.5cm, <P3) (Figure 1; Figure S1). Only three
individuals have so far been reported with a LEMD2-associated
nuclear envelopathy and all share interchangeable, progeria-like
physical and neurological manifestations (Lu et al., 2023; Marbach
et al., 2019). In all three so far reported patients, the same heterozy-
gous de novo ¢.1436C>T (p.Ser479Phe) pathogenic LEMD2 variant
was identified, which was also found in our patient in 2022 applying
trio-exome analysis. Notably, the published patients exhibited short
stature, distinct facial features (triangular face, prominent eyes,
mandibular hypoplasia) and dental abnormalities (delayed dentition,
supernumerary teeth) (Table S1). In contrast to the published cases,
our patient exhibited multiple and multilocal exostoses requiring re-
peated surgical removal since the age of 10years, and no signs of
intention tremor (Figure 1). Furthermore, beginning at the age of
14 years, our patient uniquely experienced recurring episodes of se-
vere abdominal pain associated with hepatomegaly likely resulting
from insulin resistance and liver steatosis, as seen by alanine and as-
partate transaminases, and regularly required intensified pain man-
agement with opioids, cannabis as well as metformin for treatment
of peripheral insulin resistance (Figure 1; Figure S2A,B; Table S2). Of
note, metformin demonstrated dose-dependent effects in terms of
insulin regulation, since administration of 2000 mg/day or above con-
tributed to insulin depression close to reference range (Figure S2B).
The hepatic phenotype seems to be a relevant clinical sign also in
other laminopathies, such as those triggered by LMNA mutations.
It is known that Imna knockout in mice promotes spontaneous de-
velopment of hepatic steatosis, predominantly affecting male ani-
mals and showcasing heightened susceptibility to steatohepatitis
and fibrosis induced by high-fat diet (Kwan et al., 2017). Conversely,
patients with metabolic syndrome have been reported to exhibit
undetected laminopathies characterized by hepatic steatosis, high
blood pressure, and triglyceride accumulation (Dutour et al., 2011).
As an adult, our patient interestingly developed arterial hyperten-
sion and tachycardia, which were treated with metoprolol and later
losartan (Supplementary Material, “Detailed patient presentation,
clinical course & treatment”) as well as a sustained increase in plasma
triglycerides (Figure S2C; Table S2). These symptoms are frequently
observed in other progeroid syndromes (Garg et al., 2009; Hussain

FIGURE 1 Time line (birth to age 25) depicting clinical signs, diagnostics and therapy in female patient with LEM domain nuclear envelope
protein 2-associated progeroid syndrome. Clinical signs are organized by affected organ system. Diagnostics include anthropometric data
and vital signs, biochemical and genetic analyses, representative magnetic resonance imaging (MRI) of the brain, abdominal ultrasound
and liver biopsy. Representative brain MRI at the age of 18years. Axial T2 (left & middle panels): bilateral diffuse abnormal white matter
hyperintensity with subcortical extension and predominance around the frontal horns. Sagittal T2 (right panel): Chiari | Malformation with
platybasia and basilar invagination. Caudal displacement of the cerebellar tonsils and medulla oblongata through the foramen magnum
with anterior impression of the medulla. Liver ultrasound with lateral (left) and subxyphoid (right) views. Hyperechogenicity of the liver
parenchyma in comparison with the right kidney and hepatomegaly with extension of the right liver lobe inferior to the lower pole of the
kidney. Liver biopsy (taken at the age of 14) with the following histological findings: massive macrovesicular (ca. 70%) and microvesicular
(ca. 20%) steatosis, ballooned hepatocytes (arrows) and some necroinflammation (insert), consistent with steatohepatitis. Therapy section
includes medication for cardiovascular and endocrinological manifestations. Pain medication is not shown. *Langer-Giedion syndrome and
proximal 11p deletion syndrome were excluded. Created with BioRender.com. BMD, bone mineral density; BP, blood pressure; CV, central
vein; GH, growth hormone; Gl tract, gastrointestinal tract; MLPA, multiplex ligation-dependent probe amplification; PT, portal tract; WES,

whole-exome sequencing.
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et al., 2018; Merideth et al., 2008) and indicate a potential role for

LEMD2 in hepatic homeostasis regulation, a function already pro-

posed for lamin A/C (Kwan et al., 2017). During the same develop-
mental stage, we detected in our patient elevated activity of serum
biotinidase (Figure S2C; Table S2). This enzyme is responsible for the
recycling and bioavailability of biotin in the human body (Zempleni
et al., 2008) and, if elevated, acts as an indicator for upregulation
of gluconeogenesis and fatty acid synthesis with yet not entirely
understood pathophysiology (Forny et al., 2021). This atypical pre-
sentation was not observed so far in LEMD2-associated progeroid
syndrome or other envelopathies and its potential significance as a
LEMD2-associated metabolic clue remains unclear.

LEMD2 as part of the INM (Figure 2a) functionally and phys-
ically interacts with lamin A/C and shares a 40 amino acid nuc-
leoplasmic motif termed LEM-domain with other unrelated INM
proteins including emerin and MAN1 (Brachner et al., 2005;
Wagner & Krohne, 2007). Moreover, LEMD2 associates with

chromatin through the barrier-to-autointegration factor protein
(Chen et al., 2023). This interaction contributes to the mainte-
nance of heterochromatin, resembling the repressive chromatin
mechanisms facilitated by emerin, lamin A, lamin B, and LAP2 com-
plex (Chi et al., 2009). To examine the manifestation of LEMD2-
associated nuclear envelopathy on molecular level, we probed the
expression pattern of lamin A/C and emerin in patient-derived
urothelial cells (HUCs) and CD19" B lymphocytes. Using immuno-
cytochemistry, we revealed that a significant proportion of both
HUCs and CD19* B cells exhibited altered nuclear morphology,
when compared to cell nuclei from a healthy donor (Figure 2b,c;
Figure S3). The immunofluorescent staining for both lamin A/C
and emerin pinpointed irregular NE shaping, characteristic mem-
brane invaginations and intrusions and loss of circular morphology
with albeit proper nuclear localization. This discovery broadens
the molecular and phenotypic understanding by utilizing cell mod-
els more pertinent than the skin fibroblast cells from the initial
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FIGURE 2 Molecular characterization of LEM domain nuclear envelope protein 2 (LEMD2)-associated progeroid syndrome. (a)

Simplified schematic of nuclear envelope (NE) structure and proteins, including LEMD2, emerin, and lamin A/C. The inner and outer nuclear
membranes (INM, ONM) as well as the endoplasmic reticulum (ER) are indicated. Interaction of NE with chromatin is facilitated through
barrier-to-autointegration factor protein. Created with BioRender.com. (b) Representative immunocytochemistry images of nuclei from
LEMD?2 patient-derived human urothelial cells (HUCs), CD19" B cells and HepG2 cell subjected to siRNA-mediated LEMD2 knockdown for
72h. HUC and CD19* B-cell nuclei from a healthy female donor or siCtrl-treated HepG2 cells were included as controls. White arrows point
to nuclear abnormalities (invaginations, blebbing). Scale bars=5pM. (c) Abnormal nuclei quantification graphs. Quantification of nuclei from
HUCs (WT, n=130; LEMD2™¢ n=115), CD19" B cells (WT, n=242; LEMD2™ n=217), and HepG2 cells (siCtrl, n.=219; sSiLEMD2, n=236)
was performed. Mean +SD of three independent experiments (t test, *p <0.05, **p <0.01). (d) Representative western blot and band intensity
quantification graph for monitoring the siRNA-mediated LEMD2 knockdown up to 96 h post-transfection. SiCtrl-treated HepG2 cells served
as control. Mean +SD of three independent experiments (one-way ANOVA with Dunnett's multiple comparisons test, ns=non-significant,
*p<0.05, **p <0.01). (e) Representative western blot and band intensity quantification graph for monitoring expression of AKT, ERK1/2, and
pAKT and pERK1/2 in HepG2 cells at 72 h post-transfection with either siCtrl or siLEMD2. Quantification performed for the phosphorylated
proteins. Mean +SD of three independent experiments (t test, *p <0.05).
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reported patients with LEMD2-associated progeroid syndrome
(Marbach et al., 2019). It also aligns with earlier in vitro investiga-
tions indicating that HeLa and U20S cells lacking lem2, an alterna-
tive alias for LEMD2 gene, exhibited nuclei with abnormal shapes
(Ulbert et al., 2006). Alternatively, one study demonstrated re-
duced incidence of unfolded nuclei in hippocampal neurons upon
LEMD2 knockdown, however only concomitant to SATB2 over-
expression, a DNA-binding protein implicated with chromatin re-
modeling and cognitive function regulation (Feurle et al., 2021). To
further interrogate these findings and since our patient exhibited
hepatic manifestations, we utilized HepG2 cells as surrogate he-
patic model and performed siRNA-mediated LEMD2 knockdown.
LEMD2 depression and nuclei morphology were evaluated at 72h
post-transfection. At this time point, a protein knockdown in the
range of 50% was achieved (Figure 2d), mimicking the autosomal
dominant form of LEMD2-associated nuclear envelopathy with
one functional and one diseased allele. The nuclei of siLEMD2-
treated HepG2 cells demonstrated irregular shapes and NE in-
vaginations when compared to siCtrl-treated cells, as indicated by
lamin A/C and emerin staining (Figure 2b,c; Figure S3). In some
instances, we observed additional nuclear blebbing otherwise
commonly associated with apoptotic cells (Coleman et al., 2001).
Indeed, previous results in Hela cells indicated reduced cell pro-
liferation or even cellular death upon siRNA-mediated LEMD2 de-
pletion (Ulbert et al., 2006).

Apart fromits mechanisticrole in supporting NE integrity, LEMD2
has been implicated with embryogenesis and cardiac development
(Tapia et al., 2015). Indeed, mice lacking lem2 expression were em-
bryonic lethal and cardiomyocytes from lem2-depleted animal hearts
exhibited nuclear abnormalities and engaged programmed cell death
(Ross et al., 2023). Alternatively, engineering mice with the human
¢.38T>G (p.Leu13Arg) Lemd2 variant resulted in severe dilated car-
diomyopathy, cardiac fibrosis, and premature death, along with the
identification of nuclear deformations in isolated cardiomyocytes
from these animals (Caravia et al., 2022). These observations con-
tribute to unraveling the phenotypic complexity in our patient, who,
already in early adulthood, presented with arterial hypertension, a
dilated, eccentric hypertrophic left ventricle, and a fibrotic aortic
valve with mild insufficiency and stenosis (Supplementary Material,
“Detailed patient presentation, clinical course & treatment”), symp-
toms that were not previously documented (Marbach et al., 2019).

Furthermore, LEMD2 is involved in regulation of central signal-
ing cascades such as MAPK/ERK and AKT pathways, since LEMD2
loss of function enhanced MAP kinase and AKT phosphorylation
and activation in animal models (Ross et al., 2023; Tapia et al., 2015).
In this context, we performed experiments with siLEMD2-treated
HepG2 cells and confirmed increased and sustained phosphoryla-
tion of pAKT and pERK1/2 at 72h post-transfection or longer, in
contrast to control-treated cells (Figure 2e; Figure S4). Yet, future
work on better understanding and deciphering the role of LEMD2
on MAPK/ERK and AKT signaling pathways is required. As such, em-
ploying a hepatic cell model such as the HepaRG cells, which exhibit
metabolic characteristics similar to primary human hepatocytes, the

Aging

established hepatic gold standard, would be advantageous (Makris
et al., 2024).

While acknowledging the constraints inherent in a study based
on a single patient and limited literature, our research illustrates
novel aspects of LEMD2-associated progeroid syndrome, includ-
ing the distinct clinical features concerning the cardiac manifesta-
tions and steatohepatitis with associated hepatomegaly resulting in
liver capsule pain. By conducting thorough clinical assessments and
cell culture studies, we broadened our understanding of LEMD2-
related nuclear envelopathy. Our investigations confirmed the ex-
istence of previously identified nuclear membrane irregularities
and established the involvement of MAPK and AKT pathways in
patient-derived immune cells, urine-derived cells, and a hepatocyte
surrogate model. These efforts are crucial in advancing our compre-
hension of LEMD2 as a genetic element influencing human health,

thereby enhancing awareness within the medical community.
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