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Abstract

The nuclear lamina is a multi-protein lattice composed of A-and B-type lamins and their
associated proteins. This protein lattice associates with heterochromatin and integral inner nuclear
membrane proteins, providing a link between the genome, nucleoskeleton, and cytoskeleton. In the
1990s, mutations in EMD and LMNA were linked to Emery-Dreifuss muscular dystrophy. Since
then, the number of diseases attributed to nuclear lamina defects, including laminopathies and
other disorders, has increased to include more than 20 distinct genetic syndromes. Studies of
patients and mouse genetic models have indicated the important roles for lamins and their
associated proteins in the function of gastrointestinal organs including liver and pancreas. We
review the interactions and functions of the lamina in relation to the nuclear envelope and genome,
the ways in which its dysfunction is thought to contribute to human disease, and possible avenues
for targeted therapies.
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In metazoan cells, a structural and functional link between the genome and the cytoskeleton
is required to allow cells to quickly and appropriately respond to mechanical, chemical,
inflammatory, and other stimuli. This link is provided by nuclear envelope proteins, which
have collective and individual structural and regulatory roles. Nuclear pore complexes allow
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regulated nuclear translocation of transcription factors and co-regulators®. The LINC
complex (linker of the nucleoskeleton and cytoskeleton) tethers the nuclear envelope to
cytoplasmic cytoskeletal networks, allowing transmission of mechanical and shear stress to
the nucleus2. On the inner surface of the nuclear envelope, large regions of the genome,
typically dominated by heterochromatin, are tethered to a multi-protein lattice® 4 (Fig.1).
This complex of proteins, the nuclear lamina, lies beneath the inner nuclear membrane and
physically associates with nuclear pore proteins and a variety of transmembrane and integral
membrane proteins, and in direct contact with large portions of the genome.

The primary components of the nuclear lamina are lamins, which are type V intermediate
filament proteins (IFs)—the most common IFs in the nucleus (although other IFs, such as
keratins, are also found at lower levels in the nucleus)®-8. Lamins are encoded by 3 genes
that generate the proteins: lamin A/C (LMNA; protein also referred to as LMNA), lamin B1
(LMNBL; protein also referred to as LMNB1), and lamin B2 (LMNBZ, protein also referred
to as LMNB2)%11, The B-type lamins are expressed ubiquitously and throughout
development, whereas A-type lamins are primarily expressed in differentiated cells12 13,
Together these proteins form a lattice that forms an interface with the inner nuclear
membrane, nuclear pore complexes, transcription factors and co-regulatory proteins, and
chromatin. Anchoring of the lamina to the inner nuclear membrane is achieved via B-type
lamin farnesylation and lamin binding to transmembrane proteins that include lamina-
associated polypeptide 1 (LAP1) and LEM-domain containing proteins such as LAP2,
emerin, and MAN1 (also called LEMD3)14, whereas anchoring to the genome is thought to
occur via adaptor proteins including barrier to autointegration factor (BANF1), the lamin B
receptor (LBR), and direct binding of lamin to chromatin1°>-18,

Lamin Post-translational Processing and Localization

Lamin C does not require post-translational modification to localize to the inner nuclear
membrane. Lamin A, however, requires stepwise post-translational processing at the carboxy
terminus via cysteine farnesylation at a cysteine-aliphatic-aliphatic-any amino acid (CAAX)
motif, then proteolytic cleavage of the-AAX portion, carboxymethylation of the
farnesylcysteine, and final clipping of the 15 carboxy-terminal residues, including the
farnesylated cysteine, by the zinc metallopeptidase STE24 (ZMPSTE24)19-22 Although the
B-type lamins are permanently farnesylated and found exclusively at the inner nuclear
membrane as part of the nuclear lamina, a portion of LMNA is found in the nucleoplasm.
Nucleoplasmic LMNA is stabilized by a mammal-specific isoform of thymopoietin (TMPO
or LAP2), called LAP2a, but little is known about its function 23: 24

Lamina-associated Proteins

A and B-type lamins form an intricate network of overlapping but independent 3-
dimensional protein meshes2® that interact with distinct subsets of the nuclear proteome.
Lamin interactors include transmembrane LEM domain proteins such as LAP2p and MANL1,
transcription factors such as SREBP1, transcriptional regulators including the RB
transcriptional corepressor 1 (RB1), and adaptor proteins such as BANF1 that might
facilitate chromatin binding to the laminal5: 17 26. 27 To other critical nuclear envelope
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structures mediate interactions between the nucleus and cytoplasm: nuclear pore complexes
and the LINC complex. Nuclear pore complexes allow transcription factors, nuclear
receptors, and signaling proteins to shuttle between the nucleus and cytoplasm?. A subset of
nuclear pore complex proteins localizes to the nuclear periphery and/or with inactive regions
of heterochromatin, whereas others are associated with active areas of euchromatin in the
nuclear interior?8-30, How this is regulated, and whether lamins or adaptor proteins such as
BANF1 are involved, is unclear. Finally, the LINC complex? forms a key structural and
regulatory connection between the nuclear envelope and the cytoskeleton, binding to nuclear
lamins and the inner nuclear membrane on one side and actin filaments on the other (Fig.1).

Lamina-heterochromatin Interactions and Lamina-associated Domains

Several landmark studies have demonstrated the physical association between large regions
of the genome (typically characterized by heterochromatin) and the nuclear lamina3: 31-34
Some genomic regions—usually gene-poor, transcriptionally inactive regions—are
associated with the lamina as part of lamina-associated domains (LADSs) in numerous cell
types, including pluripotent and terminally differentiated cells. In contrast, other regions of
the genome may be found in or out of LADs depending on the cell type, or may move in and
out of LADs during the process of cellular differentiation3: 35, For example, genomic regions
associated with the lamina and transcriptionally silent in embryonic stem cells were found to
dissociate from the lamina and become transcriptionally active during astrocyte
differentiation3. Association with or dissociation from the nuclear lamina is therefore an
important mechanism of transcriptional regulation during development; differential histone
post-translational modification (methylation/acetylation) is likely to be involved in this
process. Importantly, few studies have explored how disease-associated lamin variants affect
organization of the genome and the LAD landscape in the involved tissues3®.

Lamina-related Diseases

Researchers began to realize that alterations in the nuclear lamina can lead to development
of disease when genetic mapping and sequencing became widely available in the 1990s. In
1994, mutations in EMD, encoding emerin, an inner nuclear membrane protein, were found
to cause X-linked Emery-Dreifuss muscular dystrophy (EDMD)3’. Subsequently, autosomal
mutations in LAMNA were found to cause EDMDS38, In the following years, many other
monogenic diseases, called laminopathies and envelopathies, were attributed to mutations in
lamins or their associated proteins, respectively (Table 1).

The laminopathies are characteristically syndromic and frequently have overlapping
features. The pleiotropism of lamins and their associated proteins, combined with
overlapping phenotypes, reflects their sophisticated regulation and diverse roles in many
tissues39. Shared clinical features among laminopathies were initially interpreted as evidence
of a single disease process with a spectrum of manifestations*?, but careful mapping of
mutations revealed clear associations between mutations in distinct regions of the LMNA
gene and different diseases*. For example, most patients with type 2 (Dunnigan) familial
partial lipodystrophy (FPLDZ2) carry mutations in exons 7, 8, or 11 (UMD-LMNA mutations
database [http://www.umd.be/LMNA]). Most of these mutations change the surface charge
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of an immunoglobulin-like motif in LMNA, even though the overall integrity of the motif is
maintained#2 43, Some patients with FPLD2 have additional findings consistent with limb-
girdle muscular dystrophy (LGMD), whereas others with identical mutations are completely
asymptomatic*4. Intra-familial phenotypic differences, variable expressivity, and incomplete
penetrance highlight the importance of undiscovered modifier genes that might serve as
therapeutic targets.

Several striated myopathies are caused by mutations in genes encoding lamins or their
associated proteins, characterized by dilated cardiomyopathy with variable skeletal muscle
involvement, although disorders primarily involving smooth muscle have not been reported.
The most common myopathic laminopathy resulting from mutations in LMNA and genes
encoding other LAPs is EDMD, characterized by early contractures, progressive weakness,
muscle wasting, and cardiomyopathy with conduction defects*®. Distal (more so than
proximal) muscle involvement and early neck, elbow, and achilles contractures in EDMD
differentiate it from LGMD, which generally has more proximal muscle involvement and
results from mutations in LMNA or TOR1AIP1%6: 47 Multiple clinically distinct
cardiomyopathies have also been attributed to mutations in lamins and their associated
proteins including dilated cardiomyopathy, arrhythmogenic right ventricular dysplasia, and
Slovenian type heart-hand syndrome*8-0 (Table 1).

Progerias and developmental disorders

Hutchinson-Gilford progeria syndrome (HGPS) is perhaps the most well-recognized
laminopathy because of its striking presentation of premature aging®L. Classically, it is
caused by a de novo point mutation activating a cryptic splice site in LMNA exon 11,
generating truncated prelamin A that cannot be cleaved by ZMPSTE24 and remains
farnesylated (resulting in a protein product called progerin), though other LAMANA mutations
can also cause HGPS®1-53, Manifestations include alopecia, scleroderma, osteoporosis,
lipodystrophy, atherosclerosis, and death within the first 2 decades of life>3. Nestor-
Guillermo progeria syndrome and progeria-like mandibuloacral dysplasia have also been
attributed to mutations in genes encoding lamins or their associated proteins; these share
features with other laminopathies including striated muscle defects and lipodystrophy®>#4 55,
Restrictive dermopathy, caused by mutations in LAMNA or ZMPSTEZ24, shares features with
the progerias but is defined by tight skin resulting in the fetal hypokinesia sequence,
including intrauterine growth retardation®6. Other developmental disorders include
Greenberg skeletal dysplasia and Buschke-Ollendorff syndrome, caused by mutations in
LBRand LEMDS3, respectively, with predominant skeletal phenotypes®’: 8.

Neuropathies and lipodystrophies

Numerous neuropathies have been linked to mutations in genes encoding lamins, including
B-type lamins, and their associated proteins. For example, type 2B1 Charcot-Marie-Tooth
disease (caused by LMNA mutation; Table 1) manifests as pes cavus with progressive
sensory and motor neuropathy beginning in the lower extremities®®. Mutations in LAMNBI or
LMNB?Z can cause a rare leukodystrophy or myoclonic dystrophy, respectively®0: 61,
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Mutations in LMNA cause autosomal-dominant FPLD262-64, 4 fat storage disorder
characterized by cushingoid appearance with decreased subcutaneous fat in the trunk and
limbs, dyslipidemia, diabetes mellitus, and hepatic steatosis. Mutations in LMNBZ2
predispose to acquired partial lipodystrophy, which shares many features with FPLD2%.

Multifactorial diseases

Classical laminopathies are rare monogenic diseases, but there is mounting evidence that
lamins and their associated proteins are also involved in more-common, multi-factorial
disease processes. For example, lamin and nuclear pore complex dysfunction leads to
neuronal cell death and modulates heterochromatin relaxation in Alzheimer disease®: 67
There are conflicting data on whether defects in LMNA contribute to development of
gastrointestinal cancers®: 69 (section 3.1; Table 2); nuclear membrane-targeted gold
particles can decrease tumor cell metastatic potential by increasing LMNA expression and
nuclear stiffness’%. A common variant of LMNA was reported as a risk factor for type 2
diabetes mellitus’?, and several LAPs were reported to be necessary for HIV-1 integration
into nuclear chromatin in primary macrophages’2. Continued advances in imaging and
biochemical techniques will likely identify novel interactions within the nuclear lamina that
lead to new disease associations.

Lamins and Associated Proteins in Gastrointestinal Diseases

Cancer

Altered expression and/or localization of lamins and lamin-associated proteins has been
associated with several gastrointestinal cancers’s: 74, although little is known about
laminopathies that specifically affect gastrointestinal organs aside from the liver and
pancreas’>~8. What laminopathies affect the gastrointestinal tract, and what gastrointestinal
diseases have been associated with lamina gene variants or altered expression/localization of
nuclear lamina proteins?

Malignant cells typically have changes in nuclear structure and morphology, such as altered
protein composition and irregularly shaped nuclei’®-82, that resemble changes in cells that
express mutant lamins or lamin-associated proteins. Altered expression and/or localization
of lamins and their associated proteins has been reported in different types of gastrointestinal
tumors (Table 2)8% 81, For example, levels of LMNA mRNA and protein were increased in
esophageal adenocarcinoma specimens, compared to Barrett’s esophagus with high-grade
dysplasia2. However, another study showed that esophageal tumors (squamous and
adenocarcinoma) had reduced expression of LMNA and LMNB1 compared to control
esophageal tissue’3. Levels of LMNA and LMNB1 were also reduced in gastric tumor and
colon carcinoma and adenoma specimens, and were mislocalized to the cytoplasm in some
colon carcinomas and adenomas’3 74 In gastric adenocarcinoma, decreased LMNA
expression correlated with poorly differentiated tumors and poor patient outcomes,
compared to tumors that expressed normal levels of LMNA4,

Findings from studies of colorectal cancer are contradictory. In a study of archived patient
samples, tumor staining for LMNA correlated with decreased overall survival time of
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patients, compared to samples that were negative for LMNAS®. In another study, low LMNA
expression was associated with increased recurrence among patients with stage I1 or 111
colon cancer®. This discrepancy may be related to the greater homogeneity of this cohort,
which did not include patients with stage-I disease or rectal cancer®® and/or the fact that in
the former study, tumors with low and high levels of LMNA were grouped together as
LMNA positive®9. Notably, both studies used archived tissue samples and retrospective
registry data; further study is needed to clarify the role of LMNA in colorectal cancer.

LMNB1 was consistently increased in liver tissues from patients with hepatocellular
carcinoma (HCC) compared to patients without HCC83: 84 Furthermore, increased levels of
LMNB1 associated with larger tumors, increased number of tumor foci, and more advanced
disease; LMNBI mRNA was increased in plasma from patients with HCC compared to
individuals without HCC®. LMNB1 might therefore serve as a prognostic factor for patients
with early-and late-stage HCC83. 84

Levels of lamin-associated and other nuclear proteins have also been examined in
gastrointestinal tumors. For example, levels of LAP2a mRNA were increased in gastric and
colon tumor tissues compared to non-tumor tissues®. Levels of BANF1 (protein and
mRNA) were increased in esophageal squamous cell carcinoma, and high levels were
associated with poor outcomes of patients86. Moreover, BANF1 mRNA and protein were
increased in HCC samples compared to non-tumor liver tissues8”. Notably, multiple
heterozygous non-synonymous mutations in the spectrin repeat containing nuclear envelope
protein 1 gene (SYNEL or Nespl) were identified in colorectal tumors®8, and SYNE1 was
increased and mis-localized to the cytoplasm in duodenal and rectal tumors89. Nucleoporin
88 (NUP88), a nuclear pore complex protein, was highly expressed in HCC compared to
non-tumor liver tissues, and overexpressed in colorectal tumors compared to non-tumor
tissues. Levels of NUP88 increased during carcinogenesis and correlated with poorly
differentiated tumors®%-92, There is much evidence for alterations in lamins and their
associated proteins in gastrointestinal tumors. Further studies are needed to determine the
mechanisms of these changes and their potential role in tumor development, but they might
be used as biomarkers of tumorigenesis or tumor progression.

Primary Biliary Cholangitis

Negative serologic results for anti-mitochondrial antibodies (AMA) present a challenge in
the diagnosis of primary biliary cholangitis (PBC, previously called primary biliary
cirrhosis). Antinuclear antibodies are present in sera from 25% of patients with PBC, and
anti-LBR antibodies, along with anti-gp210 and anti-nucleoporin p62 autoantibodies,
characterize a subset of PBC%3-95. These autoantibodies produce a rim-like or membranous
pattern that is highly specific for PBC and may represent a useful tool in the diagnosis of
AMA-negative PBC%-98_ Notably, Reynolds syndrome, characterized by concurrent
scleroderma and PBC, was linked to an LBR missense variant in exon 9 (p.R372C), so it
could be a previously unrecognized laminopathy?® A systematic analysis of a large cohort of
patients with PBC is necessary to validate LBR variants as a common cause of Reynolds
syndromel00.
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Porphyria-associated liver injury

Porphyrias include 8 metabolic disorders of the heme biosynthetic pathway, each resulting
from a specific enzyme defect, and are characterized by accumulation of heme precursors in
diverse organs101. 102 Aggregation of LMNA and LMNB1 in the liver, a major site of heme
synthesis, is an early marker of porphyria-associated liver injury in mice 102.103,
Furthermore, accumulation of porphyrin in HepG2 cells results in light-dependent
aggregation of lamins and nuclear shape alterations194, resembling the changes observed in
patients with laminopathies. These nuclear alterations might affect transcription, via
aggregate sequestration of lamins and other nuclear proteins03:104,

Nonalcoholic fatty liver disease (NAFLD)

Hepatic steatosis, with progression to nonalcoholic steatohepatitis (NASH), is a common
clinical feature of laminopathies including FPLD2 and other lipodystrophic syndromes and
is considered a complication of these diseases’> 195, However, there is evidence that
alterations in lamins and their associated proteins contribute to development of NAFLD and
NASH, independent of lipodystrophy syndromes’8:77.106 |n a cohort of twin and sibling
pairs with NAFLD (without lipodystrophy), coding sequence variants in lamina-related
genes were identified in 90% of patients with NAFLD vs 36% of subjects without
NAFLD76. Among these variants was an insertion in 7A/POthat causes a frameshift and
insertion of a premature stop codon after amino acid 99 in all LAP2 isoforms. When
expressed ectopically in human hepatoma cells, truncated LAP2 was mislocalized
throughout the nucleus and cytoplasm, unable to bind LMNA, and altered the distribution of
endogenous LMNA, LMB1, and LMNB?2 in transfected cells. Cells expressing truncated
LAP2 had greater lipid droplet accumulation than control cells (transfected with full-length
LAP2a) after incubation with oleic acid’8. Supporting these findings, hepatocyte-specific
deletion of LMNA in mice altered growth hormone signaling via Jak and Stat proteins in
hepatocytes and led to steatosis with progression to NASH with fibrosis (section 4.6)77 It
appears that patients with laminopathies are at greater risk for NAFLD or NASH due to
hepatocyte-specific defects in LMNA; some cases of NAFLD or NASH might be associated
with unrecognized laminopathies’>-77.107.108,

Insights From Animal Models

Our understanding of lamin function and the etiology of laminopathies has been greatly
enhanced by the development of animal models. Mice with loss or gain of function alleles
that are orthologous to human disease alleles recapitulate much of the tissue-specific
features of human laminopathies. Phenotypic characterization of these mice has enabled the
identification of physiologic abnormalities in affected tissues and alterations in signal
transduction pathways and the transcriptome that contribute to pathogenesis. Mouse models
of laminopathies have been useful in identifying agents that could alleviate disease
symptoms and prolong life. What models of laminopathy have been developed and what
have we learned about lamin function from these models (Table 3)?
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B-type lamins

B-type lamins are expressed ubiquitously from early in embryonic development and regulate
basic cellular functions such as senescence, replication, spindle assembly, chromatin
organization, transcription, and resistance to oxidative stress19%-111 |t might be assumed,
therefore, that mice lacking B-type lamins would die at an early stage of embryogenesis. In
fact, mice with disruptions in Lmnb1 and/or LmnbZ2 develop to term but die perinatally, with
developmental defects in lung, bone, and brain112-114 Because Lmnb1 and Lmnb2 have
60% homology and similar expression patterns15, functional redundancy could account for
the relatively mild phenotype. However, Lmnbl”~and Lmnb2~”~ mice develop to term at the
expected Mendelian frequency13. Moreover, combined tissue-specific deletion of Lmnb/
and Lmnb2in keratinocytes and hepatocytes did not produce abnormal phenotypes or visible
defects in tissue histology, nuclear shape, or cell proliferation116: 117 These findings indicate
that B-type lamins are not required for basic cellular functions but are required for the
normal development of a subset of tissue types.

B-type lamins have important roles in brain development, based on defects in neuron
migration and layering of forebrain neurons in LmnbI™~ and Lmnb2'~ micell2. The
similar phenotypes indicate that Lmnb1 and Lmnb2 have similar functions in brain.
However, neuronal nuclei from LmnbI™'~ brains have a bleb-like structure, whereas those
from LmnbZ™'~ brains are elongated'12. Moreover, differences in brain size and neuron
numbers between these 2 lines indicate that Lmnb1 and Lmnb2 have distinct roles!12. This
finding was supported by studies in which the LmnbZ2locus was replaced with Lmnb1, and
vice versa. Lmnb1 at the LmnbZ2locus could not substitute for LmnbZ2, and vice versa,
resulting in brain phenotypes similar to those of Lmnb1™'~ and LmnbZ'~ micell®. In
addition, mice that express a nonfarnesylated form of Lmnb2 develop normally, as opposed
to those that express nonfarnesylated Lmnb1, which die at birth with severe
neurodevelopmental defects. These observations indicate different requirements in
farnesylation for lamin functionl18,

A-type lamins: Lmna loss of function alleles

The first strain of mice with a LMNA loss of function allele (Lmna>“¥) was generated via
deletion of exons 8-11 of Lmnat1®. However, these mice express a truncated version of
Lmnal20, £ mnaSv/Sul mice have growth retardation at 2 weeks and die by 8 weeks of age.
Death has been attributed to cachexia, muscular dystrophy, and cardiomyopathy. In
embryonic fibroblasts from these mice, emerin mislocalized to the cytoplasm thereby
indicating that £ mna“/st/ phenocopies EDMD (in which emerin expression is lost or the
protein is mislocalized in myocytes)11°.

Two other strains of mice with loss of function alleles have been generated. These delete
exons 2-12 of Lmna. Mice homozygous for these deletions have a similar phenotype mice
homozygous for Lmnas“#Su! put die by 3 weeks rather than 8 weeks of age, indicating that
the truncated Lmna>“/ gene product is partially functional?21. 122

LmnaSSul mice were initially reported to have no adipogenic or metabolic defects!23.
However, subsequent studies with these micel24, and with 2 separate lines of mice with
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different loss of function alleles'2l: 122 reported fat loss, impaired ex vivo adipogenesis,
increased lipolysis in white adipose tissue, and impaired thermogenesis in brown adipose
tissue in homozygous mice. Lmna>“#S¢ mice have a decrease in bone mass that correlates
with significant reductions in numbers of osteoblast and osteocytel19,

Studies of mice with a floxed allele that removes exons 10-12 of Lmna showed that LMNA,
together with LBR, tethers peripheral heterochromatin to the nuclear envelope. In mice
lacking LBR, loss of LMNA causes mislocalization of heterochromatin to the nuclear
interior, with concomitant changes in gene expression and myocyte differentiationl25. These
studies indicate that lamin A/C is important for myocyte, osteocyte, and adipocyte
differentiation and function, likely due to its role in regulating gene expression.

Lmna knock-in mice

Mouse models of laminopathies have been generated—these mice carry alleles orthologous
to those that cause human laminopathies. Unlike in humans, in mice, most of these
laminopathy alleles, especially those that cause muscular dystrophy and cardiomyopathy, are
not fully penetrant in the heterozygous state or cause disease only in homozygous mice.
Reasons for this recessive mode of inheritance are unclear!26. Nevertheless, the homozygous
mice develop phenotypes that are similar to human diseases and have provided important
insights into the pathogenesis of laminopathies.

Progeroid Mouse Models

Mice that express progerin or a similar LMNA variant develop disorders similar to those of
patients with HGPS (Table 3)127.128.129 These mice develop osteoporosis, kyphosis,
alopecia, reduced subcutaneous fat, and cardiovascular disease and have a shortened
lifespan127-129, Homozygous mice have a more severe phenotype than heterozygous mice,
indicating that progerin levels determine the severity of diseasel27-129,

Zmpste24™~ mice, which lack the metalloprotease required for processing prelamin A to
mature lamin A, accumulate farnesylated prelamin A that remains attached to the inner
nuclear membrane. These mice have a phenotype similar to that of progerin-expressing
micel? 130 so accumulation of farnesylated lamin A might mediate the disease phenotype.
In support of this hypothesis, decreasing Lmna dosage in Zmpste24™mice using Lmna-null
alleles reduces disease pathologyX31. Moreover, administration of a farnesyl transferase
inhibitor (FT1) to Zmpste24~~ mice or progerin mice increased muscle strength and
longevity and reduced rib fractures and the rate of weight loss132:133, The FTI did not fully
rescue the progeria phenotype, however, and mice with a knock-in allele of non-farnesylated
progerin were not completely protected from diseasel28. This indicates that the uncleaved C-
termini in progerin and unprocessed prelamin A could also contribute to the disease
phenotype, irrespective of farnesylation status. Mice that are engineered to express mature
lamin A or C directly, bypassing prelamin A processing, have normal phenotypes, indicating
that lamins A and C may be interchangeable134.135 Because lamin C does not require
farnesylation or ZMPSTE?24 proteolysis, increasing expression of lamin C, compared with
lamin A, might a viable strategy for treating HGPS. A single copy of an allele that expresses
only lamin C (Lmna-“© mice) eliminates the progeria disease phenotype in Zmpste24™'~
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mice 135, and an antisense oligonucleotide that increases lamin C at the expense of prelamin
A can reduce progeria-related cardiovascular disease in progerin micel36. So, strategies to
reduce farnesylated prelamin A and progerin and/or increase lamin C expression might be
developed for treatment of HGPS.

Models of Muscular Dystrophy and Cardiomyopathy

The H222P mutation in LMNA causes the autosomal-dominant form of EDMD. Mice
homozygous for the orthologous mutation in Lmna develop muscular dystrophy and
cardiomyopathy with heart chamber dilation, conduction defects, and cardiac fibrosis and
die by 9 months of agel37. Mice with a mutation in Lmna that causes the amino acid
substitution N195K also develop dilated cardiomyopathy with conduction defects, but not
muscular dystrophy; these mice die from cardiac arrhythmias by 3 months of age38. Mice
with the H222P mutation in Lmna have become the primary model for studies of
cardiomyopathy associated with defects of loss of this protein, because they have late onset
of diseasel39,

Transcriptome analysis of hearts from Lmnal7222F/H222F mice indicates that dysregulation of
signal transduction pathways contributes to disease pathology. Signal transduction pathways
that are upregulated in Lmna/222P/H222P mice include the MAP kinase (ERK signaling to
JNK and p38), Akt, and mTORC1 pathways3%. MAP kinase inhibitors, of which the MEK
inhibitors are the most extensively studied, have been shown to inhibit kinase activity in
cardiac tissue, reduce the severity of disease, and improve heart function, indicating that
constitutive activation of MAPK pathways is partly responsible for the disease
phenotypel39. However, it is unclear how MAPK hyperactivation occurs and how it
contributes to disease progression.

mTORC1 is also hyperactivated in Lmna/222P/H222P g5 well as L mnaS*"Su! hearts;
mTORCI activation correlates with decreased autophagy in both these lines of micel40-143,
mTORC1 inhibitors increased autophagy and improved heart function in both lines of
micel40. 142 and the mTORC1 inhibitor rapamycin reversed metabolic defects in adipose
tissue of LmnaSiVSul micel24, In Lmnat'222P/HZ22P mjce, the activator of mMTORC1, AKT
serine/threonine kinase 1 (AKT1), is hyperactivated, so H222P LMNA could hyperactivate
mTORC1 through aberrant activation of AKT1, leading to decreased autophagy and
cardiomyopathy240. Like AKT1, ERK is an activator of mTORC1; these could be involved
in the mechanism by which MAPK hyperactivation in Lmna'7222P/H222F mice promotes
cardiomyopathy140,

Based on transcriptome analysis, the Wnt pathway is also downregulated in

L mnal?222P/H222P hearts, with reduced active and total B-catenin, Wnt, and Wnt10B proteins
and increased frizzled-related proteins, which modulate the Wnt pathwayl44. Reductions in
Wht signaling were also noted in fibroblasts derived from progeroid Lmn&*%29 mice; this
reduction appears to be responsible for the decrease in extracellular matrix production by
mutant fibroblasts14°. These data indicate that downregulation of Wnt signaling contributes
to development of cardiomyopathy in Lmna/?222P/H222P mice
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Role of LMNA in the Gastrointestinal Tract—Lessons From Mice

Tissue-or cell-specific and conditional disruption of Lmnais an important strategy for
studying the role of LMNA in the gastrointestinal tract, given the severity of the phenotype
in Lmna-deficient mice. Lmna has been disrupted in enterocytes, hepatocytes and acinar
cells. In these cells, exons 10 and 11 of Lmnawere removed using the Cre-lox system.
Disruption of Lmnain enterocytes of mice using a Cre transgene under the control of the
villin promoter did not alter gross morphology, lifespan, intestinal histology, or cell
proliferation146. However, disruption of £Zmnain enterocytes of ApcMin* mice led to a slight
increase in the total number of intestinal polyps, with as much as a 3-fold increase in the
number of 2-5 mm polyps in the duodenum. These findings indicate that LMNA may act as
a tumor suppressor146-148,

In contrast to the modest phenotype resulting from disruption of Lmnain mouse
enterocytes4®, hepatocyte-specific disruption of Lmna (using the same floxed allele as for
enterocyte-specific disruption) reduces body mass but causes male-specific liver injury and
steatosis that progresses to steatohepatitis and fibrosis in mice placed on a high-fat diet”.
These changes correlated with upregulated transcription of genes that regulate lipogenesis,
lipid transport, inflammation, type-1 interferon signaling, and fibrosis in mice on a standard
diet; expression of genes that regulate fibrosis increases when mice are placed on a high-fat
diet. The male specificity of the phenotype is likely due to defective growth hormone-
mediated Jak?2 signaling to Stat5. Activation of Stat5 regulates expression of male vs female
sexually dimorphic genes in mouse livers!4%-151. Much like hepatocyte-specific disruption
of Statb, disruption of Lmnain hepatocytes leads to upregulation and constitutive activation
of Statl, which is necessary for inducible expression of type-1 interferon-regulated
genes!®2-154 and might contribute to inflammation in livers of mice.

Growth hormone-mediated activation of ERK was reduced in LMNA-deficient livers of
mice, although it is not clear how this finding relates to the steatohepatitis phenotype of the
mice. The defect in ERK activation is opposite to what is observed in Lmna/222F/H222P
cardiomyocytes, in which ERK is hyperactivated do disrupt cardiac function13% 155-157 The
difference in the ERK phenotypes may be related to differences in the Lmnaallele used,
potential gain-of-function effects, and/or upstream pathways that are important in hepatocyte
vs myocyte differentiation and function.

A major finding in the study of liver-specific LMNA-deficient mice is that disruption of
Lmna leads to a cell-autonomous effect in hepatocytes to induce steatohepatitis. This result
sheds a different light on the hypothesis that FPLD2-associated LMNA alleles cause
lipodystrophy in humans primarily via effects on adipose tissue, with insulin resistance,
metabolic syndrome, and NAFLD and NASH developing as secondary effects'58: 159 This
adipose tissue-centric model is supported by results from mice that overexpress the FPLD2-
associated LMNA R482Q in adipose tissue. These mice develop hepatic steatosis and
impaired glucose tolerance compared with control mice that overexpress full-length
LMNAZ60, However, a more recent study in which human LMNA R482Q was expressed in
mouse adipose tissue at closer to physiologic levels demonstrated fibrosis in adipose tissue
similar to human FPLD2, but no overt metabolic or hepatic phenotypel®L. Furthermore, a
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recent abstract reported that deletion of TOR1AIP1 from hepatocytes of mice caused
spontaneous steatosis and NASH, supporting the role of the hepatocyte nuclear envelope in
steatohepatitis1®2. L mnaalleles might therefore act independently in adipocytes and
hepatocytes to promote the FPLD2 phenotype. It should be noted, however, that human
FPLD?2 is caused by autosomal-dominant mutations in LMNA rather than loss of LMNA
protein, and that men and women are affected, in contrast to the findings in mice after
hepatocyte-specific disruption of Lmna. In addition, virtually all patients with FPLD2 and
NAFLD or NASH are insulin resistant’> 108, Analysis of null and FPLD2 alleles of Lmnain
adipocytes vs hepatocytes will be required to clarify the relative contributions of each cell
type to the FPLD2 phenotype.

In the pancreas, inducible disruption of Lmnain acinar cells led to spontaneous pancreatitis,
but only male mice developed chronic pancreatitis, based on increased Sirius-red and
smooth muscle actin staining in knockout pancreata compared with controls’8. Lmna-
deficient pancreata from both sexes had smaller acini, smaller and fewer zymogen granules,
decreased amylase expression, infiltration by inflammatory cells, and increased markers of
endoplasmic reticulum stress, ductal cells, and cell proliferation’8. These data indicate that
acinar cell expression of LMNA is required for acinar cell homeostasis and that mutations
that cause FPLD2 act in a cell-autonomous manner in acinar cells to promote FPLD2-related
pancreatitis, which may also be precipitated by hypertriglyceridemia that is seen in some but
not all patients’®. Lmna deficiency in acinar cells also causes loss of Rb expression and
concomitant activation of E2-factor F (E2F) transcription factors, based on the upregulated
expression of E2F target genes’®. A similar phenotype is observed in mice lacking the
Lap2a, which regulates the E2F/Rb pathway as part of a complex with Lmna?3 163, Lap2a
deficiency causes loss of nucleoplasmic Lmna and results in a hyperproliferative phenotype
in mouse fibroblasts and epidermal and erythroid progenitor cells that has been attributed to
loss of Rb-mediated E2F regulation??,

Dysregulation of the Rb/E2F pathway is likely also responsible for the increased cell
proliferation seen in the Lmna-deficient pancreatitis model. This phenotype counters what is
observed in myoblasts from Lmna>“#5¢! mice, where Lmna deficiency leads to increased
levels of Lap2a, Rb dephosphorylation and altered localization, and decreased cell
proliferation64. Perhaps surprisingly, combined Lmna and Lap2a deficiency (LmnaSu#Su!:
Lap2a™") rescues the LmnaS“#Su/ phenotype, increasing lifespan, body mass, and muscle
cell proliferation164, Thus, the mechanisms by which LMNA and LAP2a regulate Rb and
cell proliferation may vary with cell type.

Prospects for Therapy

Our increased understanding of lamin biology and the pathophysiology of laminopathies
over the last several years has led to targeted therapeutic approaches—some have shown
promise in preclinical studies, and there are limited but encouraging data from small clinical
trials (Fig.2). Agents tested include farnesyl transferase inhibitors, which have extensive pre-
clinical data to support their utility and have been studied in clinical trials; kinase inhibitors,
which have been studied in models (and some are already used for treatment of diseases
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unrelated to laminopathies); and small molecules designed to disrupt protein interactions or
antisense oligonucleotide-based tools, which are in preclinical studies.

FTIs have been studied in experimental models and clinical trials. In mouse models of
HGPS, FTls increased muscle strength, reduced weight loss and rib fractures, and increased
lifespan132: 133, These agents have been tested in uncontrolled trials of children with HGPS.
In a 25 children who received the FTI lonafarnib for at least 2 years, the primary outcome
(>50% weight gain) was achieved by 9 patients (36%), whereas 10 patients (40%)
maintained their pre-trial rates of weight gain during the study55. A pooled analysis of all
patients with HGPS given an FTI, alone or in combination with zoledronate and pravastatin,
showed significant increases in survival time with the FTI compared to without66,

Kinase inhibition

Data from mouse models of laminopathies, particularly those affecting cardiac and skeletal
muscle, indicate a role for aberrant MAP kinase and mTOR pathway activation (section 4).
In Lmna222F/H222P mice, administration of the MEK1/2 inhibitor selumetinib for 4 weeks
inhibited ERK activation, prevented myocardial fibrosis, and prolonged survivall6”. Similar
effects were observed when LmnaH222P/H222P mice were given other MEK1/2
inhibitors156: 168  though these compounds have not yet advanced to trials of patients with
L MNA-associated cardiomyopathy. in the Lmna5“/S4/ mice, rapamycin, an inhibitor of the
mTOR pathway prolonged survival24, An open-label phase 1 and 2 trial of the mTOR
inhibitor everolimus is underway, in combination with the FT1 lonafarnib for HGPS
(Clinical Trials.gov Identifier: NCT02579044).

Other pre-clinical approaches

Based on transcriptomic data indicating alterations of Wnt signaling to p-catenin signaling
in progeroid and Lmnal'222F/H222P mice, these mice were given the Wnt activator 6-
bromoindirubin-3’-oxime. This agent increased cardiac contractility and intraventricular
conduction in these micel44. For progerin, given its binding to mature LMNA (but not
LMNB1 or LMNB?2) in vitro, screening a chemical library identified compounds capable of
blocking the progerin-LMNA interaction!69. One of these compounds improved nuclear
morphology in progerin-overexpressing cells and HGPS patient-derived cells in culture, and
improved weight gain, grip strength, and survival in progeroid mice.

An antisense oligonucleotide designed to alter splicing of LMNA mRNA to favor lamin C
over prelamin A reduced production of progerin in fibroblasts derived from patients with
HGPS. When this oligonucleotide was injected into wild-type C57BL/6J mice, it increased
levels of lamin C and decreased lamin A, at the mRNA and protein levels, in liver. When
injected into progeroid mice for 3-months, it decreased progerin and increased lamin C in
aortic tissue and reduced aortic fibrosis136.
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Overview and Future Directions

Our understanding of the structure and function of lamins and lamina-associated proteins
has expanded dramatically in the last 2 decades. Fundamental studies of the mechanistic
details of lamin post-translational processing have allowed FTIs to be brought into clinical
use for children with HGPS, with encouraging effects on weight gain and lifespan16°. 166
Similarly, based on extensive work in pre-clinical studies, kinase inhibitors hold promise for
L MNA-related cardiomyopathies.

From the perspective of digestive health and disease, the effects of alterations to the nuclear
lamina are becoming increasingly apparent. Gastrointestinal and hepatic manifestations of
laminopathies that typically affect multiple organ systems, in addition to more recent data
from mice and humans, have indicated the direct roles for lamins and their associated
proteins’6-78,

Targeted therapies for lamina-related gastrointestinal disease are not yet on the horizon,
although the observation that hepatocyte JAK2 signaling to STATS is defective in the
absence of LMNA provides an avenue for investigation’”.

It is not clear why some LMNA mutations produce different phenotypes in different
families, or even within the same family. It is likely that other genetic or environment factors
and epigenetic differences determine how genotype affects phenotype—this is an important
area for further study. Similarly, the relative contributions of environmental and genetic
factors to common gastrointestinal conditions such as pancreatitis, and NAFLD, and NASH
are unclear. We speculate that patients with such common diseases carry genetic variants
that affect the nuclear lamina, without a clinically apparent laminopathy—a recent small
study of twins and siblings with NAFLD supports this hypothesis’®. As we move into the era
of precision medicine, increasing our understanding of lamin biology and identifying
disease-associated genetic variants lead to improved and targeted therapies that are even
organ specific.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of the nuclear envelope including nuclear pore complex, LINC complex, and the

nuclear lamina. Schematic of the nuclear envelope structure including outer and inner
nuclear membranes, the lamina, integral membrane proteins, nuclear pore complex, LINC
complexes, components of the cytoplasmic cytoskeleton, and chromatin-lamina contacts.
The outer nuclear membrane is shown in continuity with the membrane of the endoplasmic
reticulum (ER). A portion of LMNA (red) is shown as a soluble nucleoplasmic protein,
some of which is bound to LAP2a..
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Figure 2.
Affected pathways in laminopathies and potential avenues for therapeutic intervention.

Alterations in multiple pathways contribute to the pathogenesis of laminopathies. Strategies
tested in preclinical or clinical studies are indicated with solid arrows. Strategies to alter Wnt
signaling to B-catenin or growth hormone signaling via Jak and Stat proteins, which are
altered in mouse models of laminopathies but have not been tested in animal models or
clinical trials, are indicated with dashed arrows. Agents developed to reduce or block
activity of progerin, FT1s132:133,165.166 antisense oligonucleotides36, and small molecules
that inhibit progerin interaction with LMNAZL6® have been tested.
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Human diseases linked to mutations in genes encoding lamins and associated proteins. Key: A-type lamins |
B-type lamins | Lamin associated proteins | Lamin processing proteins

Disease [references]

Gene

(Phenotype MIM number)

Phenotype

Emery-Dreifuss muscular dystrophy
[37,38,51-3]

Limb girdle muscular dystrophy [46,47]

Muscular dystrophy, congenital [39]
Dilated cardiomyopathy, type 1A [48,54]

Cardiomyopathy, dilated, with
hypergonadotropic hypogonadism [S5]

Heart-hand syndrome, Slovenian type [50]

Hutchinson-Gilford progeria syndrome
[51,53]

Restrictive dermopathy [56,56]
Mandibuloacral dysplasia [54,57]

Charcot-Marie-Tooth disease, type 2B1

Familial partial lipodystrophy, type 2 [62—
64]

Leukodystrophy, adult-onset, autosomal
dominant [61]

Progressive myoclonic epilepsy-9 [60]
Lipodystrophy, partial, acquired,
susceptibility to [65]
Nestor-Guillermo progeria syndrome [55]
Greenberg skeletal dysplasia [58]
Pelger-Huet anomaly [S9]

Buschke-Ollendorff syndrome [57]

Spinocerebellar ataxia, autosomal recessive
8[S1]

Deafness, autosomal recessive 76 [S10]

Arrhythmogenic right ventricular dysplasia 5
[49]

LMNA (181350, 616516)

EMD (310300)
SYNE1 (612998)
SYNEZ(612999)

TMEM43 (614302)

LMNA (159001)

TOR1A/IPI1 (617072)

LMNA (613205)
LMNA (115200)
LMNA (212112)

LMNA (610140)

LMNA (176670)

LMNA (275210)

ZMPSTE24(275210)

LMNA (248370)

ZMPSTE24 (608612)

LMNA (605588)

LMNA (151660)

LMNB1 (169500)

LMNBZ2 (616540)

LMNBZ2 (608709)

BANFI (614008)
LBR (215140)
LBR (169400)

LEMD3 (166700)
SYNE1 (610743)

SYNE4 (615540)
TMEM43 (604400)

Skeletal myopathy, cardiomyopathy, early contractures, cardiac
conduction
defects

Progressive limb weakness, late contractures, arrhythmogenic
cardiomyopathy

Limb and axial muscle weakness and wasting
Cardiac dilation, reduced ejection fraction
Cardiomyopathy, hypogonadism
Heart conduction defects, cardiomyopathy, abnormal bone

development in
hands and feet

Symptoms of premature ageing, alopecia, scleroderma,
lipodystrophy, cardiovascular defects

Taut facies, intrauterine growth retardation, death within weeks
of extrauterine life

Mandibular hypoplasia, growth restriction, progressive
osteolysis, variable lipodystrophy and progeroid symptoms.

Lower limb motor and sensory neuropathy, pes cavus

Abnormal distribution of subcutaneous fat with cushingoid
appearance, metabolic defects including diabetes mellitus and
hypertriglyceridemia

Multiple-sclerosis-like symptoms, autonomic dysfunction, CNS
demyelination

Myoclonic epilepsy, brain developmental defects, muscle
atrophy

Loss of subcutaneous fat, metabolic disorder

Variable lipoatrophy, skeletal and cardiac abnormalities
Osteochondroplasia, fetal demise, hydrops

Skeletal defects, epilepsy, developmental delay, abnormal
granulocyte nuclear morphology

Multiple nevi, osteopoikilosis

Ataxia, dysarthria, variable muscle atrophy

Progressive high-frequency hearing loss

Arrhythmogenic cardiomyopathy, right ventricular dysplasia,
center ventricular
enlargement
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Changes in lamins and associated proteins in human gastrointestinal cancers. Key: A-type lamins | B-type
lamins | Lamin associated proteins

Cancer Gene Finding [references] Clinical significance
LMNA Upregulation (protein & mRNA) [82] Unknown
Esophageal adenocarcinoma Downregulation (protein) [73]
LMNB1 Downregulation (protein) [73] Unknown
LMNA Downregulation (protein) [73] Unknown
Esophageal squamous cell carcinoma LMNB1 Downregulation (protein) [73] Unknown
BANF1 Upregulation (protein & mRNA) [86] Poor prognosis
LMNA Downregulation (protein & mRNA) [73,74] Poorly differentiated tumors, poor
prognosis
Gastric adenocarcinoma LMNB1 Downregulation (protein) [73] Unknown
TMPO Upregulated (MRNA) [85] Unknown
SYNE2 Upregulation, mislocalization (protein) [89] Unknown
LMNA Positive staining [69] Low expression Poor prognosis Increased risk of
Duodenal and rectal adenocarcinoma (protein) [68] recurrence
LMNA/LMNB1 Downregulation, mislocalization (protein) Unknown
[73,74]
TMPO Upregulation (MRNA) [85] Unknown
Colorectal adenocarcinoma SYNE1 Non-synonymous variants [88] Unknown
NUPSE Upregulation (protein) [92 Unknown
LMNB1 Upregulation (protein & plasma mRNA) Larger tumor size and number,
83,84] more advanced disease; potential
biomarker
Hepatocellular carcinoma BANF1 Upregulation (protein & mRNA) [87] Putative early biomarker of HCC
NUP88 Upregulation (protein) [90,91] Poorly differentiated tumors;

increased expression during
carcinogenesis
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Table 3:

Mouse models of lamin-related disease.

Page 28

Mouse model [references]

Disease
Relevance/Affected
Tissues

Model design

Model phenotype

LMNASWSU119,124,143,164,811]

LMNACT7-[122]

LMNA™X CMV-Cre [121]

LMNA™, 703-Cre [125]

LMNAS59[129,145]

[ MINAG609G/G609G [ 127]

LMNAHG [128]

LMNAMG [128]

Zmpste24~~ (Pendas) [130]

Zmpste24~~ (Bergo) [19]

L MINALco/LCo [135]

LMNALAOLAO [134]

H222P L MNA [137,139,155,156]

N195K LMNA [138]

DCM, EDMD, FPLD2/

Striated muscle, bone, liver,

pancreas, adipose tissue

DCM, EDMD, FPLD2/
Striated muscle, adipose
tissue

DCM, EDMD, FPLD2/
Striated muscle, adipose
tissue

DCM, EDMD, FPLD2/
Striated muscle, adipose
tissue

HGPS
Skin, bone, adipose tissue

HGPS Skin, bone, adipose
tissue

HGPS Skin, bone, adipose
tissue

HGPS Skin, bone, adipose
tissue

HGPS Skin, bone, adipose
tissue

HGPS Skin, bone, adipose
tissue

HGPS

HGPS

DCM and EDMD Striated
muscle

DCM Cardiac muscle

LMNA exons 8 through top of
exon 11 deleted

Gene trap insertion in LMNA
intron 2

LoxP sites flanking LMNA
exon 2, CMV-Cre drives
whole-body LMNA deletion

LoxP sites flanking LMNA
exons 10-11, Zp3-Cre drives
whole-body LMNA deletion

LMNA L530P; alternative
splicing generates truncated
protein that remains
farnesylated.

LMNA G609G; cryptic splice

site results in loss of Zmpste24

cleavage site and expression of
progerin

LMNA introns 10-11, part of
exon 11 removed; loss of
Zmpste24 cleavage site and
expression of progerin

Same as LMNAHC except

CAAX mutated to SAAX;

non-farnesylated progerin
expressed

Zmpste247~ exons 2-3 deleted

Zmpste24~~ exon 8 deleted

LMNA intron 11, part of exon
11 removed; lamin C but not
prelamin A produced

LMNA introns 10-11, first 24
bp of exon 12 removed; mature
lamin A expressed, not
prelamin A or lamin C

LMNA H222P (causes EDMD
in humans)

LMNAN195K (causes DCM
in humans)
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Reduced growth from 2-3 weeks of
age; abnormal gait and posture,
muscular dystrophy, decreased bone
mass, cardiomyopathy, reduced
subcutaneous fat (lethal by 8 weeks
of age)

Reduced growth, abnormal gait,
muscle weakness, cardiomyopathy,
reduced subcutaneous fat, lethal by

postembryonic day 16-18 (P16-

P18)

Similar to LMNASSU gnd

LMNACT-I- models; lethal by P16-
P18

Phenotype not described; lethal
between P13-P18

Subcutaneous fat loss, osteoporosis,
abnormal dentition, thin skin,
growth retardation, and shortened
lifespan

Subcutaneous fat loss, alopecia,
reduced bone density, kyphosis,
thymic and splenic atrophy, reduced
lifespan

Heterozygotes exhibited slow
weight gain, rib fractures, loss of
body fat, reduced lifespan

Heterozygotes exhibited slow
weight gain, rib fractures, loss of
body fat, and shortened lifespan
(less severe L MNAMG)

Weight loss, kyphosis, muscle
weakness, alopecia; average
lifespan of 20 weeks

Spontaneous fractures, slow weight
gain, alopecia, kyphosis, muscle
weakness, average lifespan of 6-7
months

Homozygotes similar to WT

Homozygotes similar to WT

Kyphosis, shallow breathing,
dilated cardiomyopathy, reduced
lifespan; no lipodystrophy

Cardiac muscle degeneration,
dilated heart chambers, conduction
defects; lethal by 12-14 weeks of
age



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Brady et al.

Page 29

Mouse model [references]

Disease
Relevance/Affected
Tissues

Model design

Model phenotype

LMNAX \/illin-Cre [146]

LMNA™%, Alb-Cre [77]

LMNA™%, Celal-CreERT2 [78]

R482Q LMNA transgenic mice
[160,161]

Lap2a™" [24,512-13]

Lmnb1™~ (Kim) [113]

Lmnb144[112,114]

Lmnb2”~ (Kim) [113]

Lmnb2™~ (Coffinier) [112]

LmnbI™~; Lmnb2”~ (Kim) [113]

LmnbIf Lmnb2™/% Emx1-Cre [112]

Lmnb1™/fx. | mpp2f/fix. K14-Cre
[117]

Lmnb1™/x. | mp2X/fix; Alb-Cre
[116]

Lmnb16267115,514]

Lmnb2BYB1 [115 514]

Lmnb15C5[118]

Intestinal epithelium

FPLD2 and NAFLD Liver

Pancreas

FPLD2 Adipose tissue

DCM Striated muscle,
epidermal/erythroid
progenitor cells

Lung, diaphragm, brain

Lung, bone, brain

Diaphragm, brain

Brain

Lung, diaphragm, brain

Forebrain

Skin

Liver

Brain

Brain

Lung, brain

LoxP sites flanking LMNA
exons 10-11, Villin-Cre drives
LMNA deletion in intestinal
epithelial cells

LoxP sites flanking LMNA
exons 10-11, Alb-Cre drives
LMNA deletion in hepatocytes

LoxP sites flanking LMNA
exons 10-11, Celal-CreERT2
drives inducible LMNA
deletion in acinar cells

LMNA (human) R482Q
transgene

Tmpo/Lap2exon 4 deleted,
eliminates Lap2a expression,
preserves other isoforms

LmnbI1exon 1 deleted

Gene trap cassette in Lmnbl
intron 5; protein lacks NLS
and CAAX motif

Lmnb2exon 1 deleted

Lmnb2exon 1 replaced with
lacZ reporter

Lmnbl, Lmnb2loci deleted

LoxP sites flanking exon 2 of
Lmnb1and LmnbZ, Emx1-Cre
drives forebrain-specific
deletion

LoxP sites flanking exon 2 of
Lmnbland Lmnb2, K14-Cre
drives keratinocyte-specific
deletion

LoxP sites flanking exon 2 of
Lmnbl and Lmnb2, Alb-Cre
drives hepatocyte-specific
deletion

Lmnb1 locus replaced with
Lmnb2

Lmnb2 locus replaced with
Lmnbl

Lmnbl CAAX motif replaced
with SAAX
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Slight increase in number of
intestinal polyps with ApcVin*
background

Male-specific liver injury and
steatosis, with steatohepatitis and
fibrosis after high fat diet

ER stress, increased apoptosis and
proliferation, chronic pancreatitis,
fibrosis

Weight plateau at 41 weeks, fat pad
loss, hepatic steatosis,
thermogenesis defects, adipocyte
differentiation defects [160]; TGF-p
activation and fibrosis in adipose
tissue [161]

Systolic dysfunction, cardiac
fibrosis in older mice,
hyperproliferation of epidermal and
erythroid progenitor cells

Delayed embryonic growth, lung/
diaphragm defects, microencephaly,
respiratory failure, perinatal
lethality

Abnormal lung development and
bone ossification, microencephaly,
respiratory failure, perinatal
lethality

Brain and diaphragm defects,
respiratory failure, perinatal
lethality

Abnormal layering of cortical
neurons in cerebral cortex, perinatal
lethality

Thin diaphragm, microencephaly,
delayed embryonic growth,
perinatal lethality

Cortical atrophy, loss of
hippocampal structures, perinatal
lethality

Normal skin and hair, normal
keratinocyte proliferation

Similar to WT; liver chemistries and
histology normal

Cortical neuron layering defect,
decreased body mass (less severe
than Lmnb1™")

Normal body mass, slightly
decreased brain size, cortical
neuron layering defect

Cortical layering defect,
microencephaly, lung defects,
perinatal lethality
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Mouse model [references] Disease Model design Model phenotype
Relevance/Affected
Tissues
Lmnb2°5/C5[118] Brain Lmnb2 CAAX motif replaced Similar to WT (normal growth,

with SAAX

fertility, lifespan)
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