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Abstract: Autosomal dominant leukodystrophy (ADLD) is an extremely rare and fatal neurodegener-
ative disease due to the overexpression of the nuclear lamina component Lamin B1. Many aspects of
the pathology still remain unrevealed. This work highlights the effect of Lamin B1 accumulation on
different cellular functions in an ADLD astrocytic in vitro model. Lamin B1 overexpression induces
alterations in cell survival signaling pathways with GSK3β inactivation, but not the upregulation of
β-catenin targets, therefore resulting in a reduction in astrocyte survival. Moreover, Lamin B1 build
up affects proliferation and cell cycle progression with an increase of PPARγ and p27 and a decrease
of Cyclin D1. These events are also associated to a reduction in cell viability and an induction of
apoptosis. Interestingly, ADLD astrocytes trigger a tentative activation of survival pathways that are
ineffective. Finally, astrocytes overexpressing Lamin B1 show increased immunoreactivity for both
GFAP and vimentin together with NF-kB phosphorylation and c-Fos increase, suggesting astrocytes
reactivity and substantial cellular activation. These data demonstrate that Lamin B1 accumulation is
correlated to biochemical, metabolic, and morphologic remodeling, probably related to the induction
of a reactive astrocytes phenotype that could be strictly associated to ADLD pathological mechanisms.

Keywords: Lamin B1; ADLD; reactive astrocyte; cell survival; apoptosis; cell cycle; cell proliferation;
cell viability; cytotoxicity

1. Introduction

Adult onset autosomal dominant leukodystrophy (ADLD) is an extremely rare, fatal
and late onset neurological disorder, characterized by a progressive loss of white matter in
the central nervous system (CNS) [1–3]. The disease manifests itself in the fourth to fifth
decades of adulthood without any described gender difference. The real prevalence of
this fatal pathology still remains uncertain, with sporadic new clinical case reports from
different geographical areas suggesting a possible heterogeneity in the first clinical mani-
festations and signs [4–9]. In majority of ADLD cases, the first clinical manifestations are
related to autonomic dysfunction, followed by ataxia and cognitive impairment that signal
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pyramidal and cerebellar involvement. Genetically, ADLD is characterized by alterations
of the LMNB1 gene (chr5q23.2), resulting in the accumulation of Lamin B1, a component
of the nuclear lamina [1,8,10]. Demyelination seems to be one of the most significant
aspects of ADLD, even if the molecular aspects detailing how the genetic alterations affect
the cellular mechanisms to drive the onset and development of this pathology are still
not entirely known. Moreover, the mechanisms regulating the myelination are still not
completely defined. Oligodendrocyte cells are certainly the primary cells responsible for
the myelination of the axons [11], but signals deriving from astrocytes and neurons are
also essential to promote myelin sheath formation and its maintenance during life [12].
Astrocytes, in particular, play an important role in supporting myelination [13,14]. In-
deed, it has been shown that astrocytes overexpressing LMNB1 and cells from ADLD
patients show several nuclear alterations not present in oligodendrocytes overexpressing
LMNB1 [15]. Furthermore, the accumulation of Lamin B1 in astrocytes induces a reduction
in Leukemia Inhibitory Factor-like protein (LIF) secretion, leading to the downregulation
of Jak/Stat3 and PI3K/Akt axes. These pathways are essential for astrocytes survival,
and their inactivation would lead to a reduction of the astrocytes’ fundamental support
to oligodendrocytes in the myelination process. The development of many neurological
disorders such as Parkinson’s, Alzheimer’s, schizophrenia, amyotrophic lateral sclerosis,
bipolar disorder, and mood disorders has been associated to the aberrant activity of Glyco-
gen Synthase Kinase-3 (GSK-3) [16]. GSK-3 is a protein serine/threonine kinase that has a
central role in several cellular signaling pathways through the modulation of many tran-
scription factors, such as c-Myc in proliferation, Bcl2, and CREB in survival, cell cycle, and
apoptosis regulation [17,18]. When GSK-3 is phosphorylated, and therefore inactivated, β-
catenin can translocate to the nucleus and bind the T-cell factor/lymphoid enhancer factor
(TCF/LEF) [19], inducing cyclin D1 and transcription factors such as c-Myc and c-Jun, all
involved in cell division, proliferation, invasion, and stem cell maintenance [20]. In several
diseases, such as gliomas, neurodegenerative diseases, amyotrophic lateral sclerosis, and
multiple sclerosis, the Wnt/β-catenin pathway acts in an opposite way of peroxisome
proliferator-activated receptor gamma (PPARγ) [21]. Several studies have demonstrated
that PPARγ overexpression stimulates the expression of cyclin-dependent kinase inhibitors
p27 and p21, stopping the cytosolic β-catenin accumulation and decreasing the expression
of cyclin D1, promoting cell cycle arrest [20]. Moreover, PPARγ agonists can downregulate
Bcl2 [22] and PI3K/Akt pathway, promoting apoptosis [23]. Among apoptotic signal-
ing pathways, Jun N-terminal kinases (JNKs) play an important role in the regulation of
pro-apoptotic proteins implicated in the activation of the extrinsic and intrinsic apoptotic
pathways [24]. It has been observed that JNK is required for the apoptosis of neurons in
the central nervous system, and that the expression of dominant negative inhibitors of nu-
clear JNK confers resistance to apoptosis following the withdrawal of trophic support [25].
Proliferation, differentiation, survival, and neurogenesis have also been correlated with
the activity of CREB [26]. Several studies have demonstrated that knocking down CREB
expression in the neurons of developing CNS, significantly decreases the transcription of
many CRE-regulated genes, such as Bcl2 [27], leading to apoptosis and the postnatal abla-
tion of genes, which leads to neuronal degeneration [28]. CREB represents a downstream
target of the neurotrophin brain-derived neurotrophic factor (BDNF) [26], which promotes
the development of specific neuronal cells and confers neuroprotection under several condi-
tions [29]. Dysfunction of BDNF signaling causes deficits in neuronal growth and synaptic
transmission, leading to disorganized brain functions. Loss of CREB/BDNF signaling
impairs neurodevelopment, but CREB upregulation causes aberrant signal transduction
that represents the hallmarks of some brain tumors, determining the altered regulation of
proliferation, apoptosis, metastasis, and metabolism [26]. The schematic in Figure 1 shows
and summarizes the main signaling pathways mentioned above.
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Figure 1. Schematic representation of the signaling pathways involved in survival and cell cycle progression, cell cycle
arrest, and apoptosis affected by Lamin B1 overexpression. Created with Biorender.com.

Only recently have astrocytes been widely considered to give an important contri-
bution to neurological conditions, as opposed to the classical representation of these cells
as bystanders in neuroinflammatory diseases. Astrocytes that change their morphology,
and/or protein expression and secretion, and metabolic activity in response to injury of
the CNS due to different noxae are called “reactive astrocytes” [30]. Nonetheless, defined
guidelines to identify categories of reactive astrocytes and to classify them are still lacking.
For the time being, the upregulation of intermediate filaments proteins, such as GFAP,
vimentin, synemin, and nestin, the increase in several enzymes involved in metabolic
processes, and the increase in protein secretion and nuclear translocation of transcription
factors, such as NF-kB, are all considered potential markers of reactive astrocytes [30,31].

In this work, we analyzed, for the first time in an experimental in vitro astrocytic model
of ADLD, the effect of Lamin B1 accumulation on the induction of astrocytes’ reactivity,
focusing on pivotal cellular mechanisms that might be involved in the development of this
very rare and intriguing pathology.
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2. Materials and Methods
2.1. Cell Culture and Lentiviral Transduction

U87-MG (HTB-14 ATCC, Old Town Manassas, VA, USA) glioblastoma-astrocytoma
cell line was cultured in Eagle’s Minimum Essential Medium (EMEM) (Corning, New York,
NY, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1%
Penicillin/Streptomycin (both from Sigma-Aldrich, St. Louis, MO, USA).

HEK 293T human embryonic kidney cells (Genecopoeia Inc., Rockville, MD, USA) were
cultured in DMEM (Corning) supplemented with 10% FBS and 1% penicillin/streptomycin,
while 5% FBS was used during transfection.

All cells were maintained in a humidified 5% CO2 incubator at 37 ◦C.
EX-I3724-Lv201 coding for Homo Sapiens LMNB1 and EX-NEG-Lv201 empty control

vectors (Genecopoeia), respectively, were used to produce lentiviruses used to overexpress
LMNB1 and green fluorescent protein (GFP), as well as lentiviruses coding only for GFP, as
control. HEK293T cells were used as the viral packaging system using the Lenti-Pac HIV
expression packaging kit (Genecopoeia) according to manufacturer’s protocol.

To perform viral transduction, U87-MG cells were plated the day before infection at
5 × 105 cells/well of a 6-well plate. The next day, virus supernatants were added with
polybrene 8µg/mL and applied to cultured cells. The supernatants were replaced with fresh
media the next day and 48 h after transduction 2 µg/mL of puromycin (Sigma-Aldrich)
was added to the medium.

2.2. RNA Extraction, Reverse Transcription and Real-Time PCR

RNeasy Mini Kit (Qiagen, Hilden, Germany) was used to extract total RNA from samples
and extracted RNA was quantified at the Nanodrop spectrophotometer. Precisely 1 µg of
total RNA was reverse transcribed into cDNA using TaqMan Reverse Transcription Reagents
(Thermo Fisher Scientific, Waltham, MA, USA), following the manufacturer’s protocol.

mRNA expression levels were detected by performing qPCR on 100 ng of cDNA per
reaction in the QuantStudio 1 Real-Time PCR System (Thermo Fisher Scientific), using
TaqMan Universal Master mix II (Thermo Fisher Scientific) and TaqMan probes. The
following validated gene expression assays were used: LMNB1 Hs.PT.58.40133522 and
GAPDH Hs.PT.39a.22214836 (IDT, Coralville, IA, USA); TCF7 Hs00175273_m1 and BNDF
Hs02718934_s1 (Thermo Fisher Scientific).

2.3. Protein Extraction, Nuclear Protein Extraction and Western Blot

Whole cell lysates which were obtained by lysing cells were supplemented in T-PER
lysis buffer with Halt protease and phosphatase inhibitor cocktails (all from Thermo Fisher
Scientific) and sonicated for 15 s at a power of 40–50%. Nuclear protein fraction was isolated
by using NE-PER nuclear and cytoplasmic extraction kit (Thermo Fisher) following the
manufacturer’s instruction.

Cell lysates were quantified with the Bradford Protein Assay (Bio-Rad Laboratories,
Hercules, CA, USA). Equal amounts of total protein lysates were separated on Bolt 4–12%,
polyacrylamide-0.1% SDS gels (Thermo Fisher Scientific) and transferred onto nitrocellulose
membrane. Membranes were washed with PBS-0.1% Tween-20 (PBST) and blocked with
5% w/v non-fat dry milk in PBST for 1 h at room temperature. Next, membranes were
incubated with primary antibodies overnight at 4 ◦C. Then, blots were incubated with
the corresponding peroxidase-conjugated secondary antibodies (Thermo Fisher Scientific)
diluted in PBST for 1 h at room temperature. ECL enhanced chemiluminescence reagents
(Thermo Fisher Scientific) were used to detect immunoreactive bands and images captured
with the iBright Imaging system (Thermo Fisher Scientific). Samples were normalized by
using the iBright software that allows to quantitate the total protein signal in each lane after
membrane staining with the No-Stain Protein Labeling Reagent (Thermo Fisher Scientific).
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2.4. Immunocytochemistry

Cells were grown on coverslips and fixed in ice-cold 100% methanol (Sigma-Aldrich)
for 15 min at −20 ◦C. After blocking in 1% BSA for 1 h at room temperature, cells were
incubated with primary antibody overnight at 4 ◦C. Dilutions of primary antibodies were
in accordance with the manufacturer’s instructions. Cells were then incubated in the
dark at room temperature for 1 h with corresponding secondary antibodies conjugated
to Alexa Fluor 555 (Thermo Fisher Scientific). Lastly, nuclei were stained with Hoechst
33342 reagent (Thermo Fisher Scientific). Slides were then examined under a Zeiss Axio-
Imager Z1 fluorescent microscope (Carl Zeiss International, Germany). At least 5 different
fields were analyzed at 20× or 63× magnification.

2.5. Antibodies

The following antibodies were used in Western blotting and immunofluorescence:
phospho-GSK3α/β (CST 8566), phospho-β-Catenin (Ser33/37/Thr41) (CST9561), non-

phospho (Active) β-Catenin (Ser33/37/Thr41) (CST 8814), total β-Catenin (CST 9587),
phospho-cyclin D1 (CST 3300), PPARγ (CST 2443), p27 (CST 2552), Ki-67 (CST 9129),
phospho-c-Jun (CST 9164), c-Myc (CST 13987), Cytochrome c (CST 4280),GFAP (CST 3670),
vimentin (CST 5741), NF-kB (CST 8242), c-Fos (CST 2250) from Cell Signaling Technol-
ogy (Danvers, MA, US); Lamin B1 (10H34L18), Cyclin D1 (MA5-14512), Bcl-2 (13-8800),
phospho-CREB (MA1-083), Ki-67 (MA5-14520) from Invitrogen, Thermo Fisher Scientific,
and Phospho-JNK (sc-6254) from Santa Cruz Biotechnology (Dallas, TX, USA).

2.6. Cell Viability, Cytotoxicity, Apoptosis Assay

Cell viability, cytotoxicity, and apoptosis were measured in transduced cells by using
the ApoTox-Glo Triplex Assay (Promega, Madison, WI, USA) according to the manufac-
turer’s instructions. Briefly, 48 h after transduction, cells were puromycin-selected for 48 h
and 8.0 × 104 cells were seeded per well in a 96-well plate. Following 1-h incubation with
viability/cytotoxicity reagent, fluorescence was measured by using the GloMax Discover
Microplate Reader (Promega) set on 400Ex/505Em for viability and on 485Ex/520Em
for cytotoxicity. Then, Caspase-Glo 3/7 Reagent was added and incubated for 30 min.
Luminescence was measured to assess apoptosis in the samples.

2.7. Statistical Analysis

Statistical analysis was carried out using Graph Pad Prism 5.0 software (San Diego,
CA, USA) by applying the two-way ANOVA and Sidak post-test. The differences were
considered significant with p < 0.05 * and p < 0.01 **.

3. Results
3.1. Lamin B1 Accumulation Determines GSK3β Inactivation, but Not the Upregulation of
β-Catenin Targets

In the astrocytic cell line U87-MG, Lamin B1 overexpression determines an increase
in glycogen synthase kinase 3β (GSK3β) phosphorylation, hence it is associated with
GSK3β inactivation [17]. In order to investigate the effects of reduced GSK3β activity, we
examined the phosphorylation levels of its target β-catenin (Figure 2A). The increase in
phosphorylated GSK3β in the sample overexpressing Lamin B1 is matched by a reduction
in the amount of β-catenin phosphorylated on Ser33, Ser37, and Thr41 that represent
GSK3β’s phosphorylation sites. However, the decrease in phosphorylated β-catenin does
not correspond to an increase in its active form, since the amount of non-phosphorylated
β-catenin is lower in cells overexpressing Lamin B1 compared to wild type and mock-
transduced (GFP) cells. The lack of an increase in β-catenin activation corresponds to an
overall decrease in total β-catenin levels and thus to an overall inactivation of the β-catenin
pathway observed in Lamin B1-overexpressing cells. Moreover, in the cells that overexpress
Lamin B1, GSK3β inactivation is associated with a decrease in the amount of cyclin D1
phosphorylated on Thr286.
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Figure 2. Lamin B1 overexpression affects the activity of GSK3β and the phosphorylation of its targets: (A): The ex-
pression and the phosphorylation of targets of GSK3β were evaluated in U87-MG cells 96 h after transduction. Lamin
B1-overexpressing cells (ovLMNB1) were compared to wild type (WT) and mock-transduced (GFP) samples. The expression
or phosphorylation of the denoted proteins was assayed. Samples were normalized by Total Protein Normalization and
compared to WT sample. Western blot results are representative of five independent experiments. (B): Quantitative
analysis of protein expression, wild type cells (WT) were used as reference sample. ** denotes p < 0.01 vs. corresponding
mock-transduced sample (GFP). (C): The expression of β-catenin targets was tested in cells transduced to overexpress
Lamin B1 (ovLMNB1) and compared to wild type (WT) and mock-transduced (GFP) cells. Cells were tested after 48 h of
puromycin selection, i.e., 96 h after transduction overall. The panel shows the evaluation of mRNA levels by real-time
PCR. GAPDH was used as a housekeeping gene and wild type cells as a reference sample. All the analyses are from five
independent experiments, with ** p < 0.01 vs. corresponding mock-transduced sample (GFP).

Next, we evaluated the mRNA levels of some well-known β-catenin targets (Figure 2C)
in order to determine whether the reduction in active β-catenin affects the expression of
its targets. The cells that overexpress Lamin B1 show a statistically significant decrease in
mRNA levels of the transcription factor Tcf7 and also of the neurotrophin BDNF compared
to wild type and mock-transduced (GFP) cells, confirming that Lamin B1 accumulation is
associated with a reduction in β-catenin pathway activation.
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3.2. Lamin B1 Build Up Affects Proliferation and Cell Cycle Progression

Next, we investigated whether Lamin B1 accumulation affects the expression of the
nuclear receptor Peroxisome Proliferator-Activated Receptor γ (PPARγ). Figure 3A displays
that cells overexpressing Lamin B1 show a marked increase of PPARγ expression compared
to control samples (WT and GFP), confirming the feature of the β-catenin pathway and
PPARγ to also work in opposition in our model, proving that Lamin B1 build up induces
the expression of PPARγ.

Moreover, PPARγ can affect cell cycle progression both by inducing the expression
of cyclin-dependent kinase inhibitor p27 and by decreasing cyclin D1 expression through
reducing the cytosolic β-catenin accumulation. Therefore, we evaluated the expression of
both p27 and cyclin D1. Figure 3A illustrates that cells overexpressing Lamin B1 show a
marked decrease of cyclin D1 paralleled by a pronounced increase of p27, compared both
to wild type and mock-transduced (GFP) cells, indicating a block in cell cycle progression
following Lamin B1 accumulation.

In order to determine whether Lamin B1 build up is also associated with an inhibition
of cell proliferation, we evaluated the expression of the proliferation marker Ki-67 by
Western blot (WB) and immunofluorescence (IF). Both WB and IF (Figure 3A,C) revealed
that the expression of Ki-67 is markedly reduced in cells with Lamin B1 overexpression
compared to wild type and mock-transduced (GFP) cells. Still, wild type and GFP samples
show comparable levels of Ki-67. Therefore, cell proliferation is negatively affected by
Lamin B1 accumulation.

3.3. Lamin B1 Accumulation Reduces Cell Viability and Causes the Induction of Apoptosis

Next, we evaluated the effects of Lamin B1 build up on cell viability. Figure 4A demon-
strates that cells overexpressing Lamin B1 have a statically significant lower viability com-
pared to mock-transduced cells (GFP). Moreover, cells transduced to overexpress Lamin
B1 show higher levels of both cytotoxicity and apoptosis in respect to mock-transduced
cells (GFP). These differences are all statistically significant and indicate that Lamin B1
overexpression has a cytotoxic effect and promotes apoptosis.

In order to further investigate the induction of the apoptotic process, we explored the
activation of c-Jun N-terminal kinase (JNK) signaling pathway. Figure 4B shows that cells
overexpressing Lamin B1 bear higher levels of phosphorylated, and thus activated, JNK
that, in turn, determines higher levels of phosphorylated c-Jun compared to control samples
(WT and GFP). Likewise, the expression of the proto-oncogene c-Myc is induced in Lamin
B1-overexpressing cells in respect to wild type and mock-transduced (GFP) cells, which,
in a context of cell cycle arrest, is also associated with the induction of apoptosis. Finally,
Bcl2 expression is lower in cells overexpressing Lamin B1 compared to controls and, as a
result, cytochrome C is increased in response to Lamin B1 accumulation. Therefore, Lamin
B1 accumulation induces the activation of the JNK-signaling pathway and determines the
induction of apoptosis.

Nevertheless, Figure 4C illustrates that cells overexpressing Lamin B1 show a tentative
activation of survival pathways, evidenced by the increase in CREB phosphorylation
compared to control samples, which does not result in an increase in the expression of
downstream effectors of the survival pathway, as proved by the decrease in Bcl2 expression
in Lamin B1-overexpressing cells compared to controls (WT and GFP). Therefore, the
increase in CREB phosphorylation observed following Lamin B1 overexpression does not
correspond to an induction of pro-survival downstream mediators.

3.4. Lamin B1 Overexpression Induces Reactive Phenotype in Astrocyte-like Cells

Since Lamin B1 build up determines alterations in cell proliferation and cell cycle
progression, and results in increased cell death, we investigated the induction of markers
of reactive astrocytes. Wild type, mock-transduced (GFP), and Lamin B1 overexpressing
cells were tested in immunofluorescence (IF) and in Western blot for glial fibrillary acidic
protein (GFAP) and vimentin expression.
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IF revealed an increased immunoreactivity for both GFAP and vimentin (Figure 5A,B)
in cells overexpressing Lamin B1 compared to controls (WT and GFP), where the staining
for these two proteins is almost undetectable.
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Figure 3. Lamin B1 build up inhibits cell cycle progression and proliferation: The expression of proteins involved in
cell cycle progression and apoptosis was evaluated in U87-MG cells 96 h after transduction. Lamin B1 overexpressing
cells (ovLMNB1) were compared to wild type (WT) and mock-transduced (GFP) samples. (A): Western blot results
representative of five independent experiments. The expression of the denoted proteins was assayed. Samples were
normalized by performing total protein normalization vs. wild type cells. (B): Quantitative analysis of protein expression,
wild type cells (WT) were used as reference sample. ** denotes p < 0.01 vs. corresponding mock-transduced sample (GFP).
(C): Immunofluorescence staining of Ki67 at 63× magnification (bar: 10 µM) in wild-type (WT), mock-transduced (GFP),
and Lamin B1-overexpressing (ovLMNB1) cells. Nuclei were stained using Hoechst 33342 (blue). The staining of Ki67 is
marked in WT and GFP samples, while it becomes faint in cells overexpressing Lamin B1. Results are representative of at
least five different fields.
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Figure 4. Lamin B1 accumulation reduces cell viability and induces apoptosis signaling pathways: (A): Cell viability,
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Figure 5. Lamin B1 accumulation induces the expression of markers of reactive astrocytes: The expression levels of reactive
astrocytes markers were evaluated in U87-MG astrocyte-like cells transduced with Lamin B1-coding vector (ovLMNB1)
and compared to wild type (WT) and mock-transduced cells (GFP). (A,B) display immunofluorescence staining of GFAP
and vimentin, respectively, at 40× magnification (bar: 20 µM). Nuclei were stained using Hoechst 33342 (blue). Results are
representative of at least five different fields. (A,B): In WT and GFP samples, only background fluorescence is seen for GFAP
and vimentin, while the signal is strong in ovLMNB1 samples. (C): GFAP, vimentin, nuclear NF-kB, and c-Fos expression
was measured in wild type, mock-transduced (GFP), and Lamin B1-overexpressing cells. Samples were normalized
by using total protein normalization vs. wild type cells. Results are representative of three independent experiments.
(D): Quantitative analysis of protein expression; wild type cells (WT) were used as reference sample. ** denotes p < 0.01 vs.
corresponding mock- transduced sample (GFP).
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Moreover, whole cell lysates were tested for GFAP and vimentin expression while
nuclear extracts were probed for phosphorylated NF-kB to assay its nuclear expression in
Lamin B1-overepressing cells (ovLMNB1) and in control samples (WT and GFP) (Figure 5C).
Western blot analysis shows an increase in GFAP and vimentin expression confirming IF
data as well as a rise in phosphorylated NF-kB nuclear localization. The increase in GFAP
and vimentin expression associated with the increase in NF-kB phosphorylation are all
markers of reactive astrocytes, therefore Lamin B1 build up determines the induction of
reactivity.

Likewise, the immediate early response gene c-Fos shows a marked increase in the
sample that overexpresses Lamin B1 compared to the controls, demonstrating that Lamin
B1 overexpression is also associated with a substantial cellular activation (Figure 5C).

4. Discussion

ADLD is a rare adult-onset neurodegenerative disorder characterized by LMNB1
alterations and with no effective therapies. The clinical phenotype mainly links the patho-
logical phenotype to the overexpression of Lamin B1 protein due to LMNB1 duplication
or to LMNB1 upstream deletion [32]. Indeed, LMNB1 alterations have been related also
to other neurological diseases such as Parkinson’s, Alzheimer’s, and Huntington’s dis-
eases [33–35]. These evidences strengthen the relevant role of Lamin B1, not only in the
structural support of the nuclear envelope, but also in relation to many cellular mech-
anisms [36]. Interestingly, LMNB1-associated disorders seem to share the fact that the
Lamin B1 level of expression (either increased or decreased in different disease models)
is responsible for the pathological phenotype, suggesting a very close relation between a
morphological, physical, and functional balance [35]. Several new evidences also suggest
that Lamin B1 levels can be relevant for cell migration mechanisms, neurogenesis control,
and cellular aging [37–39]. Stemming from these reflections, our astrocytic in vitro ADLD
cellular model highlighted new molecular and functional insights that could give new clues
to this biological and pathological intriguing puzzle. Indeed, in our previous work, we
demonstrated the pivotal role of astrocytes in ADLD pathogenesis [15], and these new data
suggest that Lamin B1 accumulation determines different relevant physio-pathological
alterations in cell survival, cycle regulation, proliferation, viability, toxicity, and apoptosis.
This in vitro experimental model clearly presents limitations related to the tumoral charac-
teristic of the cell line, but it represents a good and reliable model to analyze experimental
properties otherwise difficult to evaluate, considering the extremely rare nature of the
disease. In our previous work [15], we demonstrated that Lamin B1 overexpression in
the astrocytic cell line U87-MG determines an increase in glycogen synthase kinase 3β
(GSK3β) phosphorylation, hence it is associated with GSK3β inactivation. In order to
investigate the effects of reduced GSK3β activity, we examined the phosphorylation levels
of its most studied target, i.e., β-catenin. Interestingly, Lamin B1 accumulation determines
GSK3β inactivation, but not the upregulation of β-catenin targets, such as the transcription
factor Tcf7 and the neurotrophin BDNF. Therefore, Wnt/β-catenin brain survival signaling
pathways appear to be downregulated after Lamin B1 accumulation. Moreover, GSK3β
inactivation is associated with a decrease in the amount of cyclin D1 phosphorylated on
Thr286, which can affect its nuclear export and thus cell cycle progression. Considering
also the well-established crosstalk between β-catenin pathway and the nuclear receptor
Peroxisome Proliferator-Activated Receptor γ (PPARγ) [20] and the pivotal role of PPARγ
in the central nervous system [40], we investigated whether Lamin B1 accumulation affects
the expression of this protein. Our ADLD model showed a noticeable increase in PPARγ
expression compared to control samples linked to a pronounced increase in p27 and a clear
decrease in cyclin D1. These data, together with the reduction of the proliferation marker
Ki-67, indicate that Lamin B1 build up is associated to a block in cell cycle progression.
In addition, our engineered ADLD in vitro model showed a decrease of cell viability and
an increase in cytotoxicity and apoptosis due to Lamin B1 overexpression, characterized
by the activation of the JNK-signaling pathway. Surprisingly, the ADLD model overex-
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pressing Lamin B1 showed a tentative activation of survival pathways denoted by the
increase in cAMP-response element binding protein (CREB) phosphorylation compared
to control models. However, it does not result in the activation of downstream effectors
of the survival pathway, as proved by the decrease in Bcl2 and by the evidence of cellular
apoptosis in the ADLD model. The critical role of CREB in different cancers and also in
CNS disorders has indeed highlighted how many complex and controversial mechanisms
underline the pathological events of different diseases [26,41]. All these new data point
out the effect of Lamin B1 accumulation in several pivotal cellular mechanisms that could
be underneath the pathological progression of ADLD disease in relation to the astrocyte
function. Considering the observed mechanisms that underline an overall adverse effect of
Lamin B1 accumulation on the astrocytes, we decided to investigate astrocytes’ reactivity
in response to Lamin B1 overexpression. Indeed, reactive astrocytes have been related
to many debated pathological mechanisms in the CNS in relation to several injuries or
diseases [42]. More specifically, many neurodegenerative disorders such as Alzheimer’s,
Huntington’s, Parkinson’s, ALS, and Multiple Sclerosis diseases have been associated
with reactive astrocytes’ activity [42]. The scientific community is still debating the cor-
rect nomenclature, definitions, and future directions of reactive astrocytes underlying the
complexity underneath these topics, as reactive astrocytes undergo several morphological,
molecular, and functional changes induced by CNS injuries, diseases, and infections [30].
What is certain is that reactive astrocytes could influence disease outcomes acting on many
different physio-pathological mechanisms and that are characterized by morphological
changes and molecular changes, with the overexpression of intermediate filaments proteins
such as GFAP or Vimentin, and a reduction of cell migration and proliferation [31]. Our
ADLD astrocyte-like model overexpressing Lamin B1 shows increased immunoreactivity
for both GFAP and vimentin, together with alterations in cell proliferation and cell cycle
progression. NF-kB is phosphorylated after Lamin B1 accumulation, indicating NF-kB
activation in astrocytes overexpressing Lamin B1. The increase in GFAP and vimentin
expression associated with the increase in NF-kB activation are all markers of reactive
astrocytes [31], suggesting, for the first time, that Lamin B1 accumulation could trigger
astrocytes reactivity (Figure 6). In addition, our ADLD model showed that the marked
increase of an early response gene, c-Fos, demonstrates that Lamin B1 overexpression is
associated also with a substantial cellular activation [43]. Considering also the possible
role of PPARs in the metabolic and inflammatory adaptation of reactive astrocytes [44], it
is possible that Lamin B1 accumulation in astrocytes could induce a reactive phenotype
associated with the described alterations in cell survival, cycle regulation, proliferation,
viability, toxicity, and apoptosis. All in all, these data suggest that Lamin B1 accumulation
is associated with astrocyte-like cells biochemical, metabolic, and morphologic remodeling,
probably related to the induction of reactive astrocytes phenotype that could be directly
associated to ADLD pathological mechanisms. Together with our previous published
data [15], these new evidences support the hypothesis that astrocytic dysfunction could
not only reduce the support to the other cellular populations involved in the myelination
process, but also induce several pathological direct alterations able to trigger the disease
phenotype. Therefore, the understanding of specific CNS cell populations’ alterations
could help to understand the still unknown morphological and molecular mechanisms
involved in the development of ADLD.
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Figure 6. Lamin B1 accumulation causes astrocytes’ reactivity: Lamin B1 build up affects proliferation and cell cycle
progression. These events are also associated to a reduction of cell viability and an induction of apoptosis, suggesting
a great sufferance of this specific cell population under the effect of Lamin B1 accumulation. Moreover, astrocyte-like
cells overexpressing Lamin B1 show increased immunoreactivity for both GFAP and vimentin, together with NF-kB
phosphorylation, suggesting the induction of astrocytes reactivity and cellular activation. Image created with Biorender.com.
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duplications cause autosomal dominant leukodystrophy. Nat. Genet. 2006, 38, 1114–1123. [CrossRef]
2. Nahhas, N.; Sabet Rasekh, P.; Vanderver, A.; Padiath, Q. Autosomal Dominant Leukodystrophy with Autonomic Disease; University of

Washington: Seattle, WD, USA, 1993.
3. Zanigni, S.; Terlizzi, R.; Tonon, C.; Testa, C.; Manners, D.N.; Capellari, S.; Gallassi, R.; Poda, R.; Gramegna, L.L.; Calandra-

Buonaura, G.; et al. Brain magnetic resonance metabolic and microstructural changes in adult-onset autosomal dominant
leukodystrophy. Brain Res. Bull. 2015, 117, 24–31. [CrossRef]

http://doi.org/10.1038/ng1872
http://doi.org/10.1016/j.brainresbull.2015.07.002


Cells 2021, 10, 2566 13 of 14

4. Zhang, Y.; Li, J.; Bai, R.; Wang, J.; Peng, T.; Chen, L.; Wang, J.; Liu, Y.; Tian, T.; Lu, H. LMNB1-Related Adult-Onset Autosomal
Dominant Leukodystrophy Presenting as Movement Disorder: A Case Report and Review of the Literature. Front. Neurosci. 2019,
13, 1030. [CrossRef]

5. Dai, Y.; Ma, Y.; Li, S.; Banerjee, S.; Liang, S.; Liu, Q.; Yang, Y.; Peng, B.; Cui, L.; Jin, L. An LMNB1 duplication caused adult-onset
autosomal dominant leukodystrophy in chinese family: Clinical manifestations, neuroradiology and genetic diagnosis. Front.
Mol. Neurosci. 2017, 10, 215. [CrossRef]

6. Sandoval-Rodríguez, V.; Cansino-Torres, M.A.; Sáenz-Farret, M.; Castañeda-Cisneros, G.; Moreno, G.; Zúñiga-Ramírez, C.
Autosomal dominant leukodystrophy presenting as Alzheimer’s-type dementia. Mult. Scler. Relat. Disord. 2017, 17, 230–233.
[CrossRef]

7. Brussino, A.; Vaula, G.; Cagnoli, C.; Panza, E.; Seri, M.; Di Gregorio, E.; Scappaticci, S.; Camanini, S.; Daniele, D.; Bradac, G.B.;
et al. A family with autosomal dominant leukodystrophy linked to 5q23.2-q23.3 without lamin B1 mutations. Eur. J. Neurol. 2010,
17, 541–549. [CrossRef]

8. Giorgio, E.; Robyr, D.; Spielmann, M.; Ferrero, E.; Di Gregorio, E.; Imperiale, D.; Vaula, G.; Stamoulis, G.; Santoni, F.; Atzori,
C.; et al. A large genomic deletion leads to enhancer adoption by the lamin B1 gene: A second path to autosomal dominant
adult-onset demyelinating leukodystrophy (ADLD). Hum. Mol. Genet. 2015, 24, 3143–3154. [CrossRef]

9. Nmezi, B.; Giorgio, E.; Raininko, R.; Lehman, A.; Spielmann, M.; Koenig, M.K.; Adejumo, R.; Knight, M.; Gavrilova, R.;
Alturkustani, M.; et al. Genomic deletions upstream of lamin B1 lead to atypical autosomal dominant leukodystrophy. Neurol.
Genet. 2019, 5, e305. [CrossRef]

10. Giorgio, E.; Rolyan, H.; Kropp, L.; Chakka, A.B.; Yatsenko, S.; Di Gregorio, E.; Lacerenza, D.; Vaula, G.; Talarico, F.; Mandich, P.;
et al. Analysis of LMNB1 duplications in autosomal dominant leukodystrophy provides insights into duplication mechanisms
and allele-specific expression. Hum. Mutat. 2013, 34, 1160–1171. [CrossRef]

11. Sherman, D.L.; Brophy, P.J. Mechanisms of axon ensheathment and myelin growth. Nat. Rev. Neurosci. 2005, 6, 683–690. [CrossRef]
12. Barres, B.A. The Mystery and Magic of Glia: A Perspective on Their Roles in Health and Disease. Neuron 2008, 60, 430–440.

[CrossRef]
13. Kıray, H.; Lindsay, S.L.; Hosseinzadeh, S.; Barnett, S.C. The multifaceted role of astrocytes in regulating myelination. Exp. Neurol.

2016, 283, 541–549. [CrossRef] [PubMed]
14. Stadelmann, C.; Timmler, S.; Barrantes-Freer, A.; Simons, M. Myelin in the central nervous system: Structure, function, and

pathology. Physiol. Rev. 2019, 99, 1381–1431. [CrossRef] [PubMed]
15. Ratti, S.; Rusciano, I.; Mongiorgi, S.; Owusu Obeng, E.; Cappellini, A.; Teti, G.; Falconi, M.; Talozzi, L.; Capellari, S.; Bartoletti-

Stella, A.; et al. Cell signaling pathways in autosomal-dominant leukodystrophy (ADLD): The intriguing role of the astrocytes.
Cell. Mol. Life Sci. 2021, 78, 2781–2795. [CrossRef] [PubMed]

16. Gao, C.; Hlscher, C.; Liu, Y.; Li, L. GSK3: A key target for the development of novel treatments for type 2 diabetes mellitus and
Alzheimer disease. Rev. Neurosci. 2012, 23, 1–11. [CrossRef] [PubMed]

17. McCubrey, J.A.; Steelman, L.S.; Bertrand, F.E.; Davis, N.M.; Abrams, S.L.; Montalto, G.; D’Assoro, A.B.; Libra, M.; Nicoletti, F.;
Maestro, R.; et al. Multifaceted roles of GSK-3 and Wnt/β-catenin in hematopoiesis and leukemogenesis: Opportunities for
therapeutic intervention. Leukemia 2014, 28, 15–33. [CrossRef] [PubMed]

18. Nusse, R. Wnt signaling. Cold Spring Harb. Perspect. Biol. 2012, 4, 11. [CrossRef]
19. Angers, S.; Moon, R.T. Proximal events in Wnt signal transduction. Nat. Rev. Mol. Cell Biol. 2009, 10, 468–477. [CrossRef]
20. Vallée, A.; Lecarpentier, Y. Crosstalk between peroxisome proliferator-activated receptor gamma and the canonical WNT/β-

catenin pathway in chronic inflammation and oxidative stress during carcinogenesis. Front. Immunol. 2018, 9, 1–18. [CrossRef]
21. Lecarpentier, Y.; Claes, V.; Duthoit, G.; Hébert, J.L. Circadian rhythms, Wnt/beta-catenin pathway and PPAR alpha/gamma

profiles in diseases with primary or secondary cardiac dysfunction. Front. Physiol. 2014, 5, 429. [CrossRef]
22. Shiau, C.W.; Yang, C.C.; Kulp, S.K.; Chen, K.F.; Chen, C.S.; Huang, J.W.; Chen, C.S. Thiazolidenediones mediate apoptosis in

prostate cancer cells in part through inhibition of Bcl-xL/Bcl-2 functions independently of PPARγ. Cancer Res. 2005, 65, 1561–1569.
[CrossRef]

23. Yan, K.H.; Yao, C.J.; Chang, H.Y.; Lai, G.M.; Cheng, A.L.; Chuang, S.E. The synergistic anticancer effect of troglitazone combined
with aspirin causes cell cycle arrest and apoptosis in human lung cancer cells. Mol. Carcinog. 2010, 49, 235–246. [CrossRef]
[PubMed]

24. Dhanasekaran, D.N.; Reddy, E.P. JNK signaling in apoptosis. Oncogene 2008, 27, 6245–6251. [CrossRef] [PubMed]
25. Björkblom, B.; Vainio, J.C.; Hongisto, V.; Herdegen, T.; Courtney, M.J.; Coffey, E.T. All JNKs can kill, but nuclear localization is

critical for neuronal death. J. Biol. Chem. 2008, 283, 19704–19713. [CrossRef] [PubMed]
26. Wang, H.; Xu, J.; Lazarovici, P.; Quirion, R.; Zheng, W. cAMP Response Element-Binding Protein (CREB): A Possible Signaling

Molecule Link in the Pathophysiology of Schizophrenia. Front. Mol. Neurosci. 2018, 11, 1–14. [CrossRef]
27. Zheng, K.B.; Xie, J.; Li, Y.T.; Yuan, Y.; Wang, Y.; Li, C.H.; Shi, Y.F. Knockdown of CERB expression inhibits proliferation and

migration of glioma cells line U251. Bratisl. Med. J. 2019, 120, 309–315. [CrossRef]
28. Li, X.Y.; Zhan, X.R.; Liu, X.M.; Wang, X.C. CREB is a regulatory target for the protein kinase Akt/PKB in the differentiation of

pancreatic ductal cells into islet β-cells mediated by hepatocyte growth factor. Biochem. Biophys. Res. Commun. 2011, 404, 711–716.
[CrossRef]

http://doi.org/10.3389/fnins.2019.01030
http://doi.org/10.3389/fnmol.2017.00215
http://doi.org/10.1016/j.msard.2017.08.014
http://doi.org/10.1111/j.1468-1331.2009.02844.x
http://doi.org/10.1093/hmg/ddv065
http://doi.org/10.1212/NXG.0000000000000305
http://doi.org/10.1002/humu.22348
http://doi.org/10.1038/nrn1743
http://doi.org/10.1016/j.neuron.2008.10.013
http://doi.org/10.1016/j.expneurol.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/26988764
http://doi.org/10.1152/physrev.00031.2018
http://www.ncbi.nlm.nih.gov/pubmed/31066630
http://doi.org/10.1007/s00018-020-03661-1
http://www.ncbi.nlm.nih.gov/pubmed/33034697
http://doi.org/10.1515/rns.2011.061
http://www.ncbi.nlm.nih.gov/pubmed/22718609
http://doi.org/10.1038/leu.2013.184
http://www.ncbi.nlm.nih.gov/pubmed/23778311
http://doi.org/10.1101/cshperspect.a011163
http://doi.org/10.1038/nrm2717
http://doi.org/10.3389/fimmu.2018.00745
http://doi.org/10.3389/fphys.2014.00429
http://doi.org/10.1158/0008-5472.CAN-04-1677
http://doi.org/10.1002/mc.20593
http://www.ncbi.nlm.nih.gov/pubmed/19908241
http://doi.org/10.1038/onc.2008.301
http://www.ncbi.nlm.nih.gov/pubmed/18931691
http://doi.org/10.1074/jbc.M707744200
http://www.ncbi.nlm.nih.gov/pubmed/18474608
http://doi.org/10.3389/fnmol.2018.00255
http://doi.org/10.4149/BLL_2019_049
http://doi.org/10.1016/j.bbrc.2010.12.048


Cells 2021, 10, 2566 14 of 14

29. Nieto, R.; Kukuljan, M.; Silva, H. BDNF and schizophrenia: From neurodevelopment to neuronal plasticity, learning, and memory.
Front. Psychiatry 2013, 4, 45. [CrossRef]

30. Escartin, C.; Galea, E.; Lakatos, A.; O’Callaghan, J.P.; Petzold, G.C.; Serrano-Pozo, A.; Steinhäuser, C.; Volterra, A.; Carmignoto, G.;
Agarwal, A.; et al. Reactive astrocyte nomenclature, definitions, and future directions. Nat. Neurosci. 2021, 24, 312–325. [CrossRef]

31. Escartin, C.; Guillemaud, O.; Carrillo-de Sauvage, M.A. Questions and (some) answers on reactive astrocytes. Glia 2019, 67,
2221–2247. [CrossRef]

32. Padiath, Q.S. Lamin B1 mediated demyelination: Linking Lamins, Lipids and Leukodystrophies. Nucleus 2016, 7, 547–553.
[CrossRef]

33. Frost, B. Alzheimer’s disease: An acquired neurodegenerative laminopathy. Nucleus 2016, 7, 275–283. [CrossRef]
34. Liu, G.H.; Qu, J.; Suzuki, K.; Nivet, E.; Li, M.; Montserrat, N.; Yi, F.; Xu, X.; Ruiz, S.; Zhang, W.; et al. Progressive degeneration of

human neural stem cells caused by pathogenic LRRK2. Nature 2012, 491, 603–607. [CrossRef]
35. Alcalá-Vida, R.; Garcia-Forn, M.; Castany-Pladevall, C.; Creus-Muncunill, J.; Ito, Y.; Blanco, E.; Golbano, A.; Crespí-Vázquez, K.;

Parry, A.; Slater, G.; et al. Neuron type-specific increase in lamin B1 contributes to nuclear dysfunction in Huntington’s disease.
EMBO Mol. Med. 2021, 13, 1–25. [CrossRef]

36. Hozak, P.; Sasseville, A.M.J.; Raymond, Y.; Cook, P.R. Lamin proteins form an internal nucleoskeleton as well as a peripheral
lamina in human cells. J. Cell Sci. 1995, 108, 635–644. [CrossRef]

37. Fracchia, A.; Asraf, T.; Salmon-Divon, M.; Gerlitz, G. Increased Lamin B1 Levels Promote Cell Migration by Altering Perinuclear
Actin Organization. Cells 2020, 9, 2161. [CrossRef]

38. Bedrosian, T.A.; Houtman, J.; Eguiguren, J.S.; Ghassemzadeh, S.; Rund, N.; Novaresi, N.M.; Hu, L.; Parylak, S.L.; Denli, A.M.;
Randolph-Moore, L.; et al. Lamin B1 decline underlies age-related loss of adult hippocampal neurogenesis. EMBO J. 2021, 40,
1–21. [CrossRef]

39. bin Imtiaz, M.K.; Jaeger, B.N.; Bottes, S.; Machado, R.A.C.; Vidmar, M.; Moore, D.L.; Jessberger, S. Declining lamin B1 expression
mediates age-dependent decreases of hippocampal stem cell activity. Cell Stem Cell 2021, 28, 967–977.e8. [CrossRef]

40. Zolezzi, J.M.; Santos, M.J.; Bastías-Candia, S.; Pinto, C.; Godoy, J.A.; Inestrosa, N.C. PPARs in the central nervous system: Roles in
neurodegeneration and neuroinflammation. Biol. Rev. 2017, 92, 2046–2069. [CrossRef]

41. Steven, A.; Friedrich, M.; Jank, P.; Heimer, N.; Budczies, J.; Denkert, C.; Seliger, B. What turns CREB on? And off? And why does
it matter? Cell. Mol. Life Sci. 2020, 77, 4049–4067. [CrossRef]

42. Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Münch, A.E.; Chung, W.S.;
Peterson, T.C.; et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature 2017, 541, 481–487. [CrossRef]

43. Groves, A.; Kihara, Y.; Jonnalagadda, D.; Rivera, R.; Kennedy, G.; Mayford, M.; Chun, J. A functionally defined in vivo astrocyte
population identified by c-Fos activation in a mouse model of multiple sclerosis modulated by S1P signaling: Immediate-early
astrocytes (ieAstrocytes). eNeuro 2018, 5, 1–13. [CrossRef]

44. Iglesias, J.; Morales, L.; Barreto, G.E. Metabolic and Inflammatory Adaptation of Reactive Astrocytes: Role of PPARs. Mol.
Neurobiol. 2017, 54, 2518–2538. [CrossRef]

http://doi.org/10.3389/fpsyt.2013.00045
http://doi.org/10.1038/s41593-020-00783-4
http://doi.org/10.1002/glia.23687
http://doi.org/10.1080/19491034.2016.1260799
http://doi.org/10.1080/19491034.2016.1183859
http://doi.org/10.1038/nature11557
http://doi.org/10.15252/emmm.202012105
http://doi.org/10.1242/jcs.108.2.635
http://doi.org/10.3390/cells9102161
http://doi.org/10.15252/embj.2020105819
http://doi.org/10.1016/j.stem.2021.01.015
http://doi.org/10.1111/brv.12320
http://doi.org/10.1007/s00018-020-03525-8
http://doi.org/10.1038/nature21029
http://doi.org/10.1523/ENEURO.0239-18.2018
http://doi.org/10.1007/s12035-016-9833-2

	Introduction 
	Materials and Methods 
	Cell Culture and Lentiviral Transduction 
	RNA Extraction, Reverse Transcription and Real-Time PCR 
	Protein Extraction, Nuclear Protein Extraction and Western Blot 
	Immunocytochemistry 
	Antibodies 
	Cell Viability, Cytotoxicity, Apoptosis Assay 
	Statistical Analysis 

	Results 
	Lamin B1 Accumulation Determines GSK3 Inactivation, but Not the Upregulation of -Catenin Targets 
	Lamin B1 Build Up Affects Proliferation and Cell Cycle Progression 
	Lamin B1 Accumulation Reduces Cell Viability and Causes the Induction of Apoptosis 
	Lamin B1 Overexpression Induces Reactive Phenotype in Astrocyte-like Cells 

	Discussion 
	References

