
 International Journal of 

Molecular Sciences

Article

Hippocampal LMNA Gene Expression is Increased in
Late-Stage Alzheimer’s Disease

Iván Méndez-López 1,2,*,†, Idoia Blanco-Luquin 1,†, Javier Sánchez-Ruiz de Gordoa 1,3,
Amaya Urdánoz-Casado 1, Miren Roldán 1, Blanca Acha 1, Carmen Echavarri 1,4,
Victoria Zelaya 5, Ivonne Jericó 3 and Maite Mendioroz 1,3,*

1 Neuroepigenetics Laboratory-Navarrabiomed, Complejo Hospitalario de Navarra, Universidad Pública de
Navarra (UPNA), IdiSNA (Navarra Institute for Health Research), Pamplona, Navarra 31008, Spain;
idoia.blanco.luquin@navarra.es (I.B.-L.); jsruizdegordoa@gmail.com (J.S.-R.d.G.);
aurdanoz.1@gmail.com (A.U.-C.); miren.roldan.arrastia@navarra.es (M.R.);
blancacha02@hotmail.com (B.A.); carmentxu.ez@gmail.com (C.E.)

2 Department of Internal Medicine, Hospital García Orcoyen, Estella 31200, Spain
3 Department of Neurology, Complejo Hospitalario de Navarra- IdiSNA (Navarra Institute for Health

Research), Pamplona, Navarra 31008, Spain; ivonne.jerico.pascual@navarra.es
4 Hospital Psicogeriátrico Josefina Arregui, Alsasua, Navarra 31800, Spain
5 Department of Pathology, Complejo Hospitalario de Navarra- IdiSNA (Navarra Institute for Health

Research), Pamplona, Navarra 31008, Spain; mv.zelaya.huerta@navarra.es
* Correspondence: imendezl@navarra.es (I.M.-L.); maitemendilab@gmail.com (M.M.);

Tel.: +34-848-422677 (I.M.-L.)
† These authors contributed equally to this work.

Received: 30 November 2018; Accepted: 14 February 2019; Published: 18 February 2019
����������
�������

Abstract: Lamins are fibrillary proteins that are crucial in maintaining nuclear shape and function.
Recently, B-type lamin dysfunction has been linked to tauopathies. However, the role of A-type
lamin in neurodegeneration is still obscure. Here, we examined A-type and B-type lamin expression
levels by RT-qPCR in Alzheimer’s disease (AD) patients and controls in the hippocampus, the
core of tau pathology in the brain. LMNA, LMNB1, and LMNB2 genes showed moderate mRNA
levels in the human hippocampus with highest expression for the LMNA gene. Moreover, LMNA
mRNA levels were increased at the late stage of AD (1.8-fold increase; p-value < 0.05). In addition,
a moderate positive correlation was found between age and LMNA mRNA levels (Pearson’s r = 0.581,
p-value = 0.018) within the control hippocampal samples that was not present in the hippocampal
samples affected by AD. A-type and B-type lamin genes are expressed in the human hippocampus at
the transcript level. LMNA mRNA levels are up-regulated in the hippocampal tissue in late stages of
AD. The effect of age on increasing LMNA expression levels in control samples seems to be disrupted
by the development of AD pathology.
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1. Introduction

The nuclear lamina is a reticular structure attached to the internal nuclear membrane. It is
essential for the maintenance of nuclear architecture and morphology and participates in critical cellular
functions, such as DNA replication, transcription, chromatin organization, nuclear differentiation, or
signal transduction, among others.

In humans, the nuclear lamina is composed of three proteins. The LMNA gene encodes A-type
lamin: lamin A/C, whereas LMNB1 and LMNB2 genes encode B-type lamins: lamin B1 and lamina B2
respectively. More than 20 human diseases have been related to mutations in these genes. LMNA gene
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mutations cause a wide spectrum of disorders involving muscle, adipose, bone, and peripheral nervous
tissues along with premature aging syndromes, e.g., Werner syndrome (WS) and Hutchinson–Gilford
progeria syndrome (HGPS) [1]. In addition, LMNB1 gene duplication causes autosomal dominant
leukodystrophy with autonomic disease (ADLD) [2] whereas homozygous missense mutations in the
LMNB2 gene have been associated with an acquired partial lipodystrophy called Barraquer–Simons
syndrome and with progressive myoclonus epilepsy with early ataxia [3,4].

While mutations on B-type lamins cause cognitive decline, evidence linking A-type lamin to
neurodegenerative diseases in humans is still quite scarce. On the one hand, it is recognized that
dementia is not a feature usually found in LMNA-linked progeria disorders even though these
syndromes mimic physiological aging at an early age [5]. In fact, the rate of brain aging is significantly
lower than the rate of whole body aging in WS and HGPS [6]. Moreover, these patients do not show
the typical neuropathological changes of Alzheimer’s disease (AD), such as amyloid plaques and
neurofibrillary tangles [5,7]. On the other hand, a genome-wide association study (GWAS) revealed
that a single nucleotide polymorphism in the LMNA gene (rs505058) increased the risk of late-onset
AD [8], although this result is controversial as it was not confirmed in further studies [9–11].

More recently, Frost et al. described for the first time the relationship between B-type lamins
and tauopathies, which are age-related neurodegenerative disorders characterized by abnormal
protein tau deposits in the brain [12]. In a transgenic human tau Drosophila model, the authors
observed that tau-induced lamin dysfunction leads to heterochromatin relaxation and neuronal cell
death [13]. Aberrant phosphorylation of the tau protein would induce structural alterations of the
nuclear envelope, including nuclear invaginations, identical to those observed in laminopathies by
electron microscopy [13]. These morphological features were also observed in postmortem human
brains of patients diagnosed with AD [13]. Interestingly, toxic accumulation of mRNA has also been
observed within and adjacent to tau-induced nuclear envelope invaginations in a Drosophila model of
tauopathy [14].

Here, we wanted to gain insight into the relationship between lamin genes expression and AD, as a
paradigm of a neurodegenerative disease. To that end, we profiled mRNA expression levels of LMNA,
LMNB1, and LMNB2 genes by real time quantitative PCR (RT-qPCR) in the human hippocampus,
which is one of the most vulnerable brain regions to AD and the core of pathological protein tau
deposits [15]. To increase AD specificity, we used frozen postmortem hippocampal samples obtained
from a cohort of pure AD cases showing only deposits of phosphorylated tau and β-amyloid along
with controls free of any protein inclusion.

2. Results

2.1. Lamin mRNA Levels across Alzheimer’s Disease Stages in the Human Hippocampus

First, we measured mRNA expression levels of LMNA, LMNB1, and LMNB2 genes by RT-qPCR
in human hippocampal samples from AD patients compared to controls. Two samples (AD patients)
did not pass the RNA quality threshold so were not included in the experiments (see Methods
section). Eventually, 28 AD cases were compared to 16 controls. Hippocampal mRNA expression
levels (percentage of relative expression) differed significantly among the three genes (F = 38.905;
p-value < 0.0001), as shown in Figure S1, with highest mRNA expression levels for the LMNA gene.
Regarding disease status, no differences were found in the mRNA levels of LMNA (p-value = 0.824),
LMNB1 (p-value = 0.732), and LMNB2 (p-value = 0.386) between AD cases and controls, as shown in
Figure S2.

Next, a disease-staging analysis was performed to investigate changes of lamin genes’ mRNA levels
depending on AD severity measured by ABC score staging [16]. ABC score combines histopathologic
assessments of β-amyloid deposits determined by the method of Thal (A) [17], staging of neurofibrillary
tangles by Braak and Braak classification (B) [18], and scoring of neuritic plaques by the method of
CERAD (Consortium to Establish A Registry for Alzheimer’s Disease) (C) [19] to better characterize
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AD neuropathological changes [16]. Thus, the ABC score shows three levels of AD neuropathological
severity: low, intermediate, and high. We found that LMNA mRNA levels significantly changed across
ABC stages (p-value < 0.05) as shown in Figure 1A, with the maximum expression for the high ABC
stage. The Scheffé post-hoc analysis revealed that LMNA mRNA expression was significantly different
between low and high ABC stages (1.8-fold increase; p-value < 0.05) and between intermediate and high
ABC stages (2.1-fold increase p-value < 0.05), as shown in Figure 1A.

LMNB1 mRNA levels showed a statistical trend to be different across AD severity groups
(p-value = 0.052), as shown in Figure 1B, being the high ABC stage in the group with top expression.
Finally, LMNB2 mRNA levels did not show significant differences among the AD severity groups
(p-value = 0.104), as shown in Figure 1C.

De novo mutations in LMNA-related progeria syndromes result in transcription and accumulation
of progerin, a transcript characterized by a 150 bp deletion in exon 11 of the LMNA gene [1].
The progerin transcript is also found in low amounts in healthy [20] and diseased human tissues [21],
and increases with age. To make sure that our RT-qPCR analysis was specific to full-length LMNA
transcript and progerin was not being amplified, we used primers overlapping exons 9 to 12 of the
LMNA transcript described elsewhere [22] to perform a RT-PCR. The progerin band was not observed,
neither in the controls nor the AD hippocampal samples, as shown in Figure S3.
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Figure 1. mRNA levels of lamin genes across Alzheimer’s disease (AD) stages. AD hippocampal
samples were sorted in three levels [low (n = 14), intermediate (n = 6), and high (n = 8)] of AD
neuropathological severity based on ABC score. According to that, mRNA expression levels are
shown for each group and gene by bar graphs. The upper row shows the map for each gene. Where
black squares represent exons, the thin arrow represents transcription start site for each gene; black
rectangular arrow-boxes below the gene map denote amplicons of the RT-qPCR. (A) The LMNA
gene graph shows a significant increase in expression among ABC stages. (B) A statistical tendency
(p-value = 0.052) across ABC stages was found for the LMNB1 gene, the high ABC stage being the one
with highest expression. (C) The LMNB2 gene did not show any difference between ABC stages. Boxes
represent percentage of lamin genes expression relative to the geometric mean of GAPDH and ACTB
housekeeping genes expression levels. Bars represent the standard error of the mean. * p-value < 0.05.

2.2. Western-Blot of Lamin A/C in the Human Hippocampus Affected by AD

To explore whether increased mRNA levels of LMNA in the high ABC stage of AD also affect
protein levels, a Western blot analysis was completed. Protein extracts from frozen hippocampal
samples included in the RT-qPCR experiment were obtained and a mouse monoclonal antibody which
recognizes an epitope between residues 319–566 of pre-lamin A/C was used. This antibody reacts
with both lamin A and lamin C proteins. Since lamin A protein expression is thought to be low in the
brain and even lower compared to lamin C [23], we first tested whether both lamin A and lamin C
were present in the normal human hippocampus. We found that control hippocampal samples showed
similar protein expression levels for both lamin A and lamin C, as shown in Figure 2A. Next, we tested
lamin A and lamin C protein expression levels across the three ABC stages of AD. In line with the
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results of LMNA mRNA levels, we observed that both lamin A and lamin C isoforms were increased
in the high ABC stage of AD, as shown in Figure 2B.
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2.3. Correlation between Lamin Genes mRNA Levels and p-Tau Burden

Next, we wanted to explore whether expression levels of the LMNA gene were related to
hyperphosphorylated tau (p-tau) deposits in the hippocampus. To that end, we used a semi-automated
quantitative method described in detail elsewhere [24] to measure the extension of p-tau deposits in
our set of hippocampal samples. Since p-tau deposit values followed a bimodal distribution, Kendall’s
tau-b test was calculated to evaluate the correlation between LMNA mRNA levels and the extension of
p-tau deposits in the hippocampus. No significant correlation was found between p-tau burden and
LMNA expression (tau-b = 0.153; p-value = 0.278).

2.4. Correlation between Lamin Genes mRNA Levels and Age

In addition to LMNA gene mutations causing progeria syndromes characterized by premature
aging, it has been described that LMNA mRNA expression increases with aging in human muscle [20]
and is associated with specific age-related phenotypes in the normal population, such as vascular
aging [25]. Moreover, whole genome sequencing and GWAS relate LMNA gene polymorphism
rs915179 to extreme longevity [26,27]. Thus, we explored the relationship between lamin genes mRNA
expression and age in our set of samples. When analyzing correlations between lamin gene expression
levels and age for the global set of samples, no differences were found, as shown in Table 1 and
Figure 3A. A statistically significant positive correlation was observed between LMNA mRNA levels
and age within the group of controls, as shown in Table 1 and Figure 3B. However, this relationship
was no longer shown in the AD group, as shown in Table 1, Figure 3C.

Table 1. Correlation between age and lamin gene expression.

Total Sample Set (n = 44) Controls (n = 16) AD Patients (n = 28)

Gene r Coefficient p-Value r Coefficient p-Value r Coefficient p-Value

LMNA 0.254 0.092 0.581* 0.018 0.002 0.990

LMNB1 0.211 0.164 0.149 0.582 0.358 0.061

LMNB2 0.222 0.143 0.396 0.129 0.165 0.401

AD = Alzheimer’s disease, r coefficient = Pearson’s coefficient, * p-value < 0.05.



Int. J. Mol. Sci. 2019, 20, 878 5 of 11

Int. J. Mol. Sci. 2019, 20, x  4  of  11 

samples showed similar protein expression levels for both lamin A and lamin C, as shown in Figure 

2A. Next, we tested lamin A and lamin C protein expression levels across the three ABC stages of 

AD.  In  line with  the results of LMNA mRNA  levels, we observed  that both  lamin A and  lamin C 

isoforms were increased in the high ABC stage of AD, as shown in Figure 2B.   

 

Figure 2. Western blot analysis of Lamin A/C proteins  in human hippocampus.  (A) Both  lamin A 

and lamin C are expressed in control hippocampal samples. (B) Increasing tendency of lamin A and 

C protein expression from low to high ABC stages. GAPDH was used as a control. GAPDH: 37 kDa, 

Lamin A/C: 70‐65 kDa. 

2.3. Correlation between Lamin Genes mRNA Levels and p‐Tau Burden   

Next, we wanted  to  explore whether  expression  levels  of  the  LMNA  gene were  related  to 

hyperphosphorylated  tau  (p‐tau)  deposits  in  the  hippocampus.  To  that  end,  we  used  a  semi‐

automated quantitative method described in detail elsewhere [24] to measure the extension of p‐tau 

deposits  in  our  set  of  hippocampal  samples.  Since  p‐tau  deposit  values  followed  a  bimodal 

distribution, Kendall’s tau‐b test was calculated to evaluate the correlation between LMNA mRNA 

levels and the extension of p‐tau deposits in the hippocampus. No significant correlation was found 

between p‐tau burden and LMNA expression (tau‐b = 0.153; p‐value = 0.278). 

2.4. Correlation between Lamin Genes mRNA Levels and Age   

In addition to LMNA gene mutations causing progeria syndromes characterized by premature 

aging, it has been described that LMNA mRNA expression increases with aging in human muscle 

[20]  and  is  associated  with  specific  age‐related  phenotypes  in  the  normal  population,  such  as 

vascular  aging  [25].  Moreover,  whole  genome  sequencing  and  GWAS  relate  LMNA  gene 

polymorphism rs915179  to extreme  longevity  [26,27]. Thus, we explored  the relationship between 

lamin genes mRNA expression and age in our set of samples. When analyzing correlations between 

lamin gene expression  levels and age  for  the global set of samples, no differences were  found, as 

shown  in  Table  1  and  Figure  3A.  A  statistically  significant  positive  correlation  was  observed 

between LMNA mRNA levels and age within the group of controls, as shown in Table 1 and Figure 

3B. However, this relationship was no longer shown in the AD group, as shown in Table 1, Figure 

3C.   

 
Figure 3. Scatter-plots showing the correlation level between LMNA mRNA levels and age. (A) No
association was found between age and LMNA mRNA expression within the whole sample set (controls
and Alzheimer’s patients). (B) Control group presented a medium significant positive correlation
between LMNA mRNA levels and age. (C) No correlation within the AD group was observed between
LMNA mRNA and age. Dots represent each sample according to percentage of LMNA expression
relative to the geometric mean of GAPDH and ACTB housekeeping genes expression and their age.
The straight line shows the regression line of LMNA mRNA levels and age. AD = Alzheimer’s disease.

3. Discussion

An important finding of this study is that all lamin genes including LMNA show moderate mRNA
expression levels in the human hippocampus. While no differences were found between controls
and AD patients regarding any lamin gene expression, a statistically significant increase in LMNA
mRNA levels was observed in the late stage of AD. Progerin transcript was not detected in our set
of hippocampal samples. Finally, a positive correlation between age and LMNA mRNA levels was
detected in the control group that was not present in the AD group.

Although lamins are present in the nuclear lamina of every nucleated cell, mutations in their
codifying genes do not cause functional or structural abnormalities across all human tissues [28]. For
instance, LMNA-related progeria syndromes are characterized by premature aging of multiple tissues,
such as cardiovascular, skin, bone, or adipose tissues [5,7]. Accumulation of a truncated form of
lamin A, progerin, is toxic for these tissues [29,30]. However, the brain seems to be protected from
this devastating aging acceleration [6,31]. Patients suffering from HGPS are spared from dementia
and neuropathological changes of neurodegenerative diseases [5,7,31]. Nevertheless, this effect might
be limited to the progeria-causing LMNA mutations since other LMNA mutations seem to induce
cognitive decline or white matter lesions of the brain [32,33].

In any case, the scarce involvement of the central nervous system in progeria is still controversial [5]
and different reasons have been argued to explain this effect. Among them, it has been reported that a
brain-specific microRNA, miR-9, inhibits lamin A and progerin expression in neural cells generated from
HGPS-derived induced pluripotent stem cells (iPSC) [34]. In a transgenic mouse model of HGPS, it was
also shown that lamin A expression, but not lamin C, was down-regulated in the brain by miR-9 [35].
Therefore, it has been postulated that B-type lamins might be expressed at higher levels than A-type
lamins in the brain [23]. However, expression of the LMNA gene in non-progeroid brain cells or tissue
has not been well characterized. Our results suggest that LMNA expression at the mRNA level is not
low in the human hippocampus. In fact, hippocampal LMNA mRNA levels showed lower Ct values in
the RT-qPCR experiment than LMNB1 and LMNB2 mRNA levels. In addition, WB with a lamin A/C
antibody revealed the presence of both lamin A and lamin C bands in the hippocampus of controls and
AD patients. As for whether this expression pattern is extensible to the rest of human brain regions, that
would be the subject of another study.

A second finding of this study is that expression of the lamin genes is not different between AD
patients and controls in the human hippocampus. This result would be in contrast to previous studies
that showed a reduction in B-type lamins in tau transgenic human tau Drosophila model compared to
wild type and in AD human brains compared to controls [13]. However, the latter study may have
been underpowered since it was performed using ImageJ to measure immunofluorescence, which is a
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semi-quantitative approach and sample size was much lower than ours, as they compared six control
brains versus six AD brains. In addition, the authors used human frontal cortex which is not the
same brain region we used for our analysis. Having said that, we want to add that our result may be
obscured by the characteristics of our control sample set since age was significantly different between
AD and controls. Thus, this is a limitation of the present study which was focused on collecting pure
AD cases and pure controls, the latter showing no abnormal protein inclusions. As a consequence of
this stringent criterion, the number of old pure controls was limited in our sample set.

Interestingly, we found an increase in LMNA mRNA levels in the human hippocampus at the
late stage of AD. Despite AD being an age-related neurodegenerative disease, LMNA-related progeria
syndrome patients are somewhat protected from AD neuropathological changes. Intriguingly, in a
transgenic mouse model of HGPS, severe distortions of the nuclei of hippocampal neurons occurred,
but no changes in gene expression, behavior, or neurogenesis were observed [36]. No evidence of
inclusions or aberrant tau in brain sections was found either [36]. In any case, we could speculate
that low levels of LMNA gene products in the brain, such as lamin A, may be protective against AD
dementia. Thus, that idea would be in line with finding high levels of lamin A in the AD-affected
brain. An alternative explanation for our result would be related with brain cell composition of the
hippocampal samples. Since we are studying bulk hippocampal samples, we assume that the final
results of lamin gene expression are representing the average of a given cell-type proportion. Thus, the
results of our LMNA expression experiments may be influenced by cell-type relative proportion of the
hippocampal samples across AD stages. In the late stages of AD, neuronal loss and astrogliosis are
expected [37]. Thus, a lower proportion of neurons, which show miR-9-induced down-regulation of
lamin A, may explain why global LMNA expression levels are higher in the high ABC score stage of
AD. Future research dissecting the profile of different LMNA transcripts, including lamin A-specific
and lamin C-specific transcripts, in the human hippocampus across AD stages may help to clarify
some of these points.

Lamin A has also been implicated in physiological aging [38]. Notably, cell nuclei from old
individuals show structural changes similar to those observed in LMNA-related progeria syndromes
with lamin A disposition at the nuclear periphery and these changes are caused by sporadic use of
the cryptic splice site that is constitutively activated in HGPS. Inhibition of this splice site reverse the
age-related nuclear changes [38]. In our study, we found a positive correlation between age and LMNA
mRNA levels within the set of control hippocampal samples. This outcome is consistent with previous
reports of LMNA expression in skeletal muscle [20,39,40] that also found an age-related increase in
expression of the LMNA transcript levels. Wegner et al. suggested that this may be a compensative
response to neutralize age-related muscle deterioration [40]. That could also be the case in the aging
brain. Interestingly, this correlation is lost in the hippocampal samples affected by AD, suggesting
that AD pathogenic mechanisms might interfere with this physiological response in the aged brain.
In particular, as high levels of LMNA transcript were only found at late stages of disease, it could be
hypothesized that this change would be a consequence of the pathological processes occurring in AD
and that the proposed compensative physiological response of LMNA would be lost as the disease
progresses. Further research of the mechanistic nature will be needed to test this relationship.

4. Materials and Methods

4.1. Human Hippocampal Samples and Neuropathological Examination

Brain hippocampal samples from 46 subjects (30 AD patients and 16 controls) were provided
by Navarrabiomed Biobank. After death, half brain specimens from donors were cryopreserved
at −80 ◦C. Neuropathological examination was completed following the usual recommendations [41]
and according to the updated National Institute on Aging-Alzheimer’s Association guidelines
by evaluating the ABC score staging [42]. Assessment of β-amyloid deposition was carried out
by immunohistochemical staining of paraffin-embedded sections (3–5 µm thick) with a mouse
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monoclonal (S6F/3D) anti β-amyloid antibody (Leica Biosystems Newcastle Ltd., Newcastle upon
Tyne, UK). Evaluation of neurofibrillary pathology was performed with a mouse monoclonal antibody
anti-human PHF-TAU, clone AT-8 (Tau AT8), (Innogenetics, Ghent, Belgium), which identifies
hyperphosphorylated tau (p-tau) [18]. The reaction product was visualized using an automated
slide immunostainer Leica Bond Max (Leica Biosystems Newcastle Ltd, Newcastle upon Tyne, UK),
with Bond Polymer Refine Detection (Leica Biosystems Newcastle Ltd, Newcastle upon Tyne, UK).

To avoid spurious findings related to multiprotein deposits, pure AD cases with deposits of only
p-tau and β-amyloid were eligible for the study and controls were free of any pathological protein
aggregate. This approach maximizes chances of finding true associations with AD, even though
reducing the final sample size and the number of older controls. A summary of the characteristics
of subjects included in the study is shown in Table 2. The group of control subjects showed a lower
mean age compared to the other ABC scale groups (p < 0.01). No differences in age were found across
the ABC scale groups (low to high). Gender and post-mortem interval (PMI) were similar among all
study groups.

Table 2. Summary of characteristics of subjects included in the analysis sorted by ABC score.

ABC Score Staging Controls
(n = 16)

ABC Low
(n = 14)

ABC Intermediate
(n = 6)

ABC High
(n = 8)

Age at death (years) 56.1 ± 21.6 78.6 ± 9.4 88.3 ± 6.6 81.2 ± 12

Gender (Female) % 43.8 64.3 66.7 62.5

PMI (h) 7.5 ± 4.6 8.3 ± 8.6 4.9 ± 2.9 6.3 ± 4.4

PMI: post-mortem interval; h: hours.

4.2. Lamin mRNA Expression Analysis by RT-qPCR

Total RNA was isolated from hippocampal homogenates using RNeasy Lipid Tissue Mini kit
(QIAGEN, Redwood City, CA, USA), following manufacturer’s instructions. Genomic DNA was
removed with recombinant DNase (TURBO DNA-free™ Kit, Ambion, Inc., Austin, TX, USA). RNA
integrity was checked by 1.25% agarose gel electrophoresis under denaturing conditions. Concentration
and purity of RNA were both evaluated with a NanoDrop spectrophotometer. Only RNA samples
showing a minimum quality index (260 nm/280 nm absorbance ratios between 1.8 and 2.2 and
260 nm/230 nm absorbance ratios higher than 1.8) were included in the study. Complementary DNA
(cDNA) was reverse transcribed from 1500 ng total RNA with SuperScript® III First-Strand Synthesis
Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) after priming with oligo-d (T) and random
primers. RT-qPCR reactions were performed in triplicate with Power SYBR Green PCR Master Mix
(Invitrogen, Carlsbad, CA, USA) in a QuantStudio 12K Flex Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA) and repeated twice within independent cDNA sets. In addition, two different
sets of primers were designed for the LMNA gene to increase the reliability of the result. Sequences
of primer pairs were designed using the Real Time PCR tool (IDT, Coralville, IA, USA) as follows:
LMNA_1 F5′-TGGAGGAGGTGGATGAGG-3′, R5′-CGGTAAGTCAGCAAGGGATC-3′; LMNA_2
F5′-AGACCCTTGACTCAGTAGCC-3′, R5′-AGCCTCCAGGTCCTTCA-3′; LMNB1 F5′-TGGAGTGG
TTGTTGAGGAAG-3′, R5′-GAGAAGGCTCTGCACTGTATAC-3′; LMNB2 F5′-TGCGTGAGAATGA
GAATGGG-3′; R5′-AAGAAAGGTGTGTGGATGAGG-3′. Relative expression mRNA levels of lamin
genes in a particular sample were calculated as previously described [43] and the geometric mean of
ACTB and GAPDH genes was used as the reference to normalize expression values.

4.3. Progerin mRNA Expression Analysis by RT-PCR

To explore whether LMNA 150 bp-deletion transcript, also referred to as progerin, was present in
the human hippocampus, a reverse transcription-polymerase chain reaction (RT-PCR) was performed.
Primers spanning exons 9 to 12 of the LMNA transcript which include the cryptic splice donor site
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that originates progerin in the amplicon as follows: Progerin_F5′- GTGGAAGGCACAGAACACCT-3′

and Progerin_R5′-GTGAGGAGGACGCAGGAA-3′, and RT-PCR conditions were used as describe
elsewhere [22].

4.4. LMNA Protein Expression Analysis by Western Blot

To prepare total protein extract, human hippocampus tissue from patients and control samples was
lysed with 100 µL lysis buffer containing urea, thiourea, and DTT (dithiothreitol). After centrifugation
at 35,000 rpm for 1 h at 15 ◦C, protein quantification was determined following the Bradford-Protein
Assay (BioRad, Hercules, CA, USA) using a spectrophotometer.

Next, 20 µg of protein per sample was electrophoresed on 4–15% Criterion TGX stain-free
gels (Bio-Rad, Hercules, CA, USA) under reducing conditions and transferred onto nitrocellulose
membranes using a Trans-blot Turbo transfer system (25 V, 7 min) (Bio-Rad, Hercules, CA, USA).
Equal loading of the gel was assessed by stain free digitalization and Ponceau staining. Membranes
were probed with mouse anti-human Lamin A + C primary antibody (Abcam, Cambridge, UK)
(ab8984; 1:300) in 5% nonfat milk and incubated with peroxidase-conjugated anti-rabbit secondary
antibody (Cell Signaling, Danvers, MA, USA)(1:2000). Immunoblots were then visualized by exposure
to an enhanced chemiluminescence ECL Select™ Western Blotting Detection Reagent (Amersham,
GE Healthcare, Chicago, IL, USA) using a ChemidocMP Imaging System (Bio-Rad). GAPDH
(Calbiochem, San Diego, CA, USA) (1:10,000) was used as the control in each lane.

4.5. Quantitative Assessment of P-Tau Deposits in Hippocampal Samples

To quantitatively assess p-tau burden in the hippocampal samples we applied a method to
quantify protein deposits, as described in detail elsewhere [24]. In brief, hippocampal sections were
examined after performing immunostaining with anti p-tau antibodies and p-tau deposits were
analyzed with ImageJ software in order to obtain an average quantitative measure of the global p-tau
deposit for each section.

4.6. Statistical Data Analysis

Statistical analysis was performed with SPSS 21.0 (IBM, Inc., Chicago, IL, USA). First, we checked
that all continuous variables showed a normal distribution, as per the one-sample Kolmogorov–
Smirnov test and the normal quantile-quantile (QQ) plots. Data represents the mean ± standard
deviation (SD). Significance level was set at p-value < 0.05. Statistical significance for lamin gene
mRNA levels between the AD and control groups was assessed by T-test. One-way analysis of variance
(ANOVA) followed by the Scheffé post-hoc analysis was used to analyze differences in the expression
levels of lamin gene mRNA across ABC stages. Levene’s test was conducted to assess homogeneity
of variance. Kendall’s tau-b correlation coefficient was used to determine correlation between p-tau
burden and LMNA mRNA expression levels. The Pearson product-moment correlation coefficient
analysis was performed to correlate lamin gene mRNA expression levels with age. GraphPad Prism
version 7.00 for Windows (GraphPad Software, La Jolla, CA, USA) was used to draw graphs.

4.7. Ethics Approval and Consent to Participate

The Ethics Committee of the “Complejo Hospitalario de Navarra” approved the use of human
subjects for this study (Pyto 90/2014). Written informed consent was obtained from all subjects or next
of kin.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/20/4/878/s1,
Figure S1: Box-plot of percentage of relative expression values of LMNA, LMNB1 and LMNB2 genes, Figure S2:
mRNA levels of lamin genes in AD and control groups, Figure S3: Agarose gel electrophoresis of Reverse
Transcription-PCR products by using primers spanning LMNA exon 9-1.

http://www.mdpi.com/1422-0067/20/4/878/s1


Int. J. Mol. Sci. 2019, 20, 878 9 of 11

Author Contributions: Conceptualization, Conceptualization, I.M.-L., I.B.-L., and M.M.; Data curation, J.S.-R.d.G.,
M.R., B.A., C.E. and V.Z.; Formal analysis, I.M.-L., I.B.-L., J.S.-R.d.G., M.R. and M.M.; Funding acquisition, M.M.;
Investigation, M.R., B.A., C.E., V.Z. and I.J.; Methodology, C.E., V.Z.; Resources, I.B.-L., J.S.-R.d.G.; Supervision,
I.J. and M.M.; Visualization, I.B.-L. and A.U.-C.; Writing—original draft, I.M.-L., I.B.-L., A.U.-C. and M.M.;
Writing—review & editing, B.A., C.E., V.Z., and I.J.

Funding: This work was supported by the Spanish Government through a grant from the Institute of Health
Carlos III (FIS PI13/02730), jointly funded by European Regional Development Fund (ERDF), European Union,
“A way of shaping Europe”; the Regional Basque Government through a grant from The Basque Foundation
for Health Innovation and Research (BIOEF) (BIO12/ALZ/007), a grant from Fundación Caja-Navarra, and the
Trans-Pyrenean Biomedical Research Network (REFBIO). In addition, AUC received a grant “Doctorandos
industriales 2018-2020” founded by Government of Navarra and MM received a grant “Programa de
intensificación” founded by Fundación Bancaria “la Caixa” and Fundación Caja-Navarra.

Acknowledgments: We want to kindly thank Teresa Tuñón (Department of Pathology, Complejo Hospitalario
de Navarra, technical support), Federico García-Bragado (Department of Pathology, Complejo Hospitalario
de Navarra, technical support), and Isabel Gil-Aldea (Navarrabiomed Biobank, technical support) for their
help. Finally, we are very grateful to the patients and relatives that generously donate the brain tissue to the
Navarrabiomed Biobank.

Conflicts of Interest: The authors declare no conflict of interest

References

1. Mendez-Lopez, I.; Worman, H.J. Inner nuclear membrane proteins: Impact on human disease. Chromosoma
2012, 121, 153–167. [CrossRef] [PubMed]

2. Padiath, Q.S.; Saigoh, K.; Schiffmann, R.; Asahara, H.; Yamada, T.; Koeppen, A.; Hogan, K.; Ptáček, L.J.;
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