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Abstract: Background. Recent reports point to a nuclear origin of Alzheimer’s disease (AD).
Aged postmitotic neurons try to repair their damaged DNA by entering the cell cycle. This aberrant
cell cycle re-entry involves chromatin modifications where nuclear Tau and the nuclear lamin are
involved. The purpose of this work was to elucidate their participation in the nuclear pathological
transformation of neurons at early AD. Methodology. The study was performed in hippocampal
paraffin embedded sections of adult, senile, and AD brains at I-VI Braak stages. We analyzed
phospho-Tau, lamins A, B1, B2, and C, nucleophosmin (B23) and the epigenetic marker H4K20me3
by immunohistochemistry. Results. Two neuronal populations were found across AD stages, one is
characterized by a significant increase of Lamin A expression, reinforced perinuclear Lamin B2,
elevated expression of H4K20me3 and nuclear Tau loss, while neurons with nucleoplasmic Lamin B2
constitute a second population. Conclusions. The abnormal cell cycle reentry in early AD implies a
fundamental neuronal transformation. This implies the reorganization of the nucleo-cytoskeleton
through the expression of the highly regulated Lamin A, heterochromatin repression and building
of toxic neuronal tangles. This work demonstrates that nuclear Tau and lamin modifications in
hippocampal neurons are crucial events in age-related neurodegeneration.

Keywords: Alzheimer’s disease; Tau protein; Lamin A; Lamin B2; heterochromatin; cell-cycle;
hippocampus; neurofibrillary tangles

1. Introduction

The nuclear lamin (NL) is a structural framework of four intermediate filaments type V composed
by a peripheral nuclear lamina and a diffuse internal network [1] anchored to the nucleoskeleton [2].
Two lamin subtypes, A and B, each of them with different physicochemical properties and cell
type-specific expression levels, are their main components [3]. The human gene that codifies the Lamin
A subtype, LMNA, displays alternative splicing giving rise to the isoforms Lamin A and Lamin C,
while two different genes LMNB1 and LMNB2 codify for Lamin B1 and B2, respectively [4]. From its
location adjacent to the inner nuclear membrane, NL extends through the nucleoplasm regulating
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chromatin dynamics and providing nuclear structural scaffolding [5,6]. The complex relationship
between NL and chromatin specializes in the modulation and maintenance of euchromatin and
heterochromatin domains or chromosomic territories. It regulates DNA and RNA synthesis by building
a replication and transcription scaffold, and it orchestrates the DNA damage response, safeguarding
genome stability [7–10]. More than 40% heterochromatin is associated with the nuclear periphery,
forming the lamin-associated chromatin domains (LADs) and to the nucleolar periphery, defined
as the nucleolus associated domains (NADs) [11,12]. The LADs and NADs contain most of the
heterochromatin from centromeric and pericentromeric chromosomal regions and they are enriched in
repressive chromatin marks such as H3K9me2/3 and H4K20me3 [13,14]. Therefore, they can exchange
their positions according to Lamin A, B1, and B2 levels [15] determining the nuclear configuration
under diverse environmental conditions [11].

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder associated with
aging. Although Tau protein hyperphosphorylation and aggregation are hallmarks associated with
the progress of the disease [16], recent studies point to a nuclear origin of AD, whereby nuclear
Tau [17,18], and NL proteins [19,20] would play a decisive role. Tau interacts with DNA [21–23],
including heterochromatin contacts [24,25], genome protection [26–29] by modulating euchromatin
gene expression [30,31] and it accumulates in cell nuclei throughout neuronal aging [32]. AD onset
and progression takes place in parallel with the gradual disappearance of Tau from neuronal nuclei
and its accumulation in the cytoplasm [17]. In Drosophila melanogaster these changes are coupled to NL
dysfunction [33] and epigenetic modifications of global chromatin such as variations of H3K9me2/3,
HP1alpha, H3K9ac, and H3K12ac [1,19,34]. Nucleolar chromatin displays hypermethylation of rDNA
genes [35]. All these phenomena are linked to the aberrant cell cycle re-entry that aged neurons
initiate [36]. Heterochromatin modifications, in turn, result in decreased rRNA synthesis and induce
nucleolar stress, affecting ribosome number, protein transduction, and gene expression [37–39]. In the
nervous system, Lamins A/C, B1, and B2 present different expression levels and are instrumental
for embryonary development and postnatal survival [40]. While B1 and B2 alterations are involved
in various neuropathies, both in humans and mice [41,42], the absence of Lamin A has not been
related to abnormalities [43], given that its expression level in the adult brain is scarce. It is absent in
neurons from the mouse cortex, for instance, and Lamin C is expressed in all neuronal types. In this
respect, recent research performed in a transgenic Drosophila model of tauopathy has demonstrated
that Lamin B is implicated in AD onset [33] and suggests that AD could be considered an acquired
laminopathy associated to aging [20]. Accordingly, significant alterations of lamin gene expression
have been recently reported, which mainly affect the LMNA gene and during late AD stages [44].
This work searched for possible alterations of different lamin subtypes in CA1 and CA3 hippocampal
regions in autopsied human tissue obtained along I-VI Braak stages. Given the critical role of nuclear
Tau in pericentromeric heterochromatin repair [25], we analyzed lamin and heterochromatin changes
through the specific histone marker H4K20me3 in the human hippocampus. We hypothesized that the
abnormal cell cycle reentry associated with early AD stages implies a dramatic transformation of the
quiescent nucleoskeleton (G0) of postmitotic neurons. This transformation is implemented in order to
acquire a configuration of maximal transcriptional activity, especially nucleolar (G1) and replicative
(S) activities. The creation of this aberrant cycling structure leading to the pathological AD neuron is
enabled by fundamental nuclear proteins such as nuclear Tau and Lamins.

2. Results

2.1. Phosphorylated Tau Shifts from Nucleus to Cytosol through AD Progression

Two Tau forms were assayed in CA1 and CA3 hippocampal neurons along AD stages and
compared with tissue from healthy controls, AT100 and AT8. We confirm here the previously reported
fact that AT100 is found in the nuclei of adult individuals (Figure 1A,K) and its expression level
increases in CA1 from aging healthy adults (Figure 1B), while at AD I-II stages a mixture of intense
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and weak nuclear AT100 expression is noticed (Figure 1C,M). Through AD stages III-VI, AT100
immunostaining was gradually vanishing from nuclei, to reach a total cytoplasmic and extracellular
localization at AD V-VI stages (Figure 1D,E,N,O). Nuclear AT8 expression, by contrast, was only present
in elderly adults (Figure 1G,Q) and scarcely at early AD stages (Figure 1H,R). From AD stages III-VI,
AT8 immunopositivity was observed extranuclear in the form of tangles and progressing towards
the intensely positive neuropile, extracellular plaques, and ghosts that characterize AD late stages
(Figure 1I,J,S,T).
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Figure 1. Neurons containing phosphorylated Tau in the CA1 and CA3 hippocampal regions in 
mature, elderly, and AD I-VI stages of Braak. Immunopositive AT100 nuclei in mature and senile 
neurons (A,B,K,L). AD I-II nuclei present both intense and fading immunostaining (C,M), while in 
middle AD stages it shows cytoplasmic and only some slightly positive nuclei (D,N). Exclusive 
localization in the cytoplasm in late AD (E,O). AT8 is present in nuclei of senile and early AD 
(G,H,Q,R) but not in mature stages (F,P). Tangles and immunopositive neuropile in the middle and 
late AD stages (I,J,S,T). scale bar10 µm. 

Figure 2 shows the confocal immunofluorescence imaging of AT100 (blue) and AT8 (green). The 
classical view of tangles, neuropile, and extracellular cumuli marked with the AT8 and AT100 
antibodies is shown in a section through CA1 from a hippocampus at AD stages III-IV (Figure 2A–
D). A closer look at the neurofibrillar tangle displays the simultaneous presence of both 
phosphorylated Tau forms (Figure 2E,F) and their absence in the neuronal nucleus (Figure 2G,H). By 
contrast, their localization is nuclear in senile neurons from a healthy hippocampus (Figure 2I,J) in 
contact with nuclear material (Figure 2K), while some neurons show only AT8 intranuclear (Figure 
2M) and cytoplasmic AT100 (Figure 2N,P).  

Figure 1. Neurons containing phosphorylated Tau in the CA1 and CA3 hippocampal regions in mature,
elderly, and AD I-VI stages of Braak. Immunopositive AT100 nuclei in mature and senile neurons
(A,B,K,L). AD I-II nuclei present both intense and fading immunostaining (C,M), while in middle AD
stages it shows cytoplasmic and only some slightly positive nuclei (D,N). Exclusive localization in
the cytoplasm in late AD (E,O). AT8 is present in nuclei of senile and early AD (G,H,Q,R) but not in
mature stages (F,P). Tangles and immunopositive neuropile in the middle and late AD stages (I,J,S,T).
scale bar10 µm.

Figure 2 shows the confocal immunofluorescence imaging of AT100 (blue) and AT8 (green).
The classical view of tangles, neuropile, and extracellular cumuli marked with the AT8 and AT100
antibodies is shown in a section through CA1 from a hippocampus at AD stages III-IV (Figure 2A–D).
A closer look at the neurofibrillar tangle displays the simultaneous presence of both phosphorylated
Tau forms (Figure 2E,F) and their absence in the neuronal nucleus (Figure 2G,H). By contrast, their
localization is nuclear in senile neurons from a healthy hippocampus (Figure 2I,J) in contact with nuclear
material (Figure 2K), while some neurons show only AT8 intranuclear (Figure 2M) and cytoplasmic
AT100 (Figure 2N,P).
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Figure 2. Confocal analysis of nuclear and cytoplasmic phosphorylated Tau in senile CA1 
hippocampal neurons and at AD III-IV Braak stages. Colocalization of two phosphorylation sites 
(S212-T214) and (S202-T205) was tested with AT100 and a rabbit monoclonal antibody (AH36), which 
recognizes the same site as AT8 antibody. The term AT8 was kept in order to follow in line with the 
previous figure. View of CA1 region at AD III-IV showing the characteristic tauopathy through AT100 
(blue), AT8 (green) and nuclei stained in red with SYTOX (A–D). Detail of a neurofibrillary tangle 
with cytoplasmic AT100 (E) and AT8 (F). Nuclear presence of the site recognized by AT8 (I,M), and 
of AT100 site (J) in a neuron from senile hippocampus. AT100 was also identified in the cytoplasm of 
senile neurons (N,P). Senile CA1 neuronal nuclei can simultaneously express AT8 and AT100 (L), or 
nuclear AT8 and cytoplasmic AT100 (P). 

2.2. Hippocampal Neurons Express Lamin A from Early to Late AD Stages 

Although Lamin A expression was noticed in other cell types along all analyzed conditions, 
hippocampal neurons from healthy individuals lacked Lamin A immunopositivity CA (Figure 3A,B, 
F,G). AD onset was accompanied by a significant increase of neurons expressing Lamin A (Figure 
3C,H). The intensity of immunolabeling per cell (Figure 3K), the percentage of positive cells (Figure 
3L), and the mean intensity of immunostaining (Figure 3M) increased significantly from early AD 
stages in both CA1 and CA3 regions. This increased membrane expression remained higher than in 
healthy controls at all AD stages (Figure 3K). As no difference between CA1 and CA3 was noticed 
through this technique (Figure 3D,E,I,J), quantification data from both regions were pooled. Contrary 
to the notorious appearance of Lamin A at early AD stages, no sign of the presence of Lamin C was 
detected in human pyramidal neurons in any of the analyzed conditions (Supplementary 1).  

Figure 2. Confocal analysis of nuclear and cytoplasmic phosphorylated Tau in senile CA1 hippocampal
neurons and at AD III-IV Braak stages. Colocalization of two phosphorylation sites (S212-T214) and
(S202-T205) was tested with AT100 and a rabbit monoclonal antibody (AH36), which recognizes the
same site as AT8 antibody. The term AT8 was kept in order to follow in line with the previous figure.
View of CA1 region at AD III-IV showing the characteristic tauopathy through AT100 (blue), AT8 (green)
and nuclei stained in red with SYTOX (A–D). Detail of a neurofibrillary tangle with cytoplasmic AT100
(E) and AT8 (F). Nuclear presence of the site recognized by AT8 (I,M), and of AT100 site (J) in a neuron
from senile hippocampus. AT100 was also identified in the cytoplasm of senile neurons (N,P). Senile
CA1 neuronal nuclei can simultaneously express AT8 and AT100 (L), or nuclear AT8 and cytoplasmic
AT100 (P).

2.2. Hippocampal Neurons Express Lamin A from Early to Late AD Stages

Although Lamin A expression was noticed in other cell types along all analyzed conditions,
hippocampal neurons from healthy individuals lacked Lamin A immunopositivity CA (Figure 3A,B,F,G).
AD onset was accompanied by a significant increase of neurons expressing Lamin A (Figure 3C,H).
The intensity of immunolabeling per cell (Figure 3K), the percentage of positive cells (Figure 3L),
and the mean intensity of immunostaining (Figure 3M) increased significantly from early AD stages in
both CA1 and CA3 regions. This increased membrane expression remained higher than in healthy
controls at all AD stages (Figure 3K). As no difference between CA1 and CA3 was noticed through
this technique (Figure 3D,E,I,J), quantification data from both regions were pooled. Contrary to the
notorious appearance of Lamin A at early AD stages, no sign of the presence of Lamin C was detected
in human pyramidal neurons in any of the analyzed conditions (Supplementary Figure S1).
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Figure 3. Presence of Lamin A immunopositive pyramidal neurons in CA1 and CA3. Neurons from 
adult (A,F) and elderly (B,G) subjects lack immunopositivity to Lamin A. Increased membrane 
expression of Lamin A characterizes early AD stages (C,H) and the presence of immunopositivity 
continues at late AD stages (D,E,I,J), 40X microphotographs, scale bar—10 µm. Quantification of 
immunopositivity. Significant increases of Lamin A in total intensity (K), percentage of positive cells 
(L), and mean intensity (M). Each point represents the image analysis of 50 cells per subject in CA1 
and CA3 regions. Graphs express mean ± SD, * p < 0.05. See the text for further details of image analysis 
and statistics. 

2.3. Lamin B2 Redistributes in the Nucleoplasm along AD Stages 

The most prominent immunopositivity among hippocampal neurons was Lamin B2 (Figure 4A–
J,M). Along with health conditions and AD stages, neurons were highly positive. Both in CA1 and 
CA3, the highest percentage of immunopositive neurons was found at ADIII-IV stages (Figure 4K). 
A notorious change observed in Lamin B2 was its distribution in the nucleoplasm. Starting in senile 
subjects and increasing in early AD stages, Lamin B2 immunopositivity included the whole 
nucleoplasm of several hippocampal neurons (Figure 4B–D,G–I). The mean intensity in the 
nucleoplasm almost doubled at intermediate and late AD stages as compared with controls (Figure 
4K). The data of mean intensity in the membrane allowed to distinguish two populations (Figure 4L), 
one with values higher than controls and the other with lower values. In contrast, Lamin B1 
immunostaining was always limited to the membrane both in healthy and AD conditions and only 
presented a slight increase at AD V-VI stages (Figure 5A–J), which did not reach statistical 
significance (Figure 5K–M). 

Figure 3. Presence of Lamin A immunopositive pyramidal neurons in CA1 and CA3. Neurons
from adult (A,F) and elderly (B,G) subjects lack immunopositivity to Lamin A. Increased membrane
expression of Lamin A characterizes early AD stages (C,H) and the presence of immunopositivity
continues at late AD stages (D,E,I,J), 40X microphotographs, scale bar—10 µm. Quantification of
immunopositivity. Significant increases of Lamin A in total intensity (K), percentage of positive cells
(L), and mean intensity (M). Each point represents the image analysis of 50 cells per subject in CA1 and
CA3 regions. Graphs express mean ± SD, * p < 0.05. See the text for further details of image analysis
and statistics.

2.3. Lamin B2 Redistributes in the Nucleoplasm along AD Stages

The most prominent immunopositivity among hippocampal neurons was Lamin B2
(Figure 4A–J,M). Along with health conditions and AD stages, neurons were highly positive. Both in
CA1 and CA3, the highest percentage of immunopositive neurons was found at ADIII-IV stages
(Figure 4K). A notorious change observed in Lamin B2 was its distribution in the nucleoplasm. Starting
in senile subjects and increasing in early AD stages, Lamin B2 immunopositivity included the whole
nucleoplasm of several hippocampal neurons (Figure 4B–D,G–I). The mean intensity in the nucleoplasm
almost doubled at intermediate and late AD stages as compared with controls (Figure 4K). The data
of mean intensity in the membrane allowed to distinguish two populations (Figure 4L), one with
values higher than controls and the other with lower values. In contrast, Lamin B1 immunostaining
was always limited to the membrane both in healthy and AD conditions and only presented a slight
increase at AD V-VI stages (Figure 5A–J), which did not reach statistical significance (Figure 5K–M).



Int. J. Mol. Sci. 2020, 21, 1841 6 of 19
Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 6 of 19 

 

 
Figure 4. Lamin B2 in pyramidal hippocampal neurons. Lamin B2 immunopositivity in adults is 
mostly perinuclear (A,F) and starts appearing in the nucleoplasm in senile subjects (B,G). Pyramidal 
neurons in both CA1 and CA3 present either intense perinuclear immunopositivity or homogeneous 
staining over the nucleoplasm (C–E,H–J), 40× microphotographs, scale bar—10 µm. Quantification of 
immunopositivity. Lamin B2 immunostaining in nucleoplasm increased significantly in the middle 
and late AD stages (K,M). The intensity of the membranes clearly reveals two populations of neurons 
(H, high and low intensity), and Lamin B2 mean intensity increased significantly in AD (L). Each point 
represents the image analysis of 50 cells per subject in CA1 and CA3 regions. Graphs express mean ± 
SD, * p < 0.05. See the text for further details of image analysis and statistics. 

Figure 4. Lamin B2 in pyramidal hippocampal neurons. Lamin B2 immunopositivity in adults is
mostly perinuclear (A,F) and starts appearing in the nucleoplasm in senile subjects (B,G). Pyramidal
neurons in both CA1 and CA3 present either intense perinuclear immunopositivity or homogeneous
staining over the nucleoplasm (C–E,H–J), 40×microphotographs, scale bar—10 µm. Quantification of
immunopositivity. Lamin B2 immunostaining in nucleoplasm increased significantly in the middle and
late AD stages (K,M). The intensity of the membranes clearly reveals two populations of neurons (H,
high and low intensity), and Lamin B2 mean intensity increased significantly in AD (L). Each point
represents the image analysis of 50 cells per subject in CA1 and CA3 regions. Graphs express mean ±
SD, * p < 0.05. See the text for further details of image analysis and statistics.Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 7 of 19 

 

 
Figure 5. Lamin B1 in pyramidal hippocampal neurons. Low-intensity Lamin B1 immunopositivity 
is present at all conditions studied (A–J), with slightly higher levels at AD V-VI (E–J). Low-intensity 
Lamin B1 immunopositivity is present at all conditions studied (A–J), with slightly higher levels at 
AD V-VI, oligodendrocytes and microglia intensely stained (E,J). Lamin B1 did not present 
quantitative changes across the different conditions (K-M). Each point represents the image analysis 
of 50 cells per subject in CA1 and CA3 regions. Graphs express mean ± SD, * p < 0.05. See the text for 
further details of image analysis and statistics. 

2.4. Nuclear Lamin and Nuclear Tau Changes are associated with Constitutive Heterochromatin 
Modifications 

Figure 6 displays the nucleolus marker B23 (nucleophosmin, blue) and its close relationship with 
the heterochromatin marker H4K20me3 (green) in hippocampal CA1 and CA3 neurons. H4K20me3 
showed scarce positivity in senile subjects, which was limited to 1 or 2 spots in the nucleolus 
periphery and, in some cases, a well-delimited spot in the proximity of the inner nuclear membrane 
(Figure 6A,D,I,L). Early AD stages were characterized, in contrast, by a remarkable increment of 
H4K20me3 immunopositivity around the nucleolus, in the nucleoplasm and in spots aligned with 
the inner nuclear membrane (Figure 6E,H,M,P). To better document this important epigenetic 
modification along AD stages, Figure 6R,S shows the condition of high immunopositivity that 
remained along AD I-IV stages and decreased almost to control levels at late AD stages (Figure 6T). 

Figure 5. Lamin B1 in pyramidal hippocampal neurons. Low-intensity Lamin B1 immunopositivity
is present at all conditions studied (A–J), with slightly higher levels at AD V-VI (E–J). Low-intensity
Lamin B1 immunopositivity is present at all conditions studied (A–J), with slightly higher levels at AD
V-VI, oligodendrocytes and microglia intensely stained (E,J). Lamin B1 did not present quantitative
changes across the different conditions (K-M). Each point represents the image analysis of 50 cells per
subject in CA1 and CA3 regions. Graphs express mean ± SD, * p < 0.05. See the text for further details
of image analysis and statistics.



Int. J. Mol. Sci. 2020, 21, 1841 7 of 19

2.4. Nuclear Lamin and Nuclear Tau Changes are associated with Constitutive Heterochromatin Modifications

Figure 6 displays the nucleolus marker B23 (nucleophosmin, blue) and its close relationship with
the heterochromatin marker H4K20me3 (green) in hippocampal CA1 and CA3 neurons. H4K20me3
showed scarce positivity in senile subjects, which was limited to 1 or 2 spots in the nucleolus
periphery and, in some cases, a well-delimited spot in the proximity of the inner nuclear membrane
(Figure 6A,D,I,L). Early AD stages were characterized, in contrast, by a remarkable increment of
H4K20me3 immunopositivity around the nucleolus, in the nucleoplasm and in spots aligned with the
inner nuclear membrane (Figure 6E,H,M,P). To better document this important epigenetic modification
along AD stages, Figure 6R,S shows the condition of high immunopositivity that remained along AD
I-IV stages and decreased almost to control levels at late AD stages (Figure 6T).Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 8 of 19 

 

 
Figure 6. Confocal analysis of H4K20me3 (green), and nucleoli immunofluorescence through 
nucleophosmin antibody (B23, blue) and nucleic acids through SYTOX (red). Neurons from a senile 
subject present in CA1 (A) and CA3 (I) scarce positive green marks, and well-delimited nucleoli (B,J), 
and the epigenetic H4K20me3 marks localized in the nucleolar chromatin (C,D,K,L). A marked 
increase of nuclear speckles and spots around the nucleoli and adjacent to the nuclear lamina is 
observed at AD (I-II) (E,M) and B23 immunofluorescence is not limited to the nucleoli but also 
dispersed in the cytoplasm (F,N,H,P), and H4K20me3 marks are not only in the nucleolar chromatin 
(G,O) but also adjacent to the nuclear lamina (H,P). H4K20me3 immunostaining. Distribution of 
H4K20me3 immunopositivity around the nucleolus (NADs) and adjacent to the nuclear lamina 
(LADs) (Q). Intensely marked nuclei at AD I-II stages (R) and AD II-IV stages (S) and null to slight 
positivity at late AD stages (T,L), scale bar—10 µm. 

2.5. Lamin A Expression in Cells with Perinuclear Lamin B2 

The emergence of B2 positive nucleoplasms signals the senile and early AD stages. At the AD I-
II stages, a significant increase of B2 immunopositivity both in the membrane and in the nucleoplasm 
of numerous pyramidal neurons is associated with nucleoli displaced to the periphery and signs of 
neuronal attrition (Figure 7A,D). Those cells show either a thin and discontinue Lamin A or no 
immunopositivity to Lamin A. By contrast, cells expressing a robust Lamin A at the inner side of the 
nuclear membrane do not show signs of nucleolar displacement and Lamin B2 is limited to the 
membrane (Figure 7B,C). Both types of cells uniformly occupy CA1 and CA3 regions at early AD 
stages (Figure 7E,F).  

Figure 6. Confocal analysis of H4K20me3 (green), and nucleoli immunofluorescence through
nucleophosmin antibody (B23, blue) and nucleic acids through SYTOX (red). Neurons from a
senile subject present in CA1 (A) and CA3 (I) scarce positive green marks, and well-delimited nucleoli
(B,J), and the epigenetic H4K20me3 marks localized in the nucleolar chromatin (C,D,K,L). A marked
increase of nuclear speckles and spots around the nucleoli and adjacent to the nuclear lamina is observed
at AD (I-II) (E,M) and B23 immunofluorescence is not limited to the nucleoli but also dispersed in
the cytoplasm (F,N,H,P), and H4K20me3 marks are not only in the nucleolar chromatin (G,O) but
also adjacent to the nuclear lamina (H,P). H4K20me3 immunostaining. Distribution of H4K20me3
immunopositivity around the nucleolus (NADs) and adjacent to the nuclear lamina (LADs) (Q).
Intensely marked nuclei at AD I-II stages (R) and AD II-IV stages (S) and null to slight positivity at late
AD stages (T,L), scale bar—10 µm.

2.5. Lamin A Expression in Cells with Perinuclear Lamin B2

The emergence of B2 positive nucleoplasms signals the senile and early AD stages. At the AD I-II
stages, a significant increase of B2 immunopositivity both in the membrane and in the nucleoplasm
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of numerous pyramidal neurons is associated with nucleoli displaced to the periphery and signs
of neuronal attrition (Figure 7A,D). Those cells show either a thin and discontinue Lamin A or no
immunopositivity to Lamin A. By contrast, cells expressing a robust Lamin A at the inner side of
the nuclear membrane do not show signs of nucleolar displacement and Lamin B2 is limited to the
membrane (Figure 7B,C). Both types of cells uniformly occupy CA1 and CA3 regions at early AD
stages (Figure 7E,F).
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Figure 7. Relationship of Lamin B2 with Lamin A at early AD stages. Lamin B2 immunopositivity 
(DAB-brown) covers the nucleoplasm of neurons with nucleoli displaced to the periphery or without 
nucleoli and signs of degeneration (A,D). A reinforced Lamin B2 associated with Lamin A (red- 
amino-ethyl-carbazole) characterizes neurons with euchromatic nuclei with prominent nucleoli (B,C). 
In the hippocampus at AD I-II stages the two neuron populations coexist in CA1 (E) and CA3 (F), 
scale bar—5 µm. 

3. Discussion 

This work analyzes for the first time the four types of nuclear lamin in postmitotic human 
hippocampal neurons, its relationship with two forms of phosphorylated nuclear Tau and with 
constitutive centromeric and pericentromeric heterochromatin. The comparisons were performed in 
autopsied tissues containing CA1 and CA3 hippocampal regions of healthy controls and AD patients 
from stage I to VI according to the Braak and Braak classification.  

3.1. Neurons Express Lamin A from Early AD Stages on 

Our results confirm the absence of Lamin A in postmitotic neurons of the human brain, in 
agreement with previous reports in mouse brain [45], rat brain [46], and rat retinal neurons [47]. 
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Figure 7. Relationship of Lamin B2 with Lamin A at early AD stages. Lamin B2 immunopositivity
(DAB-brown) covers the nucleoplasm of neurons with nucleoli displaced to the periphery or without
nucleoli and signs of degeneration (A,D). A reinforced Lamin B2 associated with Lamin A (red-
amino-ethyl-carbazole) characterizes neurons with euchromatic nuclei with prominent nucleoli (B,C).
In the hippocampus at AD I-II stages the two neuron populations coexist in CA1 (E) and CA3 (F), scale
bar—5 µm.

3. Discussion

This work analyzes for the first time the four types of nuclear lamin in postmitotic human
hippocampal neurons, its relationship with two forms of phosphorylated nuclear Tau and with
constitutive centromeric and pericentromeric heterochromatin. The comparisons were performed in
autopsied tissues containing CA1 and CA3 hippocampal regions of healthy controls and AD patients
from stage I to VI according to the Braak and Braak classification.
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3.1. Neurons Express Lamin A from Early AD Stages on

Our results confirm the absence of Lamin A in postmitotic neurons of the human brain, in
agreement with previous reports in mouse brain [45], rat brain [46], and rat retinal neurons [47].
Hippocampal neurons also lack the expression of Lamin C, which is controversial as it has been
previously reported in mice and rats [45,46]. These reported findings were confirmed in this study
both in wild type and triple transgenic AD mice (Supplementary Figure S1). Intriguingly, adult human
neurons require only Lamin B1 and B2 to conform to their NL, while low Lamin A expression is
individually regulated by miR-9, a brain-specific microRNA [42,45]. In this respect, it has been found
that each cellular type assembles varied proportions of lamin subtypes to achieve different levels of
mechanic stability according to their specific functions [48,49]. Accordingly, the absence of Lamin A in
soft tissues like the brain would favor a flexible nucleus able to interconnect both with the cytoskeleton
and with the extracellular matrix [50,51].

The most outstanding result of this work is the expression of Lamin A in NL of hippocampal
neurons of AD patients. A higher number of immunopositive cells, as well as an increased positive
area, where evident at early AD stages. Dynamically modified expression levels of Lamin A have
been reported to take place in response to extrinsic mechanisms (stiffness of extracellular matrix and
nucleo-cytoskeletal stress) to protect the genome and to regulate the cell-cycle [52,53]. This suggests
that the anomalous Lamin A expression at early AD stages could be directly associated with excessive
DNA damage and the aberrant cell-cycle reentry of hippocampal post-mitotic neurons [33,44,54,55].
In this context, it could also be speculated that the anomalous Lamin A presence is related to the
neuropathology or cognitive deficit [56] as in the rare premature aging disorder of Hutchinson-Gilford
progeria syndrome, neurons do not suffer neurodegeneration because they do not express the mutated
Lamin A precursor [57].

3.2. Lamin B2 in the Nucleoplasm of AD Neurons

Lamin B1 and B2 are separately assembled, but they interconnect their lattice of fibrils both in the
NL and in the nucleoplasm to build a scaffold for heterochromatin [6]. Both molecules are present in
human hippocampal neurons as well as in rat cerebral cortex [46] and retinal neurons [47] bearing
similar expression levels [44]. A significant reduction of B-type lamin expression and morphologic
alterations has been reported in cortical neurons of AD patients as well as in a human Tau transgenic
Drosophila model [19].

Lamin B1 is fundamental for the assembling of lamins in the NL [6], for the spatial conformation
of chromosomic territories, including the nucleolus [58] and the organization of transcription factories
in the nucleoskeleton [59,60]. Our results indicate minimal changes in B1 immunopositivity, only a
slight increase in AD V-VI stages. By contrast, two remarkable modifications of the expression pattern
of Lamin B2 in elderly controls and across all AD stages were observed. While some neurons present
a perinuclear reinforced Lamin B2, in other neurons Lamin B2 was distributed in the nucleoplasm
(Figure 3C,D,H,I).

AD brains suffer a significant and selective neuronal loss accompanied by progressive synaptic
impairments in the surviving neurons affected by the toxic accumulation of Tau aggregates, especially in
the hippocampus [61]. Both events have been related to the exit from the quiescent state of postmitotic
neurons and their anomalous cell-cycle reentry in response to DNA damage [55,62]. It is well
documented that mitotic cycle proteins are abundant and anomalously expressed in the hippocampus
of elderly controls, patients diagnosed with mild cognitive impairment, and AD [63–65]. Nevertheless,
a significant difference distinguishes the neurons from elderly controls from those of AD patients.
Senile neurons are not able to progress further than G1, because they express cyclin D, but not cyclin
A [66]. On the other hand, neurons from the mild cognitive deficit, and AD patients do express cyclin
B and proliferating cell nuclear antigen, which allows them to replicate their genome. In this way, they
became tetraploids and remain stuck in G2-M, unable to undergo mitosis [63,64,67,68]. Relating this
concept of “vulnerable neurons” to our results we hypothesize that neurons expressing nucleoplasmic
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Lamin B2 have entered G1 and are preparing to progress to S phase, based in the chromatin organizing
role of Lamin B2 during replication, where it redistributes among the replication factories of the
nucleoskeleton [69–72]. Neurons with reinforced Lamin B2, by contrast, are not able to progress further
than G1. It is critical to underline that, although both neuronal types are present in elderly controls
and in AD patients, the fact that draws the frontier between aging and neurodegeneration is the
appearance of Lamin A in AD neurons stuck in G1 [36,73]. The reinforcing effect of Lamin B2 on the B1
scaffold in early AD neurons modify the NL leading to nucleo-cytoskeleton stress [51], which induces
Lamin A expression to protect the genome [52]. Lamin A can also activate DNA repairing programs
and regulate the cell cycle [51,53]. A deeper study about the functional implications of perinuclear
Lamin A and nucleoplasmic Lamin B2 could be performed using living primary hippocampal neurons
cultures where cell cycle can be exogenously triggered [74]. In this work, we confirmed the presence of
perinuclear Lamin A and nucleoplasmic Lamin B2 in CA1 neurons of a triple transgenic mouse model
(3 × Tg AD model) at the age of 6 months, which corresponds to an early disease stage (Supplementary
Figure S2).

3.3. Lamin A Associated Epigenetic Changes at Early AD Stages

Replicative aging implies a decrease of the epigenetic marker H3K9me3, which maintains the
compacted status of LAD chromatin regions [75]. In postmitotic neurons, however, aging-associated
epigenetic regulation is not entirely understood, and this chromatin marker has been found repressing
dozens of cell cycle genes [76]. Several reports demonstrate that epigenetic regulation is also driven by
changes in the expression levels of lamins [2,77]. In this respect, a decrease of Lamin B and H3K9me3
has been found in the Drosophila AD model [33]. Accordingly, our results demonstrate that in addition
to Lamin B2 modifications, the anomalous Lamin A expression in pyramidal neurons leads to the
up-regulation of H4K20me3, which is also one of the epigenetic markers of HGPS [78]. H4K20me3 is a
specific marker of constitutive heterochromatin, whose increased expression is associated with the
loss of peripheral or total heterochromatin in HPGS and other laminopathies [79–81]. Nevertheless,
its markedly increased expression at early and intermediate AD stages leads us to consider the
possibility of an essential role in genome stability, to suppress transcription and recombination of
repetitive sequences of constitutive heterochromatin induced by nuclear stress [13,80,82–84].

3.4. Nuclear AT8 in Aging Cycling Neurons

Tau presence in neuronal nuclei has been repeatedly reported over the last three decades [18],
but its interaction with genic and intergenic DNA sequences of global chromatin has just recently been
elegantly demonstrated [31]. This interaction strongly suggests a role in genome organization, which
would define its participation in aging and AD [32,85]. The intrinsically disordered Tau structure
undergoes multiple conformational changes upon phosphorylation, which define its function [86].
Among them, AT100 (Tau phosphorylated at Thr212-Ser214 epitope) interacts with global chromatin,
progressively increases its nuclear expression with aging, and gradually disappears from the nucleus as
AD progresses [17]. This work shows for the first time the nuclear presence of AT8 immunopositivity
(Tau phosphorylated at Ser202-Thre205) in aging hippocampal neurons already positive for AT100
(Figure 2). The nuclear coexistence of several Tau phosphorylated forms has also been found in
other neurons (unpublished results). AT100 and AT8 are emblematic antibodies employed for the
postmortem diagnosis of AD because they are markers of cytosolic tangles [87,88]. Nevertheless,
their nuclear localization and the conformation in paper clip originated by the phosphorylation of
both epitopes [89] indicate a nuclear function in aged neurons probably related to modifications of
chromatin structure [90].

Elevated content of nuclear AT100 stabilizing chromatin, especially the blocks of constitutive
heterochromatin, is characteristic of aging neurons [32]. Some of these neurons abandon their quiescent
state to start the cell cycle [68]. The aberrant cell-cycle reentry of these postmitotic senile neurons
takes place in parallel with the presence of Lamin B2 in the nucleoplasm activating the replication
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sites [70]. The remaining senile neurons show a reinforced perinuclear Lamin B2 without nucleoplasmic
expansions, and the presence of nuclear Tau phosphorylated at sites recognized by AT8 and AT100,
which indicates the lack of an entry on S phase [91]. The phosphorylation of AT8 site induces
a conformational change of Tau marked at AT100 which has been identified with inhibition of
replication [92], rDNA transcriptional inactivation [93] and the preservation of this population of
vulnerable AD neurons in G0 [89]. In this context, abnormal Lamin A expression establishes the border
between senile cycling neurons and cycling AD neurons. The relevance of this critical step explains why
Tau is considered a causal AD event [33]. The progressive decrease of nuclear Tau along I-IV AD stages
strongly affects LAD and NAD stability, as the blocks of pericentromeric heterochromatin are stabilized
by nuclear Tau [25]. Only the increased expression of the repressive histone mark H4K20me3 in LADs
from I to IV AD stages allows preventing the complete destabilization of the heterochromatin structure.
Similarly, in Tau-deprived NADs [24], H4K20me3 silences rDNA genes and stabilizes its amplification
and that from nucleolar satellite DNAs [35,94]. Although this epigenetic silencing provides a survival
alternative for hippocampal neurons through I-IV AD stages, the absence of H4K20me3 at AD V-VI
stages indicates a total destabilization of heterochromatin blocks and global chromatin in neurons
harboring NFTs [19]. Concerning B23, the displacement of this chaperone from the nucleolus to the
cytoplasm, as observed in this study, has also been related to cell cycle progression [95] and in cellular
stress conditions [96,97]. Further studies would help to explain the role of B23 in the cytoplasm of
AD neurons.

3.5. Lamin A and Tau Oligomers in Neurons with NFTs

AD start is characterized by abnormal Lamin A expression in up to 50% of hippocampal
neurons, which halts them in the G1 phase preventing its further progression across the cell-cycle [98].
The addition of Lamin A to Lamins B1 and B2 gives rise to a reinforced NL that reorganizes the genome
and leads to a decisive modification of the nucleus-cytoskeleton dynamics. Lamin A regulates the
expression of cytoplasmic stress fibers, nuclear actin, and nuclear myosin I [99], and perhaps also
Tau expression as all of them are components of the nucleo-cytoskeleton [51] and can move across
the nuclear pore complex [19,33]. As a consequence of the aborted cell cycle, an excess of ectopically
induced extranuclear kinases [36,64,65], hyperphosphorylate cytoplasmic Tau. In these pathological
conditions, hyperphosphorylated Tau is no longer able to bind microtubules and self-associates to
form prefibrillar oligomers and NFTs (Figure 2A–H). A significant fraction of hippocampal neurons
that redistributed Lamin B2 to the nucleoplasm but lack Lamin A expression progress to the S phase
of the cell cycle and become tetraploids [36,67]. Those neurons will progressively die during early
(I-II) and intermediate (III-IV) AD stages until the late (V-VI) stages, where the number of tetraploid
neurons significantly decreases [68,100]. The final balance of this process is that AD brain loss is more
than 50% of their neurons, while the remaining survive thanks to Lamin A and Tau protein (Figure 8)
in the form of cytoplasmic NFTs [62].
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Figure 8. Nuclear dynamics of Tau, nuclear lamins, and H4K20me3 in the hippocampus of adult, senile
AD I-II, AD III-IV, and AD V-VI Braak stages. Adult neurons have low phosphorylated Tau-AT100
expression and Lamin B1 and Lamin B2 are the components of NL. Senile neuron increment their content
of phosphorylated Tau-AT100 and AT8. Changes in Lamin B2 determine the two types of neurons,
those with reinforced perinuclear Lamin B2 (left) and those with nucleoplasmic Lamin B2 (right). Lamin
A (left) expression is associated with H4K20me3 repressive marks in LADs and NADs. The increased
presence of cytoplasmic Tau leads to hyperphosphorylation, oligomer and NFT formation.

3.6. Methodology

The protocol was reviewed and approved by the Clinical Research Ethics Committee of
the Biobanco Hospital Universitario Fundación Alcorcón (47/2018, 1 October 2018), where the
neuropathological diagnosis of AD was performed. Informed consent was waived by this committee
because no intervention was involved and no patient identifying information was included. Paraffin
sections obtained from control and AD brains at all Braak and Braak stages, at the level of regions CA1
and CA3 of the hippocampus, were processed for immunohistochemistry and immunofluorescence.
Twelve blocks from autopsied brain tissue of AD patients were divided into 3 groups of 4 cases each,
ADI-II, AD III-IV, and AD V-VI. Four control cases were senile subjects in ages ranging between 65 and
68. These senile cases were compared with the 3 AD groups for quantification purposes. In addition,
4 cases of healthy adults with ages ranging between 23 and 52 years old were analyzed for some
markers and also included in Lamin A quantification. The following nuclear and heterochromatin
antibodies were analyzed: B23 (nucleophosmin), H4K20me3, lamins A, B1, B2, C, and phosphorylated
tau (Table 1).
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Table 1. Details of the employed antibodies.

Antibody/Supplier/Catalog Number/Manufacture Species Dilution

AT100 (antiphospho Tau S212-T214)/abcam/Thermo
Fisher/MN1060/Waltham, MA, USA mouse monoclonal 1:100

AT8 (antiphospho Tau S205-T205)/Thermo
Fisher/MN1020/Waltham, MA, USA mouse monoclonal 1:20

AH36 (antiphospho Tau S205-T205) Stress
Marq/SMC-601/Victoria, B.C., Canada rabbit monoclonal 1:100

Anti-Lamin A/abcam/ab26300/Cambridge, UK rabbit polyclonal 1:500
Anti-Lamin B1/abcam/ab133741/Cambridge, UK rabbit monoclonal 1:200
Anti-Lamin B2/abcam/ab151735/Cambridge, UK rabbit monoclonal 1:200
Anti-Lamin C/abcam/ab125679/Cambridge, UK rabbit polyclonal 1:20
B23 (anti-nucleophosmin)/abcam/ab10530/Cambridge, UK mouse monoclonal 1:50
Anti- H4K20me3/abcam/ab9053/Cambridge, UK rabbit monoclonal 1:100
Alexa –Fluor 488 secondary antibody/Life
Technologies/CA, USA goat anti-rabbit 1:300

Alexa –Fluor 633 secondary antibody/Life
Technologies/Carlsbad, CA, USA goat anti-mouse 1:200

Sytox Orange nucleic acid stain/Molecular Probes/Eugene,
OR, USA 1:1000

The immunohistochemical assessment was performed on 4 µm thick dewaxed paraffin sections.
After boiling the sections in a pressure cooker with DIVA decloaking solution (Biocare Medical, LLC,
Concord, CA, USA) for epitope recovery, endogenous peroxidases were blocked with Dako Peroxidase
Blocking Reagent (DAKO, Glostrup, Denmark). Next, diluted primary antibodies were incubated
overnight at 4 ◦C. After incubation with the primary antibody and PBS rinses, sections were exposed
to the streptavidin-biotin marked secondary antibody. The peroxidase reaction was visualized with
either 3′3-diaminobenzidine or with 3-amino-ethyl-carbazole. The sections were finally counterstained
with hematoxylin (HE), dehydrated and cover-slipped for microscopic observation. The sections
were observed on an Olympus microscope equipped with a digital camera (Amscope, Irvine, CA,
USA). The streptavidin-biotin marked fluorescence-coupled secondary antibodies replaced secondary
antibody for confocal microscopy. Nuclear acids were stained with SYTOX (Table 1).

Cell counting was performed on immunostained sections corresponding to the hippocampal
regions CA1 and CA3, by a coauthor that was blind to the analyzed condition. The total number of
neurons inspected (ranging from 50–60 per subject) was used to calculate the percentage of neurons
exhibiting immunostaining. The percentages of neurons were obtained manually using the cell counter
plugin. The contrast was enhanced, sharpness increased, and minor imperfections removed. They were
then processed for quantification utilizing Fiji version 1.47t (ImageJ; Wayne Rasband, Bethesda, MD,
USA). A specific built-in algorithm called color deconvolution plug-in [101] was used to separate the
staining of HE and DAB into three different panels, namely, HE (panel 1), DAB only image (panel
2), and background (panel 3). Panel 2 was converted to grayscale for threshold selection. The area
was selected (region of interest, ROI) by adjusting the size of the brush according to the neuron soma.
From ROI, the software calculated the mean intensity of DAB and the sum of the pixel values in
the ROI. All data were analyzed for normality and variance homogeneity, and several tests were
used for statistical comparison. Control and AD groups were compared using the Student t-test
or Mann−Whitney U test for parametric and nonparametric data, respectively. The comparison of
data from multiple AD stages was performed either with one-way ANOVA followed by the Dunnett
test or with Kruskal–Wallis followed by the Mann−Whitney U test to identify significant differences
(* p < 0.05) versus the control group.
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4. Conclusions

Cellular aging bears a close relationship with DNA damage and implies dramatic transformations
of function and structure of chromatin [102]. Old postmitotic neurons try to repair their DNA by
entering the cell cycle as replicative cells do. Their vast nucleo-cytoskeleton complexity, however,
does not allow them to immortalize like cancer cells, and they die in the attempt [54,54,63,103].
The biological rescue mechanism of neuronal suicide is the reorganization of the nucleo-cytoskeleton
through the massive expression of the highly regulated Lamin A [44] and the building of toxic NFTs
(Figure 7). These dramatic changes may contribute to shut down neuronal plasticity, and trigger
synaptic dysfunction, as it has been recently demonstrated in vitro [74]. Oblivion quid pro quo death.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/5/1841/s1.

Author Contributions: L.G. Conceptualization, data curation, and writing. E.C.-A. Methodology, investigation,
and visualization. S.A.N. Formal analysis, software, and visualization. I.R.-L. Writing, review, and editing. C.G.
Validation. A.B.R. Investigation and resources. J.A.A. Funding acquisition and project Administration. M.E.J.-C.
Conceptualization, methodology, supervision, investigation, and writing. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by project 1.010.924. Fundación Alfonso X el Sabio-Banco Santander, Spain.

Acknowledgments: The authors thank J Nuñez for his support of this research project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Aebi, U.; Cohn, J.; Buhle, L.; Gerace, L. The nuclear lamina is a meshwork of intermediate-Type filaments.
Nature 1986, 323, 560–564. [CrossRef] [PubMed]

2. Shumaker, D.K.; Dechat, T.; Kohlmaier, A.; Adam, S.A.; Bozovsky, M.R.; Erdos, M.R.; Eriksson, M.;
Goldman, A.E.; Khuon, S.; Collins, F.S.; et al. Mutant nuclear lamin A leads to progressive alterations of
epigenetic control in premature aging. Proc. Natl. Acad. Sci. USA 2006, 103, 8703–8708. [CrossRef] [PubMed]

3. De Las Heras, J.I.; Meinke, P.; Batrakou, D.G.; Srsen, V.; Zuleger, N.; Kerr, A.R.; Schirmer, E.C. Tissue
specificity in the nuclear envelope supports its functional complexity. Nucleus 2013, 4, 460–477. [CrossRef]
[PubMed]

4. Dittmer, T.A.; Misteli, T. The lamin protein family. Genome Biol. 2011, 12, 222. [CrossRef] [PubMed]
5. Hozák, P.; Sasseville, A.M.; 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 Pt 2, 635–644.
6. Shimi, T.; Pfleghaar, K.; Kojima, S.; Pack, C.G.; Solovei, I.; Goldman, A.E.; Adam, S.A.; Shumaker, D.K.;

Kinjo, M.; Cremer, T.; et al. The A- and B-Type nuclear lamin networks: Microdomains involved in chromatin
organization and transcription. Genes Dev. 2008, 223, 409–3421. [CrossRef]

7. Dechat, T.; Pfleghaar, K.; Sengupta, K.; Shimi, T.; Shumaker, D.K.; Solimando, L.; Goldman, R.D. Nuclear
lamins: Major factors in the structural organization and function of the nucleus and chromatin. Genes Dev.
2008, 22, 832–853. [CrossRef]

8. Gonzalo, S. DNA damage and lamins. Adv. Exp. Med. Biol. 2014, 773, 377–399.
9. van Steensel, B.; Belmont, A.S. Lamina-Associated Domains: Links with Chromosome Architecture,

Heterochromatin, and Gene Repression. Cell 2017, 169, 780–791. [CrossRef]
10. Kim, Y.; Zheng, X.; Zheng, Y. Role of lamins in 3D genome organization and global gene expression. Nucleus

2019, 10, 33–41. [CrossRef]
11. Németh, A.; Conesa, A.; Santoyo-Lopez, J.; Medina, I.; Montaner, D.; Péterfia, B.; Solovei, I.; Cremer, T.;

Dopazo, J.; Langst, G. Initial genomics of the human nucleolus. PLoS Genet. 2010, 6, e1000889.
12. van Koningsbruggen, S.; Gierlinski, M.; Schofield, P.; Martin, D.; Barton, G.J.; Ariyurek, Y.; den Dunnen, J.T.;

Lamond, A.I. High-Resolution whole-Genome sequencing reveals that specific chromatin domains from
most human chromosomes associate with nucleoli. Mol. Biol. Cell 2010, 21, 3735–3748. [CrossRef] [PubMed]

13. Schotta, G.; Lachner, M.; Sarma, K.; Ebert, A.; Sengupta, R.; Reuter, G.; Reinberg, D.; Jenuwein, T. A silencing
pathway to induce H3-K9 and H4-K20 trimethylation at constitutive heterochromatin. Genes. Dev. 2004, 18,
1251–1262. [CrossRef] [PubMed]

http://www.mdpi.com/1422-0067/21/5/1841/s1
http://dx.doi.org/10.1038/323560a0
http://www.ncbi.nlm.nih.gov/pubmed/3762708
http://dx.doi.org/10.1073/pnas.0602569103
http://www.ncbi.nlm.nih.gov/pubmed/16738054
http://dx.doi.org/10.4161/nucl.26872
http://www.ncbi.nlm.nih.gov/pubmed/24213376
http://dx.doi.org/10.1186/gb-2011-12-5-222
http://www.ncbi.nlm.nih.gov/pubmed/21639948
http://dx.doi.org/10.1101/gad.1735208
http://dx.doi.org/10.1101/gad.1652708
http://dx.doi.org/10.1016/j.cell.2017.04.022
http://dx.doi.org/10.1080/19491034.2019.1578601
http://dx.doi.org/10.1091/mbc.e10-06-0508
http://www.ncbi.nlm.nih.gov/pubmed/20826608
http://dx.doi.org/10.1101/gad.300704
http://www.ncbi.nlm.nih.gov/pubmed/15145825


Int. J. Mol. Sci. 2020, 21, 1841 15 of 19

14. Wu, F.; Yao, J. Identifying Novel Transcriptional and Epigenetic Features of Nuclear Lamina-Associated
Genes. Sci. Rep. 2017, 7, 100. [CrossRef] [PubMed]

15. Kind, J.; van Steensel, B. Stochastic genome-Nuclear lamina interactions: Modulating roles of Lamin A and
BAF. Nucleus 2014, 5, 124–130. [CrossRef] [PubMed]

16. Braak, H.; Braak, E. Neuropathological stageing of Alzheimer-Related changes. Acta Neuropathol. 1991, 82,
239–259. [CrossRef] [PubMed]

17. Hernández-Ortega, K.; García-Esparcia, P.; Gil, L.; Lucas, J.J.; Ferrer, I. Altered Machinery of Protein Synthesis
in Alzheimer’s: From the Nucleolus to the Ribosome. Brain Pathol. 2016, 26, 593–605. [CrossRef]

18. Bukar Maina, M.; Al-Hilaly, Y.K.; Serpell, L.C. Nuclear Tau and Its Potential Role in Alzheimer’s Disease.
Biomolecules 2016, 6, 9. [CrossRef]

19. Frost, B.; Hemberg, M.; Lewis, J.; Feany, M.B. Tau promotes neurodegeneration through global chromatin
relaxation. Nat. Neurosci. 2014, 17, 357–366. [CrossRef]

20. Frost, B. Alzheimer’s disease: An acquired neurodegenerative laminopathy. Nucleus 2016, 7, 275–283.
[CrossRef]

21. Corces, V.G.; Salas, J.; Salas, M.L.; Avila, J. Binding of microtubule proteins to DNA: Specificity of the
interaction. Eur. J. Biochem. 1978, 86, 473–479. [CrossRef] [PubMed]

22. Hua, Q.; He, R.Q.; Haque, N.; Qu, M.H.; del Carmen Alonson, A.; Grundke-Iqbal, I.; Iqbal, K. Microtubule
associated protein tau binds to double-Stranded but not single-Stranded DNA. Cell Mol. Life Sci. 2003, 60,
413–421. [CrossRef] [PubMed]

23. Qi, H.; Cantrelle, F.X.; Benhelli-Mokrani, H.; Smet-Nocca, C.; Buée, L.; Lippens, G.; Bonnefoy, E.; Galas, M.-C.;
Landrieu, I. Nuclear magnetic resonance spectroscopy characterization of interaction of Tau with DNA and
its regulation by phosphorylation. Biochemistry 2015, 54, 1525–1533. [CrossRef] [PubMed]

24. Sjöberg, M.K.; Shestakova, E.; Mansuroglu, Z.; Maccioni, R.B.; Bonnefoy, E. Tau protein binds to
pericentromeric DNA: A putative role for nuclear tau in nucleolar organization. J. Cell Sci. 2006, 119
Pt 10, 2025–2034. [CrossRef]

25. Mansuroglu, Z.; Benhelli-Mokrani, H.; Marcato, V.; Sultan, A.; Violet, M.; Chauderlier, A.; Delattre, L.;
Loyens, A.; Talahari, S.; Bégard, S.; et al. Loss of Tau protein affects the structure, transcription and repair of
neuronal pericentromeric heterochromatin. Sci. Rep. 2016, 6, 33047. [CrossRef]

26. Hua, Q.; He, R.Q. Tau could protect DNA double helix structure. Biochim. Biophys. Acta 2003, 1645, 205–211.
[CrossRef]

27. Wei, Y.; Qu, M.H.; Wang, X.S.; Chen, L.; Wang, D.L.; Liu, Y.; He, R.Q. Binding to the minor groove of
the double-Strand, tau protein prevents DNA from damage by peroxidation. PLoS ONE 2008, 3, e2600.
[CrossRef]

28. Sultan, A.; Nesslany, F.; Violet, M.; Bégard, S.; Loyens, A.; Talahari, S.; Mansuroglu, Z.; Marzin, D.; Sergeant, N.;
Humez, S.; et al. Nuclear tau, a key player in neuronal DNA protection. J. Biol. Chem. 2011, 286, 4566–4575.
[CrossRef]

29. Violet, M.; Delattre, L.; Tardivel, M.; Sultan, A.; Chauderlier, A.; Caillierez, R.; Talahari, S.; Nesslany, F.;
Lefebvre, B.; Bonnefoy, E.; et al. A major role for Tau in neuronal DNA and RNA protection in vivo under
physiological and hyperthermic conditions. Front. Cell Neurosci. 2014, 8, 84. [CrossRef]

30. Siano, G.; Varisco, M.; Caiazza, M.C.; Quercioli, V.; Mainardi, M.; Ippolito, C.; Cattaneo, A.; Di Primio, C. Tau
Modulates VGluT1 Expression. J. Mol. Biol. 2019, 431, 873–884. [CrossRef]

31. Benhelli-Mokrani, H.; Mansuroglu, Z.; Chauderlier, A.; Albaud, B.; Gentien, D.; Sommer, S.; Schirmer, C.;
Laqueuvre, L.; Josse, T.; Buée, L.; et al. Genome-Wide identification of genic and intergenic neuronal DNA
regions bound by Tau protein under physiological and stress conditions. Nucleic Acids. Res. 2018, 46,
11405–11422. [CrossRef] [PubMed]

32. Gil, L.; Federico, C.; Pinedo, F.; Bruno, F.; Rebolledo, A.B.; Montoya, J.J.; Olazabal, I.M.; Ferrer, I.; Saccone, S.
Aging dependent effect of nuclear tau. Brain Res. 2017, 1677, 129–137. [CrossRef] [PubMed]

33. Frost, B.; Bardai, F.H.; Feany, M.B. Lamin Dysfunction Mediates Neurodegeneration in Tauopathies. Curr.
Biol. 2016, 26, 129–136. [CrossRef] [PubMed]

34. Klein, H.U.; McCabe, C.; Gjoneska, E.; Sullivan, S.S.; Kaskow, B.J.; Tang, A.; Smith, R.V.; Xu, J.; Pfenning, A.R.;
Bernstein, B.E. Epigenome-Wide study uncovers large-Scale changes in histone acetylation driven by tau
pathology in aging and Alzheimer’s human brains. Nat. Neurosci. 2019, 22, 37–46. [CrossRef]

http://dx.doi.org/10.1038/s41598-017-00176-x
http://www.ncbi.nlm.nih.gov/pubmed/28273906
http://dx.doi.org/10.4161/nucl.28825
http://www.ncbi.nlm.nih.gov/pubmed/24717229
http://dx.doi.org/10.1007/BF00308809
http://www.ncbi.nlm.nih.gov/pubmed/1759558
http://dx.doi.org/10.1111/bpa.12335
http://dx.doi.org/10.3390/biom6010009
http://dx.doi.org/10.1038/nn.3639
http://dx.doi.org/10.1080/19491034.2016.1183859
http://dx.doi.org/10.1111/j.1432-1033.1978.tb12330.x
http://www.ncbi.nlm.nih.gov/pubmed/207527
http://dx.doi.org/10.1007/s000180300034
http://www.ncbi.nlm.nih.gov/pubmed/12678504
http://dx.doi.org/10.1021/bi5014613
http://www.ncbi.nlm.nih.gov/pubmed/25623359
http://dx.doi.org/10.1242/jcs.02907
http://dx.doi.org/10.1038/srep33047
http://dx.doi.org/10.1016/S1570-9639(02)00538-1
http://dx.doi.org/10.1371/journal.pone.0002600
http://dx.doi.org/10.1074/jbc.M110.199976
http://dx.doi.org/10.3389/fncel.2014.00084
http://dx.doi.org/10.1016/j.jmb.2019.01.023
http://dx.doi.org/10.1093/nar/gky929
http://www.ncbi.nlm.nih.gov/pubmed/30321409
http://dx.doi.org/10.1016/j.brainres.2017.09.030
http://www.ncbi.nlm.nih.gov/pubmed/28974363
http://dx.doi.org/10.1016/j.cub.2015.11.039
http://www.ncbi.nlm.nih.gov/pubmed/26725200
http://dx.doi.org/10.1038/s41593-018-0291-1


Int. J. Mol. Sci. 2020, 21, 1841 16 of 19

35. Pietrzak, M.; Rempala, G.; Nelson, P.T.; Zheng, J.J.; Hetman, M. Epigenetic silencing of nucleolar rRNA genes
in Alzheimer’s disease. PLoS ONE 2011, 6, e22585. [CrossRef]

36. Yang, Y.; Geldmacher, D.S.; Herrup, K. DNA replication precedes neuronal cell death in Alzheimer’s disease.
J. Neurosci. 2001, 21, 2661–2668. [CrossRef]

37. Colangelo, V.; Schurr, J.; Ball, M.J.; Pelaez, R.P.; Bazan, N.G.; Lukiw, W.J. Gene expression profiling of
12633 genes in Alzheimer hippocampal CA1: Transcription and neurotrophic factor down-Regulation and
up-Regulation of apoptotic and pro-Inflammatory signaling. J. Neurosci. Res. 2002, 70, 462–473. [CrossRef]

38. Liang, W.S.; Dunckley, T.; Beach, T.G.; Grover, A.; Mastroeni, D.; Ramsey, K.; Caselli, R.J.; Kukull, W.A.;
McKeel, D.; Morris, J.C.; et al. Altered neuronal gene expression in brain regions differentially affected by
Alzheimer’s disease: A reference data set. Physiol. Genom. 2008, 33, 240–256. [CrossRef]

39. Su, L.; Chen, S.; Zheng, C.; Wei, H.; Song, X. Meta-Analysis of Gene Expression and Identification of Biological
Regulatory Mechanisms in Alzheimer’s Disease. Front. Neurosci. 2019, 13, 633. [CrossRef]

40. Takamori, Y.; Tamura, Y.; Kataoka, Y.; Cui, Y.; Seo, S.; Kanazawa, T.; Kurokawa, K.; Yamada, H. Differential
expression of nuclear lamin, the major component of nuclear lamina, during neurogenesis in two germinal
regions of adult rat brain. Eur. J. Neurosci. 2007, 25, 1653–1662. [CrossRef]

41. Coffinier, C.; Chang, S.Y.; Nobumori, C.; Tu, Y.; Farber, E.A.; Toth, J.I.; Fong, L.G.; Young, S.G. Abnormal
development of the cerebral cortex and cerebellum in the setting of lamin B2 deficiency. Proc. Natl. Acad. Sci.
USA 2010, 107, 5076–5081. [CrossRef] [PubMed]

42. Coffinier, C.; Jung, H.J.; Nobumori, C.; Chang, S.; Tu, Y.; Barnes, R.H., 2nd; Yoshinaga, Y.; de Jong, P.J.;
Vergnes, L.; Reue, K.; et al. Deficiencies in lamin B1 and lamin B2 cause neurodevelopmental defects and
distinct nuclear shape abnormalities in neurons. Mol. Biol. Cell 2011, 22, 4683–4693. [CrossRef] [PubMed]

43. Sullivan, T.; Escalante-Alcalde, D.; Bhatt, H.; Nagashima, K.; Stewart, C.L.; Burke, B. Loss of A-Type lamin
expression compromises nuclear envelope integrity leading to muscular dystrophy. J. Cell Biol. 1999, 147,
913–920. [CrossRef] [PubMed]

44. Méndez-López, I.; Blanco-Luquin, I.; Sánchez-Ruiz de Gordoa, J.; Urdánoz-Casado, A.; Roldán, M.; Acha, B.;
Echavarri, C.; Zelaya, V.; Jericó, I.; Mendioroz, M. Hippocampal LMNA Gene Expression is Increased in
Late-Stage Alzheimer’s Disease. Int. J. Mol. Sci. 2019, 20, 878. [CrossRef]

45. Jung, H.J.; Coffinier, C.; Choe, Y.; Beigneux, A.P.; Davies, B.S.; Yang, S.H.; Barnes, R.H., 2nd; Hong, J.; Sun, T.;
Pleasure, S.J.; et al. Regulation of prelamin A but not lamin C by miR-9, a brain-specific microRNA. Proc.
Natl. Acad. Sci. USA 2012, 109, E423–E431. [CrossRef]

46. Takamori, Y.; Hirahara, Y.; Wakabayashi, T.; Mori, T.; Koike, T.; Kataoka, Y.; Tamuracd, Y.; Kurebayashiae, S.;
Kurokawaaf, K.; Yamadaa, H. Differential expression of nuclear lamin subtypes in the neural cells of the
adult rat cerebral cortex. IBRO Rep. 2018, 5, 99–109. [CrossRef]

47. Wakabayashi, T.; Mori, T.; Hirahara, Y.; Koike, T.; Kubota, Y.; Takamori, Y.; Yamada, H. Nuclear lamins are
differentially expressed in retinal neurons of the adult rat retina. Histochem. Cell Biol. 2011, 136, 427–436.
[CrossRef]

48. Schirmer, E.C.; Gerace, L. The stability of the nuclear lamina polymer changes with the composition of lamin
subtypes according to their individual binding strengths. J. Biol. Chem. 2004, 279, 42811–42817. [CrossRef]

49. Swift, J.; Ivanovska, I.L.; Buxboim, A.; Harada, T.; Dingal, P.C.; Pinter, J.; Pajerowski, J.D.; Spinler, K.R.;
Shin, J.W.; Tewari, M. Nuclear lamin-A scales with tissue stiffness and enhances matrix-directed differentiation.
Science 2013, 341, 1240104. [CrossRef]

50. Simon, D.N.; Wilson, K.L. The nucleoskeleton as a genome-Associated dynamic ‘network of networks’.
Nat. Rev. Mol. Cell Biol. 2011, 12, 695–708. [CrossRef]

51. Cho, S.; Vashisth, M.; Abbas, A.; Majkut, S.; Vogel, K.; Xia, Y.; Ivanovska, I.L.; Irianto, J.; Tewari, M.; Zhu, K.
Mechanosensing by the Lamina Protects against Nuclear Rupture, DNA Damage, and Cell-Cycle Arrest.
Dev. Cell 2019, 49, 920.e5–935.e5. [CrossRef] [PubMed]

52. Pugh, G.E.; Coates, P.J.; Lane, E.B.; Raymond, Y.; Quinlan, R.A. Distinct nuclear assembly pathways for
lamins A and C lead to their increase during quiescence in Swiss 3T3 cells. J. Cell Sci. 1997, 110 Pt 19,
2483–2493.

53. Ghosh, S.; Liu, B.; Wang, Y.; Hao, Q.; Zhou, Z. Lamin A is an Endogenous SIRT6 Activator and Promotes
SIRT6-Mediated DNA Repair. Cell Rep. 2015, 13, 1396–1406. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0022585
http://dx.doi.org/10.1523/JNEUROSCI.21-08-02661.2001
http://dx.doi.org/10.1002/jnr.10351
http://dx.doi.org/10.1152/physiolgenomics.00242.2007
http://dx.doi.org/10.3389/fnins.2019.00633
http://dx.doi.org/10.1111/j.1460-9568.2007.05450.x
http://dx.doi.org/10.1073/pnas.0908790107
http://www.ncbi.nlm.nih.gov/pubmed/20145110
http://dx.doi.org/10.1091/mbc.e11-06-0504
http://www.ncbi.nlm.nih.gov/pubmed/21976703
http://dx.doi.org/10.1083/jcb.147.5.913
http://www.ncbi.nlm.nih.gov/pubmed/10579712
http://dx.doi.org/10.3390/ijms20040878
http://dx.doi.org/10.1073/pnas.1111780109
http://dx.doi.org/10.1016/j.ibror.2018.11.001
http://dx.doi.org/10.1007/s00418-011-0853-8
http://dx.doi.org/10.1074/jbc.M407705200
http://dx.doi.org/10.1126/science.1240104
http://dx.doi.org/10.1038/nrm3207
http://dx.doi.org/10.1016/j.devcel.2019.04.020
http://www.ncbi.nlm.nih.gov/pubmed/31105008
http://dx.doi.org/10.1016/j.celrep.2015.10.006
http://www.ncbi.nlm.nih.gov/pubmed/26549451


Int. J. Mol. Sci. 2020, 21, 1841 17 of 19

54. Kruman, I.I.; Wersto, R.P.; Cardozo-Pelaez, F.; Smilenov, L.; Chan, S.L.; Emokpae, R., Jr.; Gorospe, M.;
Mattson, M.P. Cell cycle activation linked to neuronal cell death initiated by DNA damage. Neuron 2004, 41,
549–561. [CrossRef]

55. Yang, Y.; Herrup, K. Cell division in the CNS: Protective response or lethal event in post-Mitotic neurons?
Biochim. Biophys. Acta 2007, 1772, 457–466. [CrossRef] [PubMed]

56. Jung, H.J.; Lee, J.M.; Yang, S.H.; Young, S.G.; Fong, L.G. Nuclear lamins in the brain-New insights into
function and regulation. Mol. Neurobiol. 2013, 47, 290–301. [CrossRef]

57. De Sandre-Giovannoli, A.; Bernard, R.; Cau, P.; Navarro, C.; Amiel, J.; Boccaccio, I.; Lyonnet, S.; Stewart, C.L.;
Munnich, A.; Le Merrer, M.; et al. Lamin a truncation in Hutchinson-Gilford progeria. Science 2003, 300, 2055.
[CrossRef]

58. Martin, C.; Chen, S.; Maya-Mendoza, A.; Lovric, J.; Sims, P.F.; Jackson, D.A. Lamin B1 maintains the functional
plasticity of nucleoli. J. Cell Sci. 2009, 122 Pt 10, 1551–1562. [CrossRef]

59. Ibarra, F.J.; Pombo, A.; Jackson, D.A.; Cook, P.R. Active RNA polymerases are localized within discrete
transcription “factories’ inhuman nuclei. J. Cell Sci. 1996, 109 Pt 6, 1427–1436.

60. Tang, C.W.; Maya-Mendoza, A.; Martin, C.; Zheng, K.; Chen, S.; Feret, D.; Wilson, S.A.; Jackson, D.A.
The integrity of a lamin-B1-Dependent nucleoskeleton is a fundamental determinant of RNA synthesis in
human cells. J. Cell Sci. 2008, 121 Pt 7, 1014–1024. [CrossRef]

61. Gómez-Isla, T.; Hollister, R.; West, H.; Mui, S.; Growdon, J.H.; Peterson, R.C.; Parisi, J.E.; Hyman, B.T.
Neuronal loss correlates with but exceeds neurofibrillary tangles in Alzheimer’s disease. Ann. Neurol. 1997,
41, 17–24. [CrossRef] [PubMed]

62. Raina, A.K.; Zhu, X.; Rottkamp, C.A.; Monteiro, M.; Takeda, A.; Smith, M.A. Cyclin’ toward dementia: Cell
cycle abnormalities and abortive oncogenesis in Alzheimer disease. J. Neurosci. Res. 2000, 61, 128–133.
[CrossRef]

63. Nagy, Z.; Esiri, M.M.; Cato, A.M.; Smith, A.D. Cell cycle markers in the hippocampus in Alzheimer’s disease.
Acta Neuropathol. 1997, 94, 6–15. [CrossRef] [PubMed]

64. Yang, Y.; Mufson, E.J.; Herrup, K. Neuronal cell death is preceded by cell cycle events at all stages of
Alzheimer’s disease. J. Neurosci. 2003, 23, 2557–2563. [CrossRef]

65. Currais, A.; Hortobágyi, T.; Soriano, S. The neuronal cell cycle as a mechanism of pathogenesis in Alzheimer’s
disease. Aging (Albany NY) 2009, 1, 363–371. [CrossRef]

66. Zhu, X.; Siedlak, S.L.; Wang, Y.; Perry, G.; Castellani, R.J.; Cohen, M.L.; Smith, M.A. Neuronal binucleation in
Alzheimer disease hippocampus. Neuropathol. Appl. Neurobiol. 2008, 34, 457–465. [CrossRef]

67. Arendt, T.; Brückner, M.K.; Mosch, B.; Losche, A. Selective cell death of hyperploid neurons in Alzheimer’s
disease. Am. J. Pathol. 2010, 177, 15–20. [CrossRef]

68. Moir, R.D.; Montag-Lowy, M.; Goldman, R.D. Dynamic properties of nuclear lamins: Lamin B is associated
with sites of DNA replication. J. Cell Biol. 1994, 125, 1201–1212. [CrossRef]

69. Kill, I.R.; Hutchison, C.J. S-Phase phosphorylation of lamin B2. FEBS Lett. 1995, 377, 26–30. [CrossRef]
70. Spann, T.P.; Moir, R.D.; Goldman, A.E.; Stick, R.; Goldman, R.D. Disruption of nuclear lamin organization

alters the distribution of replication factors and inhibits DNA synthesis. J. Cell Biol. 1997, 136, 1201–1212.
[CrossRef]

71. Anachkova, B.; Djeliova, V.; Russev, G. Nuclear matrix support of DNA replication. J. Cell Biochem. 2005, 96,
951–961. [CrossRef] [PubMed]

72. Nagy, Z.; Esiri, M.M.; Smith, A.D. Expression of cell division markers in the hippocampus in Alzheimer’s
disease and other neurodegenerative conditions. Acta Neuropathol. 1997, 93, 294–300. [CrossRef] [PubMed]

73. Shah, P.P.; Donahue, G.; Otte, G.L.; Capell, B.C.; Nelson, D.M.; Cao, K.; Aggarwala, V.; Cruickshanks, H.;
Rai, T.S.; McBryan, T.; et al. Lamin B1 depletion in senescent cells triggers large-Scale changes in gene
expression and the chromatin landscape. Genes Dev. 2013, 27, 1787–1799. [CrossRef] [PubMed]

74. Barrio-Alonso, E.; Hernández-Vivanco, A.; Walton, C.C.; Perea, G.; Frade, J.M. Cell cycle reentry triggers
hyperploidization and synaptic dysfunction followed by delayed cell death in differentiated cortical neurons.
Sci. Rep. 2018, 8, 14316. [CrossRef]

75. Cheung, I.; Shulha, H.P.; Jiang, Y.; Matevossian, A.; Wang, J.; Weng, Z.; Akbarian, S. Developmental regulation
and individual differences of neuronal H3K4me3 epigenomes in the prefrontal cortex. Proc. Natl. Acad. Sci.
USA 2010, 107, 8824–8829. [CrossRef]

http://dx.doi.org/10.1016/S0896-6273(04)00017-0
http://dx.doi.org/10.1016/j.bbadis.2006.10.002
http://www.ncbi.nlm.nih.gov/pubmed/17158035
http://dx.doi.org/10.1007/s12035-012-8350-1
http://dx.doi.org/10.1126/science.1084125
http://dx.doi.org/10.1242/jcs.046284
http://dx.doi.org/10.1242/jcs.020982
http://dx.doi.org/10.1002/ana.410410106
http://www.ncbi.nlm.nih.gov/pubmed/9005861
http://dx.doi.org/10.1002/1097-4547(20000715)61:2&lt;128::AID-JNR2&gt;3.0.CO;2-H
http://dx.doi.org/10.1007/s004010050665
http://www.ncbi.nlm.nih.gov/pubmed/9224524
http://dx.doi.org/10.1523/JNEUROSCI.23-07-02557.2003
http://dx.doi.org/10.18632/aging.100045
http://dx.doi.org/10.1111/j.1365-2990.2007.00908.x
http://dx.doi.org/10.2353/ajpath.2010.090955
http://dx.doi.org/10.1083/jcb.125.6.1201
http://dx.doi.org/10.1016/0014-5793(95)01302-4
http://dx.doi.org/10.1083/jcb.136.6.1201
http://dx.doi.org/10.1002/jcb.20610
http://www.ncbi.nlm.nih.gov/pubmed/16167334
http://dx.doi.org/10.1007/s004010050617
http://www.ncbi.nlm.nih.gov/pubmed/9083562
http://dx.doi.org/10.1101/gad.223834.113
http://www.ncbi.nlm.nih.gov/pubmed/23934658
http://dx.doi.org/10.1038/s41598-018-32708-4
http://dx.doi.org/10.1073/pnas.1001702107


Int. J. Mol. Sci. 2020, 21, 1841 18 of 19

76. Håkelien, A.M.; Delbarre, E.; Gaustad, K.G.; Buendia, B.; Collas, P. Expression of the myodystrophic R453W
mutation of lamin A in C2C12 myoblasts causes promoter-specific and global epigenetic defects. Exp. Cell
Res. 2008, 314, 1869–1880. [CrossRef]

77. Columbaro, M.; Capanni, C.; Mattioli, E.; Novelli, G.; Parnaik, V.K.; Squarzoni, S.; Maraldi, N.M.; Lattanzai, G.
Rescue of heterochromatin organization in Hutchinson-Gilford progeria by drug treatment. Cell Mol. Life Sci.
2005, 62, 2669–2678. [CrossRef]

78. Sabatelli, P.; Lattanzi, G.; Ognibene, A.; Columbaro, M.; Capanni, C.; Merlini, L.; Maraldi, N.M.; Squarzoni, S.
Nuclear alterations in autosomal-dominant Emery-Dreifuss muscular dystrophy. Muscle Nerve 2001, 24,
826–829. [CrossRef]

79. Capanni, C.; Cenni, V.; Mattioli, E.; Sanatelli, P.; Ognibene, A.; Columbaro, M.; Parnaik, V.K.; Wehnert, M.;
Maraldi, N.M.; Squarzoni, S.; et al. Failure of lamin A/C to functionally assemble in R482L mutated familial
partial lipodystrophy fibroblasts: Altered intermolecular interaction with emerin and implications for gene
transcription. Exp. Cell Res. 2003, 291, 122–134. [CrossRef]

80. Filesi, I.; Gullotta, F.; Lattanzi, G.; D’Apice, M.R.; Capanni, C.; Nardone, A.M.; Columbaro, M.; Scarano, G.;
Mattioli, E.; Sabatelli, P.; et al. Alterations of nuclear envelope and chromatin organization in mandibuloacral
dysplasia, a rare form of laminopathy. Physiol. Genom. 2005, 23, 150–158. [CrossRef]

81. Rizzi, N.; Denegri, M.; Chiodi, I.; Corioni, M.; Valgardsdottir, R.; Cobianchi, F.; Riva, S.; Biamonti, G.
Transcriptional activation of a constitutive heterochromatic domain of the human genome in response to
heat shock. Mol. Biol. Cell 2004, 15, 543–551. [CrossRef] [PubMed]

82. Kourmouli, N.; Jeppesen, P.; Mahadevhaiah, S.; Burgoyne, P.; Wu, R.; Gilbert, D.M.; Bongiorni, S.; Prantera, G.;
Fanti, L.; Pimpinelli, S.; et al. Heterochromatin and tri-methylated lysine 20 of histone H4 in animals. J. Cell
Sci. 2004, 117 Pt 12, 2491–2501. [CrossRef]

83. Martens, J.H.; O’Sullivan, R.J.; Braunschweig, U.; Opravil, S.; Radolf, M.; Steinlein, P.; Jenuwein, T. The
profile of repeat-associated histone lysine methylation states in the mouse epigenome. EMBO J. 2005, 24,
800–812. [CrossRef] [PubMed]

84. Winick-Ng, W.; Rylett, R.J. Into the Fourth Dimension: Dysregulation of Genome Architecture in Aging and
Alzheimer’s Disease. Front. Mol. Neurosci. 2018, 11, 60. [CrossRef] [PubMed]

85. Wang, Y.; Mandelkow, E. Tau in physiology and pathology. Nat. Rev. Neurosci. 2016, 17, 5–21. [CrossRef]
[PubMed]

86. Okamoto, K.; Amari, M.; Fukuda, T.; Suzuki, K.; Takatama, M. Comparison of AT8 immunoreactivity in the
locus ceruleus and hippocampus of 154 brains from routine autopsies. Neuropathology 2017, 37, 306–310.
[CrossRef]

87. Regalado-Reyes, M.; Furcila, D.; Hernández, F.; Ávila, J.; DeFelipe, J.; León-Espinosa, G. Phospho-Tau
Changes in the Human CA1 During Alzheimer’s Disease Progression. J. Alzheimers Dis. 2019, 69, 277–288.
[CrossRef]

88. Jeganathan, S.; Hascher, A.; Chinnathambi, S.; Biernat, J.; Mandelkow, E.M.; Maldelkow, E. Proline-Directed
pseudo-phosphorylation at AT8 and PHF1 epitopes induces a compaction of the paperclip folding of Tau
and generates a pathological (MC-1) conformation. J. Biol. Chem. 2008, 283, 32066–32076. [CrossRef]

89. Qu, M.H.; Li, H.; Tian, R.; Nie, C.L.; Liu, Y.; Han, B.S.; He, R.Q. Neuronal tau induces DNA conformational
changes observed by atomic force microscopy. Neuroreport 2004, 15, 2723–2727.

90. Nagy, Z.; Esiri, M.M.; Smith, A.D. The cell division cycle and the pathophysiology of Alzheimer’s disease.
Neuroscience 1998, 87, 731–739.

91. Li, W.; Wang, X.S.; Qu, M.H.; Liu, Y.; He, R.Q. Human protein tau represses DNA replication in vitro. Biochim.
Biophys. Acta. 2005, 1726, 280–286. [CrossRef] [PubMed]

92. Federico, C.; Gil, L.; Bruno, F.; D’Amico, A.G.; D’Agata, V.; Saccone, S. Phosphorylated nucleolar Tau protein
is related to the neuronal in vitro differentiation. Gene 2018, 664, 1–11. [CrossRef] [PubMed]

93. Hallgren, J.; Pietrzak, M.; Rempala, G.; Nelson, P.T.; Hetman, M. Neurodegeneration-associated instability of
ribosomal DNA. Biochim. Biophys. Acta 2014, 1842, 860–868. [CrossRef] [PubMed]

94. Verde, P.; Casalino, L.; Talotta, F.; Yaniv, M.; Weitzman, J.B. Deciphering AP-1 function in tumorigenesis:
Fra-Ternizing on target promoters. Cell Cycle 2007, 6, 2633–2639. [CrossRef]

95. Zatsepina, O.V.; Todorov, I.T.; Philipova, R.N.; Krachmarov, C.P.; Trendelenburg, M.F.; Jordan, E.G. Cell
cycle-Dependent translocations of a major nucleolar phosphoprotein, B23, and some characteristics of its
variants. Eur. J. Cell Biol. 1997, 73, 58–70.

http://dx.doi.org/10.1016/j.yexcr.2008.02.018
http://dx.doi.org/10.1007/s00018-005-5318-6
http://dx.doi.org/10.1002/mus.1076
http://dx.doi.org/10.1016/S0014-4827(03)00395-1
http://dx.doi.org/10.1152/physiolgenomics.00060.2005
http://dx.doi.org/10.1091/mbc.e03-07-0487
http://www.ncbi.nlm.nih.gov/pubmed/14617804
http://dx.doi.org/10.1242/jcs.01238
http://dx.doi.org/10.1038/sj.emboj.7600545
http://www.ncbi.nlm.nih.gov/pubmed/15678104
http://dx.doi.org/10.3389/fnmol.2018.00060
http://www.ncbi.nlm.nih.gov/pubmed/29541020
http://dx.doi.org/10.1038/nrn.2015.1
http://www.ncbi.nlm.nih.gov/pubmed/26631930
http://dx.doi.org/10.1111/neup.12367
http://dx.doi.org/10.3233/JAD-181263
http://dx.doi.org/10.1074/jbc.M805300200
http://dx.doi.org/10.1016/j.bbagen.2005.08.014
http://www.ncbi.nlm.nih.gov/pubmed/16226838
http://dx.doi.org/10.1016/j.gene.2018.04.051
http://www.ncbi.nlm.nih.gov/pubmed/29684490
http://dx.doi.org/10.1016/j.bbadis.2013.12.012
http://www.ncbi.nlm.nih.gov/pubmed/24389328
http://dx.doi.org/10.4161/cc.6.21.4850


Int. J. Mol. Sci. 2020, 21, 1841 19 of 19

96. Matthews, D.A. Adenovirus protein V induces redistribution of nucleolin and B23 from nucleolus to
cytoplasm. J. Virol. 2001, 75, 1031–1038. [CrossRef]

97. Qin, R.; Zhang, H.; Li, S.; Jiang, W.; Liu, D. Three major nucleolar proteins migrate from nucleolus to
nucleoplasm and cytoplasm in root tip cells of Vicia faba L. exposed to aluminum. Environ. Sci. Pollut. Res.
Int. 2014, 21, 10736–10743. [CrossRef]

98. Ranade, D.; Pradhan, R.; Jayakrishnan, M.; Hegde, S.; Sengupta, K. Lamin A/C and Emerin depletion impacts
chromatin organization and dynamics in the interphase nucleus. BMC Mol. Cell Biol. 2019, 20, 11. [CrossRef]

99. Kumeta, M.; Yoshimura, S.H.; Hejna, J.; Takeyasu, K. Nucleocytoplasmic shuttling of cytoskeletal proteins:
Molecular mechanism and biological significance. Int. J. Cell Biol. 2012. [CrossRef]

100. West, M.J.; Coleman, P.D.; Flood, D.G.; Troncoso, J.C. Differences in the pattern of hippocampal neuronal loss
in normal ageing and Alzheimer’s disease. Lancet 1994, 344, 769–772. [CrossRef]

101. Ruifrok, A.C.; Johnston, D.A. Quantification of histochemical staining by color deconvolution. Anal. Quant.
Cytol. Histol. 2001, 23, 291–299. [PubMed]

102. Burgess, R.C.; Misteli, T.; Oberdoerffer, P. DNA damage, chromatin, and transcription: The trinity of aging.
Curr. Opin. Cell Biol. 2012, 24, 724–730. [CrossRef] [PubMed]

103. Majd, S.; Power, J.; Majd, Z. Alzheimer’s Disease and Cancer: When Two Monsters Cannot Be Together.
Front. Neurosci. 2019, 13, 155. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1128/JVI.75.2.1031-1038.2001
http://dx.doi.org/10.1007/s11356-014-3057-7
http://dx.doi.org/10.1186/s12860-019-0192-5
http://dx.doi.org/10.1155/2012/494902
http://dx.doi.org/10.1016/S0140-6736(94)92338-8
http://www.ncbi.nlm.nih.gov/pubmed/11531144
http://dx.doi.org/10.1016/j.ceb.2012.07.005
http://www.ncbi.nlm.nih.gov/pubmed/22902297
http://dx.doi.org/10.3389/fnins.2019.00155
http://www.ncbi.nlm.nih.gov/pubmed/30881282
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Phosphorylated Tau Shifts from Nucleus to Cytosol through AD Progression 
	Hippocampal Neurons Express Lamin A from Early to Late AD Stages 
	Lamin B2 Redistributes in the Nucleoplasm along AD Stages 
	Nuclear Lamin and Nuclear Tau Changes are associated with Constitutive Heterochromatin Modifications 
	Lamin A Expression in Cells with Perinuclear Lamin B2 

	Discussion 
	Neurons Express Lamin A from Early AD Stages on 
	Lamin B2 in the Nucleoplasm of AD Neurons 
	Lamin A Associated Epigenetic Changes at Early AD Stages 
	Nuclear AT8 in Aging Cycling Neurons 
	Lamin A and Tau Oligomers in Neurons with NFTs 
	Methodology 

	Conclusions 
	References

