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Mitotic defects lead to neuronal aneuploidy and 
apoptosis in frontotemporal lobar degeneration 
caused by MAPT mutations

ABSTRACT  Mutant Tau (MAPT) can lead to frontotemporal lobar degeneration (FTLD). Previ-
ous studies associated MAPT mutations and altered function with aneuploidy and chromo-
some instability in human lymphocytes and in Drosophila development. Here we examine 
whether FTLD-causing mutations in human MAPT induce aneuploidy and apoptosis in the 
mammalian brain. First, aneuploidy was found in brain cells from MAPT mutant transgenic 
mice expressing FTLD mutant human MAPT. Then brain neurons from mice homozygous or 
heterozygous for the Tau (Mapt) null allele were found to exhibit increasing levels of aneu-
ploidy with decreasing Tau gene dosage. To determine whether aneuploidy leads to neuro-
degeneration in FTLD, we measured aneuploidy and apoptosis in brain cells from patients 
with MAPT mutations and identified both increased aneuploidy and apoptosis in the same 
brain neurons and glia. To determine whether there is a direct relationship between MAPT-
induced aneuploidy and apoptosis, we expressed FTLD-causing mutant forms of MAPT in 
karyotypically normal human cells and found that they cause aneuploidy and mitotic spindle 
defects that then result in apoptosis. Collectively, our findings reveal a neurodegenerative 
pathway in FTLD-MAPT in which neurons and glia exhibit mitotic spindle abnormalities, chro-
mosome mis-segregation, and aneuploidy, which then lead to apoptosis.

INTRODUCTION
Frontotemporal lobar degeneration (FTLD), also termed frontotem-
poral dementia (FTD), is most often an early-onset neurodegenera-
tive disease in which a subset of cases has tau-positive neuronal and 
glial inclusions in the absence of Alzheimer’s disease (AD)-like amy-

loid deposits, whereas other cases have TDP-43 neuronal and glial 
inclusions (Rademakers et al., 2012). Familial forms of FTLD are as-
sociated with mutations in several genes, and 50–80% of FTLD 
cases are sporadic. Some autosomal-dominant familial forms of 
FTLD and Parkinsonism are linked to chromosome 17 (FTDP-17) and 
are caused by mutations in one of two nearby genes, the tau gene 
(MAPT) or the progranulin gene (PGRN). A large proportion of famil-
ial FTLD and of amyotrophic lateral sclerosis (ALS) is also caused by 
abnormal expansions of a hexanucleotide repeat in the C9orf72 
gene (Rademakers et al., 2012).

A potential mechanism by which FTLD arises in patients with 
MAPT mutations is suggested by work on AD. We previously pro-
posed that trisomy 21 mosaicism may underlie the development of 
AD (Potter, 1991), and subsequent studies demonstrated that 
people with both sporadic and familial forms of AD exhibit trisomy 
21 mosaicism and other aneuploidy in all tissues examined, including 
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(Rossi et al., 2008) but also with aneuploidy in the brain. Previously, 
we showed that splenocytes from tau (mapt) heterozygous (tau+/–) 
or homozygous (tau–/–) knockout mice exhibited 2.5% or 4.9% 
trisomy 16, respectively, compared with 1.1% stochastic trisomy in 
splenocytes from age-matched tau+/+ control mice (Granic et al., 
2010). To further investigate the role of wild-type mouse Tau in chro-
mosome segregation in the brain during neurogenesis and during 

in brain neurons and glia (Potter et al., 1995; Migliore et al., 1997; 
Geller and Potter, 1999; Kingsbury et al., 2006; Mosch et al., 2007; 
Thomas and Fenech, 2008; Iourov et al., 2009; Arendt et al., 2010, 
2015; Arendt, 2012). In addition, AD-causing mutations in the amy-
loid precursor protein (APP) and presenilin (PS) genes as well as ex-
posure to amyloid-beta (Aβ) lead to mitotic spindle abnormalities 
and chromosome mis-segregation that depend on MAPT/Tau 
(Boeras et al., 2008; Granic et al., 2010). Furthermore, we discov-
ered that a likely mechanism by which Aβ causes spindle abnormali-
ties and aneuploidy is through its competitive inhibition of the mi-
crotubule-dependent motor Kinesin-5/Eg5, which can be modulated 
by addition of MAPT/Tau (Borysov et al., 2011). These findings sug-
gested that an FTLD-associated alteration in MAPT function may 
include chromosome mis-segregation as a contributing or even a 
necessary step in the neurodegenerative pathway. Indeed, lympho-
cytes from FTLD patients or from transgenic mice expressing human 
MAPT harboring FTLD-causing mutations exhibit chromosome in-
stability, including aneuploidy (usually chromosome loss) (Rossi 
et al., 2008). However, whether and how FTLD-causing mutations in 
MAPT affect mitosis, whether they affect chromosome segregation 
in the brain, and whether such cell-cycle defects contribute to neu-
rodegeneration in FTLD are unknown.

Herein we examined the effects of FTLD-causing MAPT muta-
tions and loss of MAPT function in brain cell populations and/or in 
transfected cells and determined that defects in MAPT lead to aber-
rant mitotic spindle function, abnormal chromosome segregation, 
and apoptosis. Together, the data indicate that, as in AD, aneuploid 
neurons arise in the FTLD-MAPT brain, are prone to apoptosis, and 
thus can contribute to the development of neurodegeneration and 
dementia.

RESULTS

Aneuploidy induced by expression of human MAPT 
harboring FTLD-causing mutations in mice
Although overexpression of the human MAPT gene harboring famil-
ial FTLD-causing mutations (P301L or P301S) in mice has been 
shown to result in increased aneuploidy in splenic lymphocytes 
(Rossi et al., 2014), a key unanswered question with high disease 
relevance is whether FTLD-causing MAPT mutations also lead to 
aneuploidy in brain cells. We generated brain cell suspensions from 
young and older transgenic mice expressing human MAPT P301S or 
P301L and from age-matched control mice and determined aneu-
ploidy levels by fluorescence in situ hybridization (FISH) using a bac-
terial artificial chromosome (BAC) probe for mouse chromosome 16 
(Kulnane et al., 2002), which is partially syntenic with human chro-
mosome 21. The data showed that expression of human mutant 
MAPT P301L induces a small but significant increase in chromo-
some 16 trisomy and total aneuploidy in the brain as early as 8 
weeks of age (Figure 1) with nearly undetectable levels of TUNEL-
positive (apoptotic) cells (data not shown). A similar small but signifi-
cant increase in aneuploidy was also detected in both brain cells 
(Figure 2A) and splenocytes (Figure 2B) from 8-mo-old transgenic 
mice expressing mutant human MAPT P301S relative to nontrans-
genic control mice.

Total or partial loss of tau function induces aneuploidy in 
mouse brain neurons
Our finding that expression in mice of human MAPT harboring 
FTLD-causing mutations resulted in increased levels of chromosome 
16 aneuploidy in brain cells provided the first evidence that this 
mutation is not only associated with aneuploidy in peripheral cells 

FIGURE 1:  Increased percentage of cells with abnormal chromosome 
numbers in brain tissues from young transgenic mice expressing a 
human mutant FTLD-MAPT gene. FISH analysis using a mouse 
chromosome 16 probe was carried out using single-nuclei suspensions 
prepared with brain tissues from 8-wk-old transgenic mice expressing a 
human mutant MAPT transgene (MAPT-P301L, n = 4). Brain tissues from 
the transgenic mice exhibited elevated levels of trisomy 16 (A) and 
total chromosome 16 aneuploidy (including monosomy plus trisomy) 
(B) in comparison to control nontransgenic mice (control, n = 4). Both 
neurons [NeuN(+), green] and nonneuronal cells [NeuN(–)] showed 
abnormal chromosome copy numbers in the FTLD-MAPT mice (C). For 
statistical analyses, more than 300 cells per slide and three slides per 
brain sample were counted. Statistical analyses were conducted using a 
Student’s t test. Error bars indicate SEM, and * indicates p < 0.05.
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MAPT lead to aneuploidy and subsequent apoptosis in the human 
brain, where they could affect neurodegeneration, is unknown. To 
address this question, we prepared single-brain-cell suspensions us-
ing frozen samples of cortex from familial FTLD patients with one of 
three different MAPT mutations, specifically MAPT P301L, MAPT 
N279K, or MAPT E372G (Table 1), or from normal controls and de-
termined aneuploidy levels using a dual-color DNA probe set to vi-
sualize chromosomes 12 and 21 via FISH. We found that cortical 
brain cells from FTLD patients with MAPT mutations exhibit signifi-
cantly higher levels of trisomy 12 and trisomy 21 relative to cortical 
brain cells from normal controls (Figure 4A). Furthermore, we ob-
served significantly higher levels of mosaic aneuploidy (i.e., either 
monosomy or trisomy) for chromosomes 12 and 21 in both neuronal 
[NeuN(+)] and nonneuronal [NeuN(–)] cells from the cortex relative 
to normal controls (Figure 4B). These results show that familial FTLD 
caused by MAPT mutations is characterized by mosaic aneuploidy, 
including trisomy 21, in both neurons and glia in the brain.

Increased apoptosis in brain neurons and glia from 
FTLD patients with MAPT mutations correlates with 
induced aneuploidy
To ask directly whether aneuploidy and neurodegeneration are 
linked in FTLD, we measured apoptosis in cortical brain cells from 
the patients with MAPT mutations. Simultaneous terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) to detect 
apoptotic cells, NeuN staining to identify neurons, and chromosome 

postnatal neuronal development, we prepared single-cell suspen-
sions from brains of tau+/+, tau+/–, and tau–/– mice (aged 6–7 mo) 
and analyzed both neurons and nonneuronal cells for chromosome 
16 aneuploidy using chromosome-specific FISH and NeuN immu-
nocytochemistry. Knocking out one copy, or, even more effectively, 
both copies of Tau led to a significant increase in aneuploid neurons 
(Figure 3, A and B). This result shows that a total or even partial loss 
of Tau function, suggesting possible haploinsufficiency, in mice 
leads to a cell-cycle defect in neuronal precursor cells that results in 
chromosome mis-segregation and mosaic aneuploidy.

Elevated levels of mosaic aneuploidy in brain neurons and 
glia from FTLD patients with MAPT mutations
Although we observed aneuploidy in mouse brain cells that was in-
duced by expression of the P301L or P301S FTLD-causing form of 
human MAPT and in mouse brain neurons with complete or partial 
loss of Tau (Mapt) function, whether FLTD-associated mutations in 

FIGURE 2:  Trisomy 16 induced by the expression of human MAPT 
harboring the P301S FTLD-causing mutation in brain and spleen cells 
from older mice. Brains and spleens were harvested from 8-mo-old 
transgenic mice expressing the human MAPT gene harboring the 
FTLD-causing P301S mutation (MAPT-P301S) and from age-matched 
control mice (NON). Single-brain-cell suspensions and splenocyte 
cultures were prepared and analyzed for aneuploidy by FISH using a 
mouse chromosome 16 BAC probe. The data show that expression of 
MAPT-P301S induces chromosome mis-segregation in brain cells 
(A) and in splenocytes (B) (independent t test, one-tailed; effect size 
Cohen’s d of 1.54 and 1.69, respectively). Error bars indicate SEM, 
*p < 0.05.

FIGURE 3:  Complete or partial loss of tau function induces trisomy 
16 in mouse neurons. Single-cell suspensions of brain cells from 
tau+/+, tau+/–, and tau–/– mice were analyzed by FISH using a mouse 
chromosome 16 BAC DNA probe and costained with the anti-NeuN 
antibody to identify neurons. Quantitative analysis of BAC signals 
(Spectrum Orange d-UTPs) revealed a significant increase in trisomy 
16 in neurons from tau+/– and tau–/– mice compared with tau+/+ 
mice (A). The graph shows mean difference between groups using 
ANOVA with Tukey HSD post hoc (effect size η2 = 0.75 for neurons). 
Representative examples of tau+/– and tau–/– neurons [NeuN(+), 
green] and glia [NeuN(–)] are shown (B). *p < 0.05, **p < 0.005.
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of induced aneuploidy and apoptosis. As shown in Figure 6A and 
Supplemental Figure 1, A–C, and illustrated in Figure 6B and 
Supplemental Figure 1B, expression of FTLD-causing mutant 
forms of MAPT (P301L or V337M) induced a significant increase in 
aneuploidy within 48 h posttransfection, compared with control 
cells transfected with the vector alone. Levels of aneuploidy in 
cells transfected with wild-type MAPT were intermediate between 
those of cells transfected with the vector alone and cells trans-
fected with the FTLD-causing MAPT mutants. At this 48-h time 
point, levels of apoptosis were essentially undetectable (data not 
shown).

TUNEL staining at a later time point of 72 h posttransfection 
revealed significantly higher levels of apoptosis in cells expressing 
either MAPT P301L or MAPT V337M, relative to control cells 
transfected with the vector alone (Figure 6C). Quantitative analy-
sis of cells costained for TUNEL and FISH for chromosomes 12 
and 21 showed that the majority of TUNEL(+) cells at 72 h were 
aneuploid, regardless of whether they were negative controls or 
were expressing wild-type or mutant MAPT (Figure 6, D and E). 
Analysis of the frequency of apoptosis among aneuploid cells and 
of aneuploidy among apoptotic cells at 72 h indicated that ∼80% 

12 and 21 FISH staining of brain samples from normal control sub-
jects and familial FTLD patients with a MAPT mutation, including 
MAPT P301L, MAPT N279K, or MAPT E372G (Table 1), showed that 
apoptosis was significantly increased in cortical brain cells from 
FTLD-MAPT patients relative to normal controls (Figure 5, A and E). 
Furthermore, the proportion of TUNEL(+)/apoptotic cells that were 
aneuploid (i.e., either monosomic or trisomic) for chromosome 12 or 
21 reached around 80% in normal control brain cells and in brain 
cells from FTLD-MAPT patients (Figure 5B), despite the significant 
difference in the percentages of both aneuploid and apoptotic cells 
between control and FTLD brains, and this was true for both NeuN(+) 
neurons (Figure 5C) and NeuN(–) nonneuronal cells (Figure 5D). The 
large percentage of apoptotic cells that were aneuploid (i.e., 80%) 
contrasts with the much smaller percentage of aneuploid brain cells 
that were apoptotic (i.e., 20%) in both FTLD-MAPT patients and in 
normal control subjects (Figure 5F). Thus, while the normal control 
subjects had significantly lower overall levels of both apoptosis and 
aneuploidy (Figure 5A), our finding that the majority of apoptotic 
cells were aneuploid suggests that aneuploidy is a cause, rather than 
a consequence, of apoptosis. If aneuploidy was a consequence, 
rather than a cause, of apoptosis, then we would have expected to 
find that the majority of aneuploid brain cells were apoptotic/
TUNEL(+). Thus, our findings provide evidence that familial FTLD 
associated with MAPT mutations causes neurons and glia to become 
aneuploid and that the aneuploid neurons and glia are then prone to 
undergoing apoptosis. These results mirror previous findings in AD 
showing that aneuploid neurons are particularly susceptible to de-
generation (Arendt et al., 2010), but that some aneuploid neurons 
retain sufficient function to be incorporated into brain circuits 
(McConnell et al., 2013). In our experiments, chromosome segrega-
tion clearly affects both neuronal and nonneuronal cells in familial 
FTLD patients with MAPT mutations.

Expression of human MAPT genes harboring FTLD-causing 
mutations induces aneuploidy and subsequent apoptosis in 
karyotypically normal human cells
To rule out the possibility that pathological processes that arise in 
human FTLD-MAPT and in mutant MAPT mouse models are indi-
rectly responsible for generating aneuploid neurons and glia, we 
transiently expressed human MAPT genes harboring one of two 
different FTLD-causing mutations in the karyotypically normal, 
nonneuronal hTERT-HME1 human cell line and assessed the levels 

FIGURE 4:  Increased levels of mosaic aneuploidy in brain neurons 
and glia from FTLD patients with MAPT mutations. Quantitative FISH 
analysis of single-cell suspensions prepared from frozen cortical brain 
samples of individuals genetically identified as having familial FTLD 
with a mutation in MAPT (MAPT-FTLD) (n = 4) compared with normal 
controls (n = 7) revealed significantly higher percentages of brain cells 
with trisomy 12 or 21 in FTLD-MAPT patients (A). Separated analysis 
of neurons [NeuN(+)] from other brain cells [NeuN(–)] showed 
increased total aneuploidy (i.e., monosomy or trisomy for 
chromosome 12 or 21) in both cortical neurons and glia from familial 
FTLD patients relative to normal controls (B). The graphs show mean 
difference and significance (*) using one-way ANOVA with Tukey 
post hoc test. Error bars indicate SEM. *p < 0.05, **p < 0.005, and 
***p < 0.0005. A minimum of ∼1000 nuclei/slide and three slides/
sample were counted and recorded for statistical analyses.

Diagnosis MAPT mutation Age (yr) Sex

FTLD P301L 52 M

P301L 62 M

N279K 51 F

E372G 58 M

Controls WT 59 F

WT 61 M

WT 63 M

WT 63 M

WT 53 M

WT 79 M

WT 74 M

TABLE 1:  Demographics of familial MAPT FTLD cases and 
age-matched control individuals without neurologic disease.
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tion. This finding suggests that aneu-
ploidy precedes and most likely plays 
a causative role in the neuronal cell 
death that accompanies FTLD-MAPT.

Apoptosis induced by expression 
of MAPT harboring FTLD-causing 
mutations is not caused by 
oxidative stress
Our data thus far show that FTLD-caus-
ing forms of human MAPT induce aneu-
ploidy and apoptosis in human brain 
cells and when expressed in a karyotypi-
cally normal human cell line. The tem-
poral order of aneuploidy followed by 
apoptosis in our cell culture experi-
ments suggests a cause–effect relation-
ship. However, it is theoretically possible 
that FTLD-associated MAPT mutations 
cause both aneuploidy and apoptosis 
through some common intermediate 
step. Indeed, oxidative stress has been 
described in transgenic mice expressing 
MAPT harboring the P301S FTLD muta-
tion (Lopez-Gonzalez et  al., 2015). To 
test the possibility that FTLD-causing 
forms of MAPT induce oxidative stress, 
which in turn leads to both aneuploidy 
and apoptosis, we measured oxidative 
stress levels, including reactive oxygen 
species (ROS) and superoxide, in cells 
expressing the FTLD mutant forms of 
MAPT. In these experiments, we found 
no evidence of increased stress relative 
to controls (Supplemental Figure 2). 
These findings show that the effects of 
FTLD mutant MAPT on aneuploidy and 
apoptosis are not likely to be caused by 
oxidative stress.

Expression of MAPT harboring 
FTLD-causing mutations induces 
mitotic spindle defects in 
karyotypically normal human cells
To investigate the mechanism by which 
MAPT dysfunction leads to chromo-
some mis-segregation, aneuploidy, and 
subsequent apoptosis, we analyzed mi-
totic spindle structures in hTERT-HME1 
cells transfected with a vector for ex-
pressing wild-type MAPT, MAPT P301L, 
or MAPT V337M or with the vector 
alone as a negative control (Figure 7). 

The cells transfected with either of the MAPT mutants exhibited in-
creased levels of various types of mitotic spindle abnormalities, in-
cluding lagging chromosomes, multiple centrosomes, and microtu-
bule aggregates at 48 h posttransfection (Figure 7, D–J), when 
aneuploidy is observed but before apoptosis is observed. These data 
provide strong support for the conclusion that microtubule instability 
and consequent mitotic spindle dysfunction are a mechanism by 
which mutant MAPT induces chromosome mis-segregation, aneu-
ploidy, and, ultimately, apoptosis.

of apoptotic cells were aneuploid, but less than 20% of aneuploid 
cells were apoptotic (Figure 6F). This relationship between aneu-
ploidy and apoptosis was true both in negative control cells, 
which had low levels of aneuploidy and apoptosis, and in cells 
expressing wild-type or mutant MAPT, which had significantly 
higher levels of aneuploidy and apoptosis. Notably, although the 
cells expressing the FLTD-causing mutant MAPT genes showed 
increased levels of aneuploidy at 48 h posttransfection, they did 
not exhibit increased levels of apoptosis until 72 h posttransfec-

FIGURE 5:  Apoptosis in aneuploid brain neurons and glia from FTLD patients with MAPT mutations. 
Costaining for TUNEL, NeuN, and FISH for chromosomes 12 and 21 revealed higher levels of 
apoptosis, indicated by TUNEL(+) staining, in cortical brain cells from FTLD patients with MAPT 
mutations (MAPT-FTLD) relative to normal control subjects (Control) (A). Quantitative analysis 
showed that the majority of cells that were TUNEL(+)/apoptotic were aneuploid (i.e., monosomic or 
trisomic for chromosome 12 or 21), regardless of whether they were from normal control subjects or 
from FTLD-MAPT patients (B). Further, a similarly large percentage of the TUNEL(+), NeuN(+) 
neuronal cells (C) and TUNEL(+), NeuN(–) glial cells (D) were aneuploid in both normal control 
subjects and FTLD-MAPT patients. (E) Images of an aneuploid FTLD-MAPT (P301L) cell with three 
copies of chromosome 21 and one copy of chromosome 12 (I) showing NeuN (II); and TUNEL 
staining (III); FISH for chromosomes 12 and 21 with DAPI (IV); TUNEL, NeuN, and FISH for 
chromosomes 12 and 21 (V); and a merged image of TUNEL (red), NeuN (green), FISH for 
chromosomes 12 (green) and 21 (orange/red), and DAPI (blue) (VI). Notably, although the probe 
signals are very distinct and easily distinguishable when viewed through the eyepieces of the 
microscope, it is difficult to show this in the captured images, since the emission wavelengths for the 
FISH probes and the NeuN/TUNEL staining show some overlap. Analysis of the frequency of 
apoptosis among aneuploid brain cells and of aneuploidy among apoptotic brain cells indicates that 
around 80% of apoptotic cells were aneuploid in both control brains and FTLD-MAPT brains, 
whereas less than 20% of aneuploid cells were apoptotic in both control brains and FTLD-MAPT 
brains (F). More than 1000 cells per slide and three slides per sample were scored for statistical 
analysis. Statistical significances were calculated using a Student’s t test. Error bars indicated SEM. 
*p < 0.05, **p < 0.005, and ***p < 0.0005.
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a more direct test of whether the aneu-
ploidy caused by mutant MAPT expression 
induces apoptosis or whether the apoptosis 
caused by mutant MAPT expression occurs 
independently of the aneuploidy, hTERT-
HME1 cells transfected with the pcDNA 
vector for expressing MAPT P301L or MAPT 
V337M, or with the pcDNA vector alone as 
a negative control, were treated for 48 h 
with Nutlin-3 at 24 h posttransfection to halt 
cell division and inhibit the generation of 
aneuploid cells. As expected, cells express-
ing mutant MAPT (P301L or V337M) exhib-
ited significantly higher levels of aneuploidy 
(Supplemental Figure 3A) and apoptosis 
(Supplemental Figure 3B) relative to mock 
transfected cells, cells transfected with the 
pcDNA vector, or cells expressing wild-type 
MAPT; however, Nutlin-3 treatment of cells 
expressing mutant MAPT (P301L or V337M) 
prevented them from becoming aneuploid, 
as measured using a FISH probe for chro-
mosome 21 (Supplemental Figure 3C), and 
it also prevented them from undergoing 
apoptosis, as measured by TUNEL staining 
(Supplemental Figure 3D). If the expression 
of mutant MAPT induces apoptosis inde-
pendently of the aneuploidy, then we would 
have expected to observe increased apop-
tosis but not increased aneuploidy in the 
cells expressing mutant MAPT, since the 
Nutlin-3 treatment would prevent them from 
dividing and becoming aneuploid. However, 
the data clearly show that both mutant 
MAPT-induced aneuploidy and apoptosis 
were suppressed by Nutlin-3 treatment, in-
dicating that the apoptosis is dependent on 
the aneuploidy caused by abnormal cell di-
vision (Supplemental Figure 3).

DISCUSSION
Aneuploidy and apoptosis in various 
neurodegenerative diseases
Previous studies have shown that aneuploidy 
occurs in neurons, glia, and other cells in 
sporadic and all familial forms of AD (Potter, 
1991; Potter et  al., 1995; Migliore et  al., 
1997; Geller and Potter, 1999; Kingsbury 
et al., 2006; Mosch et al., 2007; Thomas and 
Fenech, 2008; Iourov et al., 2009) and that 
the specific degeneration of aneuploid neu-
rons that occurs between midstage and ad-
vanced AD accounts for 90% of total neuro-
nal cell loss observed at autopsy (Arendt 
et al., 2010). Although chromosome instabil-
ity was described previously in peripheral 
cells from FTLD patients with MAPT muta-

tions (Rossi et  al., 2008), aneuploidy levels in the brain were not 
determined.

Here we show that the brains of familial FTLD patients with 
MAPT mutations exhibit significantly increased levels of mosaic an-
euploidy for chromosomes 12 and 21, together with a significant 

Mutant MAPT-induced aneuploidy and apoptosis both 
depend on cell division
The data presented above are most consistent with the defects in 
mitosis and consequent chromosome mis-segregation and aneu-
ploidy preceding and thus likely leading to apoptosis (Figure 8). As 

FIGURE 6:  Induction of trisomy 12 and 21 followed by apoptosis in karyotypically normal 
human cells expressing MAPT harboring FTLD-causing mutations. Quantitative FISH analysis of 
hTERT-HME1 cells transfected in the absence of vector (Reagent), with the pcDNA3.1 vector 
alone (pcDNA), or with the pcDNA3.1 vector harboring wild-type MAPT (WT-MAPT), MAPT with 
the P301L mutation (P301L), or MAPT with the V337M mutation (V337M) revealed an increase in 
trisomy 12 (green) and trisomy 21 (orange) in cells expressing MAPT with the FTLD-causing 
mutations (P301L or V337M) at 48 h compared with cells transfected with the vector alone (A). 
Levels of aneuploidy in cells transfected with wild-type MAPT were intermediate between cells 
transfected with the vector alone and cells transfected with the FTLD-causing MAPT mutants. 
A representative cell with trisomy for chromosomes 12 (green) and 21 (red) showing three 
individual signals for each chromosome at 48 h is shown in B. Costaining for TUNEL (green) and 
FISH for chromosomes 12 and 21 at 72 h revealed a significant increase in apoptosis, indicated 
by TUNEL(+) staining, in cells expressing MAPT with the P301L or V337M mutation relative to 
negative control cells (Reagent and pcDNA) (C). Quantitative analysis showed that the majority 
of the cells that were TUNEL(+) at 72 h were aneuploid, regardless of whether they were 
negative controls or were expressing wild-type or mutant MAPT (D). A representative apoptotic 
(green, from Reagent) cell with trisomy 12 at 72 h is shown (E); FISH for chromosomes 12 and 21 
(I), FISH and DAPI (II), NeuN staining (III), and merged imaged (IV). Analysis of the frequency of 
apoptosis among aneuploid cells and of aneuploidy among apoptotic cells at 72 h indicates that 
around 70–80% of apoptotic cells were aneuploid, but only around 15–30% of aneuploid cells 
were apoptotic in both negative control cells and in cells expressing wild-type or mutant MAPT 
(F). The graphs show mean differences between treatments using ANOVA with Dunnett t test 
(A) and post hoc test (C, D, and F) and pcDNA3.1 as comparison group (one-tailed; effect size η2 
= 0.60 for trisomy 21 and η2 = 0.58 for trisomy 12). On average, ∼500 cells/slide and three 
slides/sample for each of three replicates were scored. Significance was calculated using an 
independent t test. Error bars indicate SEM. *p < 0.05, **p < 0.005, and ***p < 0.0005.
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FIGURE 8:  Proposed theoretical mechanistic pathway of aneuploidy 
and apoptosis in FTLD-MAPT and other tauopathies. On the basis of 
the evidence presented here, which shows that mutant MAPT-induced 
aneuploidy and apoptosis require cell division, we hypothesize that 
the expression of mutant forms of MAPT in the cells of FTLD-MAPT 
patients (or in patients with other tauopathies) would induce mitotic 
spindle defects, which would in turn lead to the accumulation of 
aneuploid cells over time as a result of aberrant cell division. An 
increase in the aneuploid cell population would not only place a heavy 
burden on the aneuploid cells to overcome the detrimental effects of 
altered gene dosage but also render them more vulnerable and prone 
to undergoing apoptosis.

FIGURE 7:  Mitotic spindle defects induced by expression of MAPT 
harboring FTLD-causing mutations in a karyotypically normal human 
cell line. The hTERT-HME1 cell line was transfected in the absence of 
vector (Reagent), with the pcDNA3.1 vector alone (pcDNA), or with 
the pcDNA3.1 vector harboring wild-type MAPT (WT-MAPT), MAPT 
with the P301L mutation (P301L), or MAPT with the V337M mutation 
(V337M), and microscopy images were taken during the metaphase 
and anaphase stages of mitosis at 48 h posttransfection; microtubules 
are shown in red, and DNA is shown in blue. Normal spindles: the 
chromosomes are aligned properly in metaphase and are also 
undergoing proper segregation in anaphase (A–C). Abnormal spindles: 
lagging chromosomes, the majority of the chromosomes are aligned 
properly but some remain unattached and unaligned (D, E); multiple 
centrosomes: more than two microtubule arrays are present during 
mitosis (F, G); and microtubule aggregate: the tubulin subunits do not 
polymerize properly but instead form a cluster inside the nucleus 
(H, I). Cells expressing the mutant MAPT genes (P301L or V337M) 
show a significant increase in MT abnormalities in comparison to 
samples transfected with the pcDNA vector alone or in the absence of 
vector (J). The graphs show mean difference and significance (*) of the 
cells transfected with the mutant MAPT genes compared with the 
pcDNA3.1 vector alone (sham-control) using ANOVA with a Tukey 
post hoc test. Error bars indicate SEM. **p < 0.005.

increase in apoptosis in both neuronal and nonneuronal cells. Fur-
thermore, ∼80% of the neuronal apoptosis occurs in the aneuploid 
neurons, which parallels the finding described above that 90% of 
neuronal cell death in advanced AD can be attributed to the specific 
loss of aneuploid neurons (Arendt et al., 2010).

Our finding that apoptosis occurs preferentially in aneuploid 
cells from familial FTLD patients with MAPT mutations, including 
neurons, combined with our observation that a karyotypically nor-

mal human cell line expressing MAPT with an FTLD-causing muta-
tion first exhibits aneuploidy without apoptosis at 48 h and then 
undergoes apoptosis at 72 h suggest that apoptosis arises from 
aneuploidy and not vice versa. This conclusion was tested directly 
by experiments with Nutlin-3 showing that the aneuploidy and the 



582  |  J. Caneus, A. Granic, et al.	 Molecular Biology of the Cell

processes may generate the neuronal aneuploidy observed at au-
topsy in patients with neurodegenerative diseases and may arise in 
the adult and be promoted by aging. First, data from many studies 
over the past couple of decades have provided evidence that neu-
rogenesis can be induced in many brain regions in adult mice and 
rats in response to brain damage (Zhao et al., 2008; Spalding et al., 
2013; Zheng et al., 2013; Ibrahim et al., 2016) and attempted self-
repair by the brain or as part of an ongoing process in the subven-
tricular/granular zone of the brain (Eriksson et al., 1998; Hallbergson 
et al., 2003; Sakamoto et al., 2014). Therefore, neuronal damage 
and the mitotic defect in FTLD-MAPT could produce aneuploid re-
placement neurons, which would not be fully functional and would 
be particularly prone to apoptosis and degeneration, as our experi-
ments have shown. Aneuploidy has been shown to promote degen-
eration in many other experimental systems, possibly by inducing 
proteotoxic stress (Rajendran et al., 2008; Kai et al., 2009; Arendt 
et al., 2010; Oromendia and Amon, 2014).

The second potential mechanism for aneuploidy generation dur-
ing aging and neurodegeneration is cell-cycle reentry. Neurons in 
the AD brain express phosphoproteins usually detected only during 
mitosis (McShea et al., 1997; Vincent et al., 1997; Arendt, 2012), and 
in AD mice, the loss of preexisting neurons induces neuronal reentry 
into the cell cycle (Lopes et al., 2009; Seward et al., 2013). Indeed, 
Aβ induces the expression of mitotic proteins and cell-cycle reentry 
in mature neurons in culture (Majd et al., 2008; Seward et al., 2013). 
A similar process may be occurring in familial FTLD associated with 
MAPT mutations.

Finally, the recent discovery that striatal astrocytes can transdif-
ferentiate into new neurons capable of forming functional neuronal 
circuits with preexisting neurons following ischemic brain injury 
(Magnusson et al., 2014; Duan et al., 2015) suggests that the aneu-
ploid glia we observed in FTLD brains may have the potential to 
transdifferentiate into the aneuploid neurons that we also observed.

It seems very likely that the aging process may exacerbate any or 
all of these processes that have the potential to generate aneuploid 
neurons and other cells. Indeed, aneuploidy has been proposed 
and found to increase with age (Arendt et al., 2009; Yurov et al., 
2009, 2010; Fischer et al., 2012).

Evidence that MAPT plays a role in chromosome 
segregation in both FTLD and AD
Our studies showing that MAPT plays a role in chromosome segre-
gation in some forms of FTLD is consistent with previous findings in 
AD, which showed that mutant forms of APP or PSEN1 or Aβ itself 
also induce chromosome mis-segregation in a MAPT-dependent 
manner (Boeras et al., 2008; Granic et al., 2010; Borysov et al., 2011). 
Additionally, the fact that MAPT and APP phosphorylation and pro-
cessing are cell-cycle-dependent modifications that increase during 
mitosis, and that MAPT, APP, and presenilin are localized to mitotic 
structures, such as centrosomes (Li et al., 1997; Sjoberg et al., 2006; 
Rossi et al., 2008; Judge et al., 2011), further implicates both MAPT 
and Aβ function in the process of chromosome segregation.

Other studies linking aneuploidy, neurodegeneration, 
and MAPT
Evidence linking neuronal aneuploidy, neurodegeneration, and 
MAPT was reported recently by two other groups in Drosophila. 
Specifically, a study by Bougé and Parmentier (2016) showed that 
excess Tau causes mitotic spindle defects, aneuploidy, and apop-
tosis through inhibition of the microtubule-dependent motor 
protein Kinesin-5/Eg5. Similar results have been observed by 
Malmanche et al. (2017), who examined photoreceptors and brain 

apoptosis induced by mutant MAPT expression in cultured cells are 
not independent of each other, because both require cell division. 
Our additional finding of mosaic aneuploidy in nonneuronal brain 
cells from FTLD patients with MAPT mutations reinforces the previ-
ous finding of chromosome instability in peripheral cells of FTLD 
patients with MAPT mutations (Rossi et al., 2008) and indicates that 
chromosome mis-segregation is likely a general feature of all cells in 
patients with FTLD-MAPT. The fact that mitotic spindle abnormali-
ties and aneuploidy arise within two mitotic cell cycles (at 48 h post-
transfection) in karyotypically normal human cells expressing FTLD-
causing mutant forms of MAPT and later lead to apoptosis provides 
a mechanistic link between microtubule dysfunction and neurode-
generation in FTLD-MAPT. Over time, an individual with FTLD-
MAPT who has carried one of these MAPT mutations in all of their 
cells for their entire life would be expected to also show significant 
levels of mosaic aneuploidy in cells throughout their body, and their 
aneuploid neurons would be at significant risk for apoptosis.

The general cell-cycle dysfunction shown in our FTLD-MAPT ex-
periments and the similar findings in AD indicate that multiple chro-
mosomes undergo mis-segregation in these and potentially other 
neurodegenerative diseases (Potter et al., 1995; Migliore et al., 1997; 
Geller and Potter, 1999; Kingsbury et al., 2006; Mosch et al., 2007; 
Boeras et al., 2008; Thomas and Fenech, 2008; Iourov et al., 2009; 
Arendt et al., 2010, 2015; Arendt, 2012; Granic et al., 2010; Borysov 
et al., 2011; Yurov et al., 2014). For example, we have found that 
Niemann-Pick Type C1, another tauopathy, caused by defects in cho-
lesterol metabolism, is characterized by aneuploid neurons and 
other cells (Granic and Potter, 2013). In addition, a recent study of 
Lewy body dementia showed an increase in neuronal DNA content 
(hyperdiploidy) that correlated with neuronal loss in all brain regions 
examined (Yang et al., 2015). These results together with our studies 
of AD and FTLD-MAPT support the general conclusion that aneu-
ploid neurons arise by different mechanisms in multiple forms of neu-
rodegenerative disease and that the increasing susceptibility of an-
euploid neurons to apoptosis may underlie much of the neuronal 
loss and cognitive decline that characterize these disorders.

Potential means by which aneuploid neurons arise in 
MAPT-FTLD
The generation and accumulation of aneuploidy in dividing cell pop-
ulations might, in principle, arise by both genetic and environmental 
stressors at any time in life (discussed in Potter, 1991, and Oromendia 
and Amon, 2014). However, it has long been believed that neurons 
are postmitotic cells and furthermore that vertebrates are born with a 
finite number of neurons with little or no neurogenesis occurring in 
the adult brain (Bhardwaj et al., 2006). These long-held beliefs raise 
the question of when and how aneuploid neurons arise during age-
associated neurodegenerative disease.

Aneuploidy generation during embryogenesis.  One explanation 
for neuronal aneuploidy in neurodegenerative diseases is that it 
arises in neuronal precursor cells during embryogenesis and then 
later leads to neurodegeneration. Certainly, our data show that hav-
ing an FTLD-causing mutation in MAPT is sufficient to induce abnor-
mal mitotic spindles and subsequent aneuploidy. However, the 
mechanism by which age may contribute to the process remains 
unclear. It is possible that aging may promote the development of 
additional processes that promote the degeneration of aneuploid 
neurons in these disorders (Potter, 1991; Potter et al., 2016).

Aneuploidy generated during adult neurogenesis and aging.  Al-
though neurogenesis appears to be rare in normal adult brain, three 
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therapy, by inhibition of MAPT phosphorylation, or by rescue of in-
hibited Kinesin-5/Eg5 activity, may improve chromosome segrega-
tion and lead to reduced levels of aneuploidy and subsequent 
neurodegeneration.

MATERIALS AND METHODS
Cell line
The hTERT-HME1 (Clontech) is a telomerase-immortalized primary 
human mammary epithelial cell line that divides indefinitely and re-
tains normal function, phenotype, and karyotype (Jiang et al., 1999). 
The cell line was cultured in supplemented mammary epithelium 
basal medium (MEBM; Lonza), as described previously (Boeras 
et al., 2008; Granic et al., 2010). Early cell passages were used for 
the experiments.

Primary mouse cells
Mouse spleens and brains were harvested and processed for culture 
or immediately fixed as single-cell suspensions for FISH and FISH/
immunocytochemistry, as described previously (Boeras et al., 2008; 
Granic et al., 2010; Granic and Potter, 2013; Caneus et al., 2017).

Human brain cells
Approximately 1–2 g of frozen human brain cortices from patients 
diagnosed with familial FTLD associated with MAPT mutations 
(aged 56 ± 5 yr) and controls (aged 65 ± 9 yr; p = 0.054) was ob-
tained from the Mayo Clinic Brain Bank and the Banner Sun Health 
Research Institute and Brain and Body Donation Program, respec-
tively. The tissues were dissociated into single-nuclei suspensions, 
fixed, and processed for FISH in combination with NeuN and/or 
TUNEL immunocytochemistry, as described previously (Granic et al., 
2010; Granic and Potter, 2013).

Mice
Tau-/- knockout mice (obtained from the Jackson Laboratory, B6.129 
× 1-MAPTtm1Hnd/J [Dawson et  al., 2001]) and their heterozygous 
(tau+/-) and wild-type (tau+/+) littermates were 6–7 mo old (back-
ground strain: C57BL/6). Transgenic mice expressing a human FTLD-
causing mutation in the MAPT gene (P301S) from a prion promoter 
and their nontransgenic control (NON) were ∼8 mo old and were 
obtained from the Jackson Laboratory (B6;C3-Tg[Prnp-MAPT*P301S]
PS19Vle/J). In addition, brain tissue samples from an FTLD mouse 
model expressing the human mutant MAPT (P301L) transgene un-
der the control of the prion promoter and control nontransgenic 
mice (∼8 wk old) were purchased from the Jackson Laboratory (FVB-
Tg[tetO-MAPT*P301L]#Kha/JlwsJ and FVB/NJ, respectively).

Plasmids
Plasmids constructed by inserting the wild-type human MAPT cDNA 
or the human MAPT cDNA harboring an FTLD-causing mutation 
(P301L or V337M) into the pcDNA3.1 expression vector were gifts 
from Chad Dickey (University of South Florida, Tampa). The Nucleo-
Bond Plasmid Purification Kit (BD Bioscience) was used for nucleic 
acid extraction from NovaBlue Singles competent cells (Novagen).

Antibodies, kits, and DNA probes
Mouse/rabbit anti-neuronal nuclei (NeuN) AlexaFluor antibodies 
(Millipore, MAB377X; Abcam, ab190195) and DAPI (4’,6-diamidino-
2-phenylindole) II (Abbott, Vysis) or VectaShield with DAPI (Vector 
Laboratories) were used to label neurons and nuclei, respectively. A 
BAC probe to mouse chromosome 16 was either purchased (Mouse 
IDetect Chromosome 16 D16Mit88 Point Probe, RP24–288N19, 
Empire Genomics) or prepared directly using a Nick Translation Kit 

neurons in Drosophila and found that adult-onset neurodegenera-
tion mediated by MAPT overexpression included the generation 
of aneuploid cells (Malmanche et al., 2017). The former result is of 
particular interest in light of our prior finding that Aβ induces chro-
mosome mis-segregation and aneuploidy though competitive in-
hibition of Kinesin-5/Eg5 (Borysov et al., 2011). Thus, causal muta-
tions leading to AD and FTLD-MAPT appear to lead to chromosome 
mis-segregation, aneuploidy, and apoptosis through inhibition of 
the same target enzyme: Kinesin-5/Eg5.

Possible explanations for how a general cell-cycle defect 
can lead to regional neurodegeneration
Both AD and FTLD and indeed all neurodegenerative disease show 
pathology and cell loss in specific regions of the brain, while sparing 
other regions, and this regional specificity correlates roughly with 
the clinical symptoms (e.g., tau pathology in AD). Because APP and 
MAPT are expressed widely, other factors must control essential 
steps in the pathogenic pathway that results in regional specificity. 
In AD, the specificity arises from differences in the expression of 
modulator proteins, such as the amyloid catalysts alpha-1-antichy-
motrypsin (ACT) and ApoE, which are essential for the conversion of 
Aβ to oligomers and filaments. Indeed, only Aβ oligomers cause 
chromosome mis-segregation and aneuploidy (Granic et al., 2010; 
Borysov et al., 2011). Both ACT and ApoE are inflammation-associ-
ated proteins in the brain that are not expressed highly in the cere-
bellum in AD, for example, where amyloid pathology also does not 
arise. Prion disease research has also found that species and re-
gional specificity must involve a specific component, termed 
“protein X,” that is needed for pathology (Yehiely et al., 1997). Pro-
tein X has yet to be definitively identified, but one study showed 
that it is not ApoE (Tatzelt et al., 1996).

The finding that APP and Presenilin mutations and their product, 
oligomeric Aβ peptide, cause chromosome mis-segregation in cells, 
transgenic mice, and humans through disruption of the mitotic spin-
dle and that the consequent aneuploidy may underlie much of the 
neurodegeneration, as discussed above, also begs the same ques-
tion of how an effect on a common physiological process such as 
mitosis can lead to region specific neurodegeneration. As antici-
pated above, the explanation in AD may lie in the regional expres-
sion of ApoE.

Similarly, we suggest that one potential explanation for the re-
gional specificity of FTLD is that another protein that is expressed in 
the cortex interacts with mutant MAPT to promote its pathological 
effect on microtubules. It is also possible that such a protein or even 
the direct effect of mutant MAPT only occurs in dividing cells, as our 
experiment with Nutlin-3 indicates. In that case, only neurons under-
going cell-cycle reentry or being replaced by neurogenesis would 
be sensitive to mutant MAPT. Alternatively, other microtubule-bind-
ing proteins that can substitute for damaged tau may be normally 
preferentially expressed in certain brain regions (i.e., those not af-
fected in FTLD), thereby underlying region-specific protection.

Targeting microtubule and mitotic spindle dysfunction 
to prevent neurodegeneration
Taken together with the results of our previous work and recent re-
ports, the data presented herein provide a novel mechanism for 
neurodegeneration and neuronal dysfunction in FTLD based on mi-
crotubule and mitotic spindle dysfunction (Figure 8). Further, the 
findings may lead to new general treatments or preventative strate-
gies for a wide range of neurodegenerative disorders, including 
FTLD, AD, Niemann Pick Type C1, ALS, Lewy body dementia, and 
Down syndrome. For example, microtubule stabilization, by drug 
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alone or transfected with a FuGene 6-DNA complex of either the 
plasmid vector (pcDNA3.1) or the pcDNA3.1 plasmid vector har-
boring wild-type MAPT, MAPT V337M, or MAPT P301L and cul-
tured on glass chamber slides. The cells were allowed to prog-
ress through the cell cycle and harvested at the metaphase/
anaphase stages of mitosis, fixed in methanol for 5 min at –20˚C, 
subjected to indirect immunofluorescence staining with a mouse 
anti–alpha-tubulin antibody (Abcam; Cat. Ab28439) and Alexa 
Fluor-conjugated goat anti-mouse antibody, and mounted in 
Vectashield with DAPI.

Image acquisition and analysis
FISH hybridization signals were analyzed following Abbott/Vysis 
guidelines as described (Boeras et al., 2008; Granic et al., 2010). 
Between 800 and 1000 interphases per sample per treatment were 
scored for aneuploidy, and at least 400 NeuN(+) and NeuN(–) 
mouse brain cells were analyzed for BAC DNA signals. In addition, 
the percentage of cells that were positive for TUNEL labeling was 
recorded and scored for apoptosis analysis. Mitotic spindles and 
DNA were visualized and scored for quantitative analysis using ZEN 
2011 SP1 imaging software. Each of the in vitro experiments was 
done in triplicate.

Statistics
Normality of data was determined by Shapiro-Wilk test. Independent 
t tests were used to compare aneuploidy in FTLD and control brain 
and spleen cells in the experiments using transgenic mice expressing 
human MAPT P301S. One-way analysis of variance (ANOVA) with 
Tukey HSD and Dunnett test was used to establish significance in all 
other studies, as indicated by (*) or presented in the figures. The ef-
fect size (η2 for ANOVA and Cohen’s d for t test) was calculated for 
the main outcomes. The analyses were performed in Microsoft Excel 
2013 and IBM SPSS Statistics version 22.

(Roche) with Spectrum Green or Red dUTP (Vysis) using a chromo-
some 16 BAC plasmid (a gift from Bruce Lamb, The Cleveland 
Clinic), as described previously (Boeras et al., 2008; Granic et al., 
2010; Granic and Potter, 2013). A mixture of fluorescently labeled 
DNA probes for the detection of human chromosomes 12 and 21 
(LSI TEL/AML1 ES Dual Color Translocation Probe) or individual 
probes for the detection of human chromosome 21 (Vysis TelVysion 
21q SpectrumOrange Probe, Vysis LSI ERG [Tel] SpectrumGreen 
Probe, Vysis LSI ERG [Cen] SpectrumRed Probe) were obtained from 
Abbott, Vysis. TUNEL assay was carried out using the Click-iT Plus 
TUNEL Assay for in situ apoptosis detection with Alexa Fluor dyes 
(molecular probes) on brain samples and cultured cells in with or 
without Nutlin-3 (Selleckchem; Cat. No. S1061). A cellular ROS/
Superoxide Detection Assay Kit (Abcam; ab139476) was used to 
measure oxidative stress levels in cultured cells.

FISH analysis
Single nuclei suspensions were dropped on glass slides (Fisher-
Brand) and air-dried/aged at room temperature overnight. The 
slides/nuclei were then subjected to hybridization procedures ac-
cording to the manufacturer (Abbott, Vysis) using established proto-
cols with the mouse and human probes described above and previ-
ously, including hybridization in a HyBrite chamber (Vysis). In 
subsequent steps, the slides were either counterstained with Vecta-
shield with DAPI immediately (cultured cells) or processed for NeuN 
immunostaining followed by DAPI counterstain (brain samples) 
(Boeras et al., 2008; Granic et al., 2010; Granic and Potter, 2013; 
Caneus et al., 2017).

TUNEL staining combined with FISH and 
immunocytochemistry for brain cells
Single-nuclei suspensions prepared from either frozen human brain tis-
sues or from hTERT cells transfected for 72 h with mutant MAPT genes 
were fixed, dropped, and air-dried overnight on glass slides and sub-
jected to TUNEL staining, which involved incubation with a recombi-
nant terminal deoxynucleotidyl transferase (TdT) and dUTPs with Alexa 
Fluor dyes for a combined 1 h, 40 min at 37˚C, according to the manu-
facturer’s recommended procedure (Click-iT Plus TUNEL Assay; Life 
Technologies). Following TUNEL staining, the cells were processed for 
FISH with DNA probes for chromosomes 12 and 21 and immunocyto-
chemistry with anti-NeuN antibodies (Millipore and Abcam), as de-
scribed previously. On average, more than 500 cells/slide and three 
slides/sample were counted for the transfected hTERT cells, and ∼1000 
cells/slide and two slides were counted for each human subject.

Transient transfection
The hTERT-HME1 cells (∼1.8 × 105 cells/2 ml) were plated into a six-
well plate and transfected with an empty pcDNA3.1 vector, with the 
pcDNA3.1 vector harboring a wild-type or mutant (P301L or V337M) 
human MAPT cDNA, or with a mixture of reduced Opti-MEM and 
FuGENE 6 transfection reagent (Promega), according to the manu-
facturer’s protocol, as described previously (Boeras et  al., 2008; 
Granic et  al., 2010). Cells from three parallel transfections were 
treated with Nutlin-3 at 24 h posttransfection and incubated for an 
additional 48 h. The samples were then harvested, fixed, and scored 
for aneuploidy using chromosome 21 FISH and apoptosis using 
TUNEL at 72 h posttransfection.

Immunocytochemistry of hTERT-HME1 cells for 
microtubule analyses
Confluent hTERT cells were harvested, plated at a density of 
∼1.5 × 105 cells/2 ml, and treated with the FuGENE 6 reagent 
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