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Abstract

Background: Mutations in the progranulin (PGRN) gene, leading to haploinsufficiency, cause familial frontotemporal lobar
degeneration (FTLD-TDP), although the pathogenic mechanism of PGRN deficit is largely unknown. Allelic loss of PGRN was
previously shown to increase the activity of cyclin-dependent kinase (CDK) CDK6/pRb pathway in lymphoblasts expressing
the c.709-1G.A PGRN mutation. Since members of the CDK family appear to play a role in neurodegenerative disorders and
in apoptotic death of neurons subjected to various insults, we investigated the role of CDK6/pRb in cell survival/death
mechanisms following serum deprivation.

Methodology/Principal Findings: We performed a comparative study of cell viability after serum withdrawal of established
lymphoblastoid cell lines from control and carriers of c.709-1G.A PGRN mutation, asymptomatic and FTLD-TDP diagnosed
individuals. Our results suggest that the CDK6/pRb pathway is enhanced in the c.709-1G.A bearing lymphoblasts.
Apparently, this feature allows PGRN-deficient cells to escape from serum withdrawal-induced apoptosis by decreasing the
activity of executive caspases and lowering the dissipation of mitochondrial membrane potential and the release of
cytochrome c from the mitochondria. Inhibitors of CDK6 expression levels like sodium butyrate or the CDK6 activity such as
PD332991 were able to restore the vulnerability of lymphoblasts from FTLD-TDP patients to trophic factor withdrawal.

Conclusion/Significance: The use of PGRN-deficient lymphoblasts from FTLD-TDP patients may be a useful model to
investigate cell biochemical aspects of this disease. It is suggested that CDK6 could be potentially a therapeutic target for
the treatment of the FTLD-TDP.
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Introduction

Frontotemporal Lobar Degeneration (FTLD) is the second most

common form of cortical dementia in the presenium, accounting

for approximately 20% of dementia patients in this age group. In

one of the most common forms of FTLD, there are deposits in the

affected regions of ubiquitin-immunoreactive bodies containing

mainly TDP-43 protein, and thus named FTLD-TDP [1]. FTLD-

TDP is characterized by a widespread atrophy largely affecting the

frontal, temporal, and parietal lobes with neuronal loss, reactive

atrocytosis, and TDP-43 immunoreactive lesions [2]. The latter

include neuronal cytoplasmic inclusions (NCI), less frequent

oligodendroglial inclusions (GI), neuronal intranuclear inclusions

(NII), and dystrophic neurites (DN). Various subtypes of FTLD-

TDP have been proposed based on the proportion and

distribution of the TDP-43 immunoreactive lesions [3,4]. A large

subset of FTLD-TDP patients has been identified to harbor loss-

of-function mutations (including null mutations) in the gene

encoding progranulin (PGRN) [5,6], and a smaller number of

mutations in the valosin-containing protein (VCP) gene [7].

The relationship between PGRN deficiency and FTLD is

largely unknown. PGRN is a 593 amino acid, 86 kDa cysteine-

rich protein containing a signal peptide and 7.5 repeats of highly

conserved granulin motifs [8]. PGRN is widely distributed [8],

including the central nervous system (CNS) [4,5]. Previous

research has suggested that PGRN may function as an autocrine

neuronal growth factor involved in the inflammatory neuronal

repair process in the CNS [9]. Recently, the finding that PGRN

binds to the tumor necrosis factor receptor (TNFR) has provided

a plausible mechanism to explain the anti-inflammatory action of

PGRN [10].

PGRN has been reported to promote neuronal survival in

culture [11], though the degree of this effect is controversial [12].
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Conversely, PGRN-deficient neurons display reduced survival (but

only in stressful conditions, e.g. following H2O2 administration)

[13]. Studies utilizing non-neuronal cells suggest that PGRN can

influence apoptosis [13–16].

We previously described a prevalent ancestral c.709-1G.A

mutation related to Basque population [17,18]. The c.709-1G.A

mutation results in null allele, as most of the pathogenic mutations

described up to now, suggesting that FTLD in these families results

from PGRN haploinsufficiency [5]. In a recent report from this

laboratory, we described alterations in cell cycle-related proteins in

lymphoblastoid cell lines derived from peripheral blood mono-

nuclear cells (PBMCs) of c.709-1G.A carriers. In particular, we

detected enhanced levels and activity of CDK6 [19] associated

with increased cell proliferation. These cell cycle disturbances were

considered as systemic manifestations of the proposed aberrant cell

cycle activation in neurodegenerative disorders including FTD

[20,21]. On the other hand, there is a growing evidence for the

involvement of cell cycle CDKs in neurodegenerative disorders

and neuronal apoptosis [21–23]. Induction of CDKs occurs in

vivo in mature adult neurons during focal stroke and kainate-

induced excitotoxicity [24,25]. It is also seen in neuronal cultures

deprived of trophic factors or treated with DNA damaging agents

[23]. On these grounds, we found interesting to study the influence

of PGRN deficiency on the CDK/pRb pathway and cell survival

under conditions of serum deprivation. It is well known that

a functional trophic factor deficiency in the microenviroment of

vulnerable neurons plays a role in the etiopathogeny of

neurodegenerative diseases [26,27].

Increasing evidences have suggested that subsets of bio-

chemical dysfunctions affecting the brain of neurodegenerative

diseases patients may also be traced outside the CNS [28].

Therefore peripheral cells, such as fibroblasts or blood

lymphocytes have been extensively used in search for useful

biomarkers that may correlate with expression and/or pro-

gression of the relative disease [29–31]. We demonstrated

previously the usefulness of Epstein Barr Virus (EBV)-immor-

talized lymphocytes to study cell survival/death mechanisms in

AD [32–35]. Since cellular response is not affected by the viral

transformation [32–36], the lymphoblastoid cell lines resulting

from the EBV transformation represent an easy form to obtain

unlimited material to study regulatory mechanisms associated to

neurodegeneration. In this work, we carried out a comparative

analysis of vulnerability to different noxious stimuli in immor-

talized lymphocytes from control subjects and individuals

carrying the PGRN mutation c.709-1G.A, asymptomatic or

suffering from FTLD-TDP. Here, we report an increased

resistance to serum withdrawal-induced apoptosis in non-

neuronal cells carrying the c.709-1G.A PGRN mutation linked

to FTLD-TDP. The protective mechanism involves increased

CDK6 activity and it is accompanied by decreased caspase

activation and lower dissipation of mitochondrial membrane

potential. CDK6 inhibitors sensitize PGRN mutation positive

cells to serum withdrawal-induced apoptosis. It is suggested that

CDK6 can be a therapeutic target for FTLD-TDP patients.

Results

Cellular Response to Stress in Control and c.709-1G.A
PGRN Carriers Lymphoblasts

We first studied the cellular response to various insults

previously known to cause cell death, such as H2O2, 2-deoxy-D-

ribose (2dRib) [44,45] or serum deprivation, in lymphoblasts from

control and c.709-1G.A carriers. As shown in Table 1, the

oxidative noxae, H2O2 or 2dRib induced cell death in control and

PGRN deficient cells. A trend towards more resistance to cell

death was observed in PGRN deficient cells although there was no

statistically significance. In contrast, lymphoblasts carrying the

PGRN mutation appear to be resistant to cell death induced by

serum withdrawal.

The serum dependence of cell survival for control or PGRN

deficient lymphoblasts is shown in Fig. 1A. As expected, the cell

number was significantly higher in cultures of c.709-1G.A

carriers in the presence of progressively decreasing serum

concentrations. This observation is in consonance with previous

work demonstrating enhanced proliferative activity in lympho-

blasts carrying the PGRN mutation c.7091-G.A [19]. Following

72 h of serum deprivation, the number of cells in control cultures

was below the initial seeding while the number of PGRN deficient

lymphoblasts did not change. No differences were observed in the

proliferative activity (as assessed by BdU incorporation) of control

and c.709-1G.A carriers cells under serum replacement (Fig. 1B),

thus ruling out that enhanced proliferation could mask the

resistance of PGRN deficient cells to serum deprivation-induced

death. Data in Fig. 1C summarizes the kinetics of the cellular

response to serum deprivation of all cell lines used in this study,

derived from carriers of the c.709-1G.A PGRN mutation,

asymptomatic and FTLD affected cases, and control individuals.

In control cultures, near 30% of cells died after 3-day period of

serum starvation, whereas less than 10% of PGRN mutated cells

died during the same period of time. It is noteworthy that there

was no differences in survival between cells from asymptomatic or

patients.

Serum Withdrawal Induces Apoptosis
Because cell death can occur via apoptosis or necrosis, it was

important to determine which mechanism was involved in serum-

starved cells. Apoptosis is characterized by a number of

morphological and biochemical events that distinguish it from

necrosis. Serum withdrawal-induced cell death was therefore

assessed by different procedures. These include 1) flow cytometric

analysis of cellular DNA content, 2) microscopic examination of

nuclei stained with DAPI, 3) dependence of caspase activity, 4)

flow cytometric analysis of mitochondrial membrane potential

following serum deprivation, 5) flow cytometric analysis of

executive caspases activity by using the Vybrant FAM Caspase-3

and 7 kit (Invitrogen), and 6) assessment of cytochrome c release

from the mitochondria. Fig. 2A shows the cell cycle status before

and after serum deprivation in control and c.709-1G.A PGRN

mutation bearing lymphoblasts. It is shown a higher accumulation

Table 1. Cellular response to stress in control and c.709-
1G.A PGRN carriers lymphoblasts.

Condition % of surviving Cells

Control Asymptomatic FTLD Patients

H2O2 (100 mM) 5866 6664 6764

2dRib (30 mM) 6961 6768 6664

SW 6664 9563* 9263*

Lymphoblasts from control and c.709-1G.A PGRN carriers were incubated in
serum-free RPMI medium for 72 h (SW) or with 10% FBS in the presence of H2O2

or 2 deoxy Ribose (2dRib) for 24 h. The cells were then counted by Trypan blue
dye exclusion or by the MTT methods. Results are expressed as % of the
number of cells at day 0, and are the mean6SE of four independent
experiments. Statistical difference: *p,0.05 from lymphoblasts from control
individuals.
doi:10.1371/journal.pone.0037057.t001

CDK6 Inhibitors Induce Apoptosis in FTLD Cells
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of hypodiploid nuclei, following serum withdrawal, in control

cultures than in PGRN mutated lymphoblasts. Fig. 2B shows

a representative experiment demonstrating chromatin condensa-

tion in the nucleus of PGRN mutated cells. As control of apoptosis

use was made of staurosporine.

To address whether or not the activity of caspases was essential

for the observed increase in apoptosis after serum withdrawal,

lymphoblasts from control and PGRN mutation carriers were

treated with a general caspase inhibitor (z-VAD-fmk). Fig. 3A

shows that this compound prevented apoptosis in control cells,

without affecting survival of lymphoblasts from c.709-1G.A

carriers (either asymptomatic or FTLD patients). The green

fluorescent probe FLICA, binds irreversibly to activated caspases 3

and 7, thus increasing the fluorescent signal in apoptotic cells. The

assessment of the cell distribution of FLICA fluorescent signal in

serum deprived control and PGRN mutated lymphoblasts

indicates a higher increase in the activity of executive caspases

3 and 7 in control cells as compared with cells carrying the c.709-

Figure 1. Influence of PGRN haploinsufficiency on cell response to serum stimulation or withdrawal. A: Immortalized lymphocytes from
control and c.709-1G.A carriers, FTLD patients or asymptomatic individuals were seeded at an initial density of 16106/ml and incubated in RPMI
medium with decreasing concentrations of FBS or in the absence of serum for 72 h. Cell viability was determined by trypan blue exclusion under
inverted phase-contrast microscopy. Data are the mean6SE for at least four independent experiments carried out with cell lines from different
individuals *p,0.01 significantly different from control cells. B: Proliferative response of control and PGRN deficient cells in the presence or in the
absence of serum. Lymphoblasts (5000 cells/well) were seeded in 96-well plates in the presence of 10% FBS or serum replacement (SR). After 24 h,
cells were pulsed with 10 mM BrdU for 4 h. DNA synthesis was assessed by BrdU incorporation method according to the manufacturer’s instructions.
Proliferation was expressed as absorbance of stimulated minus that of nonstimulated cultures. Each bar represents the mean6SE of three
independent experiments performed in triplicate. C: Effect of PGRN deficiency on the serum deprivation-induced cell death. Lymphoblasts from
control and c.709-1G.A carriers, FTLD patients or asymptomatic individuals were seeded as above and incubated in serum-free RPMI medium for
72 h. Cells were harvested every day thereafter and cell viability was determined by trypan blue exclusion under inverted phase-contrast microscopy.
Data shown are the mean6SE of all cell lines used in this study (see Table 2). * and +p,0.05 differences significantly different between control and
asymptomatic or FTLD patients respectively.
doi:10.1371/journal.pone.0037057.g001

Table 2. Demographic characteristics of the subjects enrolled
in the study.

Control n =10 c.709-1G.A

Asymptomatic
n=12

FTLD Patients
n =7

Age (years) 5264 5364 65.462.6

Age range (31–70) (35–72) (54–70)

Gender (Male/
Female)

5/5 6/6 6/0

PGRN level (range) 95–170 29–61 20–57

Control: individuals without sign of neurological degeneration. Key: c.709-
1G.A, progranulin mutation; FTLD, frontotemporal lobar degeneration.
doi:10.1371/journal.pone.0037057.t002
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1G.A mutation, whether they are asymptomatic or FTLD

patients (Fig. 3B).

Changes in mitochondrial membrane potential (DWm) were

determined by using the fluorescent probe JC-1. After 72 h of

serum deprivation, control and c.709-1G.A PGRN mutation

carrier cells showed certain degree of mitochondrial membrane

depolarization as indicated by a decrease in the red (H)/green (I)

JC-1 fluorescence ratio (Fig. 4A). However, there were important

differences in the extent of depolarization. After 72 h of serum

deprivation (Fig. 4B right panel) the drop in red/green fluores-

cence ratio was significantly decreased in control cells, while

PGRN deficient cells, from asymptomatic or FTLD patient, were

only slightly depolarized as expected because of the lack of cell

death detected in these conditions. No differences in membrane

potential were observed in control and PGRN mutated cells prior

to serum starvation (Fig. 4B left panel).

The release of mitochondrial cytochrome c following serum

deprivation further indicates the activation of the ‘‘intrinsic’’

(mithochondrial initiated) apoptotic pathway. Fig. 5 shows that

serum deprivation-induced release of cytochrome c to the cytosolic

compartment is enhanced in control lymphoblasts compared with

the c.709-1G.A PGRN mutation bearing cells.

Figure 2. Serum withdrawal induces apoptosis. A: Effect of serum deprivation on distribution of control and c.709-1G.A lymphoblasts in cell
cycle. The experimental conditions are identical to those described in the legend of Fig. 1. Cells were harvested before and after 72 h of serum
deprivation, fixed and analyzed by flow cytometry as described under Materials and Methods. The percentage of sub-G0/G1 hypodiploid cells is
represented below. Data shown are the mean6SE of different experiments carried out with cell lines from eight control subjects, eight asymptomatic
and seven FTLD patients, carrying the PGRN c.709-1 G.A mutation, respectively. *p,0.05 significantly different from control cells. B: Representative
photomicrograph showing the presence of chromatin condensation/fragmentation (arrows) in the nuclei of control cells following 72 h of serum
withdrawal. As a control of apoptosis, cells from non-demented individuals were treated with 1 mM staurosporine for 5 h. Nuclei were stained with
DAPI.
doi:10.1371/journal.pone.0037057.g002

CDK6 Inhibitors Induce Apoptosis in FTLD Cells
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Figure 3. Serum deprivation-induced apoptosis is accompanied by changes in caspase activation. A: Influence of the pan-caspase z-
VAD-fmk inhibitor on survival of lymphoblasts derived from control, asymptomatic and FTLD patients following serum deprivation. Cells were seeded
at an initial density of 16106/ml and incubated in serum-free RPMI medium for 72 h in the absence or in the presence of 50 mM z-VAD-fmk for 72 h.
Results shown are the mean6SE of different experiments carried out with cell lines from four control subjects, asymptomatic or FTLD patients,
carrying the PGRN c.709-1G.A mutation, respectively. *p,0.05 significantly different from control cells. B: Caspase activation in serum-deprived
lymphoblasts from control and c.709-1G.A carriers. Cells were incubated as above and then labeled with the FLICA reagent, following the
manufacture’s recommendation to detect its binding to active caspases 3 and 7. A representative flow cytometric analysis of the frequency
distribution of cells according their green fluorescence is showing. Below it is shown the percentage of cells with active caspases 3 and 7 (mean6SE)
of 3 observations carried out in different cell lines from control or c.709-1G.A PGRN mutation carriers individuals. *p,0.05 significantly different
from control cells.
doi:10.1371/journal.pone.0037057.g003

CDK6 Inhibitors Induce Apoptosis in FTLD Cells
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Role of CDK/pRb Pathway on Cell Survival
Previous work from this laboratory indicated that the c.709-

1G.A PGRN mutation carriers showed increased activity and

levels of CDK6 protein under proliferating conditions [19]. We

were interested in evaluating the role of the CDK6/pRb

pathway in the survival/death of these cell lines under serum

deprivation conditions. First, we determined by quantitative

RT-PCR the expression levels of mRNA CDK6 and, by

Western blot analysis, the levels of CDK6 and pRb in control

and PGRN mutated cells following serum withdrawal. Fig. 6A,

shows that both the mRNA levels of CDK6 and protein content

increased in PGRN mutated cells incubated in the absence of

serum. Taken together our results suggest that increased

expression of CDK6 is a distinct feature of PGRN deficient

lymphoblasts independent of the presence or absence of serum.

CDK6 activity, assessed by pRb and p130 phosphorylation

status was increased in c.709-1G.A PGRN mutation carrying

cells, either asymptomatic or FLTD patients (Fig. 6B). No

differences were found in the levels of cyclins D1, D2 and D3

or in the CDK inhibitors p16 and p18 between control and

PGRN-deficient lymphoblasts (Fig. 6C).

We next inhibited CDK6 activity with an inhibitor of histone

deacetylases (HDAC) to blunt the CDK6 mRNA expression, such

as sodium butyrate (SB). Incubation of cells with SB induced

down-regulation of CDK6 mRNA, reduced protein levels and the

phosphorylation status of pRb (Fig. 7A,B) and sensitized PGRN

mutated cells to serum deprivation-induced cell death (Fig. 7C).

Cell survival of control cells was not affected by this dose of SB

(10 mM). This dose of SB was proven to be effective in blunting the

enhanced proliferative response of PGRN deficient lymphoblasts

[19]. On the other hand, we specifically inhibited CDK6 activity

with the small molecule PD332991 (Pfizer). We observed that

increasing concentrations of this compound (0.5 to 2.5 mM)

induced cell death of control and PGRN deficient lymphoblasts in

a dose-dependent manner (data not shown). Maximal effects were

observed at 1 mM PD332991. Treatment of control and PGRN

Figure 4. Mitochondrial membrane potential in lymphoblasts from control and c.709-1G.A carrier individuals. A: Lymphoblasts from
control and c.709-1G.A carriers (asymptomatic and patients) were labeled with the probe JC-1 following manufacturer’s directions before and 72 h
after serum withdrawal. Representative flow cytometric analysis of the frequency distribution of cells according their red or green fluorescence,
corresponding to the aggregated or monomeric form of the JC-1 probe is presented. B: The ratio aggregated/monomeric (H/I) form of the JC-1 probe
was determined before (left panel) and after 72 hours of serum deprivation (right panel). Values shown are the mean6SE of seven observations
carried out in different cell lines from control, asymptomatic or FTLD patients. *p,0.05 significantly different from control cells.
doi:10.1371/journal.pone.0037057.g004
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mutated cells with this dose of PD332991, induced dephosphor-

ylation of pRb protein without changes in the CDK6 mRNA and

protein levels in control and PGRN deficient cells (Fig. 7 D y E).

This treatment sensitized c.709-1G.A PGRN mutation carrier

cells to serum deprivation-induced apoptosis and increased death

of control lymphoblasts (Fig. 7F).

Role of PGRN Haploinsufficiency on the Survival of
Immortalized Lymphocytes

To further understand the influence of PGRN deficiency on cell

survival, we added recombinant PGRN in the presence or in the

absence of CDK6 inhibitors, to the culture medium. Fig. 8 shows

that exogenous PGRN mimicked the proapoptotic effects of SB,

while cooperated with PD332991 to produce a greater inhibition

of phosphorylation of pRb protein and cell survival in PGRN

deficient cells. While PGRN or SB did not affect either

phosphorylation of pRb or survival of control cells, inhibiting

CDK6 activity by PD332991, alone or in combination of PGRN,

greatly decreased the phosphorylation of pRb and consequently

raised the vulnerability of control cells to serum deprivation.

Taken together these results suggest that exogenous PGRN

blunted the enhanced CDK6 mRNA expression levels in PGRN

deficient cells. Interestingly, the treatment of PGRN deficient cells

with exogenous PGRN in the presence of serum had similar effects

than SB in preventing the increased proliferative response of these

cell lines. Moreover exogenous PGRN and PD332991 showed also

additive effects in decreasing cell proliferation (results not shown).

These observations highlight the important role of CDK6/pRb

pathway in determining the cell fate, survival/death depending on

growth factors availability.

Discussion

Results presented herein indicate that immortalized lympho-

cytes from c.709-1G.A PGRN mutation carriers, asymptomatic

or FLTD patients are more resistant to cell death induced by

serum deprivation than those derived from control individuals.

These cell lines were previously found to show enhanced

proliferative activity upon serum stimulation [19]. These neo-

plastic-like features of PGRN deficient lymphoblasts may be

Figure 5. Enhanced release of cytochrome c to the cytosol in serum-deprived lymphoblasts bearing the c.709-1G.A PGRN
mutation. A: Lymphoblasts from control and c.709-1G.A carriers were serum deprived for 72 h. Cell lysates were fractionated to isolate cytoplasmic
and crude mitochondria. The presence of cytochrome c in cytosolic and mitochondrial fractions was assessed by WB analysis using the ApoTrack
antibody cocktail, which demonstrates the purity of the fractions and loading. A representative blot of three independent experiments is shown. B:
Cytochorme c detection in cytosolic extracts from control and PGRN deficient lymphoblasts. A representative immunoblot showing cytosolic
cytochorme c in two different individuals for each condition is shown (left panel). Densitometric analysis is presented in the right panel. The data
represent the mean6SE of the cytosolic cytochrome c for four observations in different cell lines. *p,0.05 significantly different from control cells.
doi:10.1371/journal.pone.0037057.g005

CDK6 Inhibitors Induce Apoptosis in FTLD Cells

PLoS ONE | www.plosone.org 7 May 2012 | Volume 7 | Issue 5 | e37057



systemic manifestations of cell cycle-related events associated with

neurodegeneration, as described in several diseases of the Central

Nervous System (CNS) [46–49]. We and others reported pre-

viously a selective impairment of mechanisms involved in cell

death in peripheral cells from Alzheimer’s disease patients [32,50–

52]. Moreover, we demonstrated that the immortalization pro-

cedure did not alter the cellular response of fresh obtained

lymphocytes, to addition or withdrawal of mitogenic factors

[32,36], thus providing support for considering lymphoblastoid

cell lines as suitable model to study cell survival/death mechanisms

regulation associated with neurodegeneration and for testing novel

modifying-disease therapies.

Cell death induced by serum deprivation showed characteristics

of apoptosis. The lower sensitivity of PGRN deficient cells to

trophic factors withdrawal was accompanied by lower dissipation

of DWm, decreased activation of capases 3 and 7, and reduced

cytochrome c release from the mitochondria, compared with

control cells.

c.709-1G.A PGRN mutated cells treated with inhibitors of

CDK6 activity undergo significant apoptosis in the absence of

serum in the culture medium as they do control cells, suggesting

a role of the CDK/pRb signaling pathway in protecting PGRN

deficient cells from apoptosis. The effects of SB and PD332991 on

survival of lymphoblasts bearing the PGRN mutation are in line

with the reported effects of PD332991 on myeloma cells inhibiting

cell cycle progression and increasing the cell sensitivity to

bortezomib-induced apoptosis [53]. Considering that CDK6

inhibitors are already being used for treatment of a number of

human tumors [54] with a good tolerance, it is plausible that they

may serve as novel therapeutic drugs for FTLD.

The observed enhanced CDK/pRb activity of PGRN deficient

lymphoblasts contrasts with the fact that increased CDK activity

Figure 6. CDK6 mRNA, protein levels and pRb phosphorylation in lymphoblasts from control and c.709-1G.A carriers individuals.
Immortalized lymphocytes from control and c.709-1G.A carriers, FTLD patients or asymptomatic individuals were seeded at an initial density of
16106/ml and incubated in serum-free RPMI medium. 48 hours later cells were harvested to isolate RNA and to prepare cell lysates. A: CDK6 mRNA
expression levels were analyzed by quantitative RT-PCR (left panel), and the CDK6 protein content was analyzed by WB (right panel). The inmunoblot
shows two different cell extracts from control, asymptomatic and FTLD patients is shown. The data represent the mean6SE for six observations in
different cell lines. *p,0.05 significantly different from control cells. B: Representative inmunoblots showing pRb and p130 phosphorylation status in
two different control, asymptomatic or FTLD individuals is shown. pp = the hyperphosphorylated form of the pRb or the p130 protein. Below it is
shown the densitometric analysis of the hyperphosphorylated form of pRb and p130. Data represent the mean6SE for six independent observations
in different cell lines. C: Representative immunoblots showing the cellular content of Cyclin D1, D2 and D3, and the CDK inhibitors p16 y p18 in two
different control, asymptomatic or FTLD individuals.
doi:10.1371/journal.pone.0037057.g006
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and pRb phosphorylation have been linked to neuronal death in

a number of cell and animal models of neurodegeneration [55,56].

However, one has to take into account that alteration of cell cycle-

related events in brain and lymphocytes have different con-

sequences. Lymphocytes from PGRN mutation carrier individuals

show and enhanced proliferative activity [19] and increased

resistance to serum deprivation-induced cell death than cells

derived from control individuals. On the other hand, cell cycle

disturbances in already adult neurons results in cellular dysfunc-

tion, premature cell death, and thus neurodegeneration [57]. It is

worth mentioning that CDK6 inhibitors addition to PGRN

mutated lymphoblasts were able to restore the ‘‘normal’’ cell

response to serum stimulation [19] or withdrawal (this manu-

script), by blunting the enhanced proliferative activity or

sensitizing cells to apoptosis in the absence of serum. In both

situations, CDK6 inhibitors decreased the levels of phosphoryla-

tion of pRb protein in c.709-1G.A carrier cells to reach those of

control cells. It remains to be demonstrated whether CDK6

inhibitors would protect neurons in FTLD brain from apoptosis by

modulating the CDK6/pRb pathway, but it has been suggested

that SB and other HDAC inhibitors behave as neuroprotective

drugs [58]. These compounds prolonged the life span of cultured

cortical neurons [59] and promoted neuronal growth. Work

carried out in vivo demonstrated that they protected neurons from

ischemic stroke [60]. A neuroprotective effect of these drugs has

also been reported in animal models of neurodegenerative

disorders [61,62].

The proapoptotic effect of SB in PGRN mutated cells appears

to be directly related to PGRN insufficiency since it was mimicked

by the addition of recombinant PGRN. The fact that exogenous

PGRN mimicked the SB effects but cooperate with the inhibitor of

CDK6 activity PD332991 on cell survival, points out to the

Figure 7. Effects of sodium butyrate and PD332991 on CDK6 mRNA and protein levels and in the survival of control and c.709-
1G.A carriers lymphoblasts. Lymphoblasts were incubated as in the legend of Fig. 6 in the absence or in the presence of 10 mM SB (A, B and C)
or 1 mM PD332991 (E, F and G) for 48 h. CDK6 mRNA analysis was performed by quantitative RT-PCR, protein levels were assessed by WB. Cell survival
was determined by trypan blue exclusion under inverted phase-contrast microscopy. Values shown are the mean6SE for four independent
observations carried out in different cell lines. *p,0.05 significantly different from control cells. **p,0.05 significantly different from untreated cells.
doi:10.1371/journal.pone.0037057.g007
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alteration of CDK6 transcription as the major cause of aberrant

cell survival/death response of PGRN deficient cells.

The expression of CDK6 is negatively regulated by TDP-43

[63]. The control of CDK6 expression mediated by TDP-43

involves GT repeats in the target gene sequence. Several reports

indicate that PGRN deficiency induced mislocalization of TDP-43

protein leading to a loss of the DNA-RNA binding function of the

protein [64,65]. Indeed an increase in the cytosolic content of

TDP-43 protein could be observed in c.709-1G.A bearing

lymphoblasts, associated with increased levels of CDK6 [19]. It

appears therefore that altered DNA/RNA binding protein

function, rather than toxic aggregation is central to TDP-43-

related neurodegeneration. Two recent reports support this

asseveration, the first one indicates that there is no correlation

between protein aggregates formation and severity of the disease

[66] while the second suggests that TDP-43 function is required

for cell survival in ALS [67].

Our results show no differences in the cellular response to serum

deprivation and content of CDK6 among lymphoblasts derived

from c.709-1G.A mutation carriers, asymptomatic or presenting

already clinical signs of dementia. Since most of the asymptomatic

carriers are younger than the patients, this finding suggests that

dysfunction of cell survival could be an early manifestation of the

disease. Nonetheless, there are c.709-1G.A carriers that remain

asymptomatic until advanced age suggesting that the altered cell

survival/death response is not sufficient to cause the disease and

there must be other genetic or environmental factors in de-

termining the onset of clinical disease.

The reason for the distinct vulnerability to serum deprivation

of PGRN deficient cells cannot be ascertained with the present

data. However, the possibility should be considered that changes

in signaling molecules and/or receptors might be altered. On

these grounds, it is worth to mention that it has been recently

reported disturbances in circulating levels of several cytokines in

Figure 8. Effects of exogenous progranulin in the serum deprivation-induced cell death. Lymphoblasts from control or c.709-1G.A
carriers individuals were incubated in serum-free RPMI medium in the absence or in the presence of recombinant PGRN (100 ng/ml), alone or in
combination with 10 mM SB or 1 mM PD332991. Cell survival was determined after 72 hours of serum deprivation. Data shown are the mean6SE of
four determinations carried out with different cell lines. *p,0.05 significantly different from control cells. **p,0.05 significantly different from
untreated cells. +p,0.05 significantly different from cells treated with PGRN alone. Below it is shown representative immunoblots showing the effects
of these drugs, alone or in combination of exogenous progranulin on CDK6 and pRb proteins levels.
doi:10.1371/journal.pone.0037057.g008

CDK6 Inhibitors Induce Apoptosis in FTLD Cells

PLoS ONE | www.plosone.org 10 May 2012 | Volume 7 | Issue 5 | e37057



the serum of asymptomatic and FLTD patients carriers of loss-

of-function PGRN mutations [68]. On the other hand, a recent

functional genomic study had revealed changes in Wnt signaling

pathway in PGRN deficient cells and demonstrated upregula-

tion of the FZD2 receptor in PGRN knockdown mice [69]. It

was suggested FZD2 could play a potentially neuroprotective

role in PGRN deficient cells. Moreover, TNF receptor has been

identified as a PGRN binding receptor [10]. Therefore,

progranulin haploinsufficiency could eventually potentiate

TNF-a signaling. Whether similar mechanisms operate in

lymphocytes from carriers of c.709-1G.A PGRN mutation is

currently under investigation in our laboratory.

Finally, an issue that needs to be taken into account for

discussion purposes is that although FTLD associated changes

detected in peripheral cells might not fully reflect those in FTLD

brain, it is evident that besides neuronal damage there are also

peripheral aspects of the disease. A close relationship seems to exist

between the state of the immune system, and particularly

lymphocytes, and some psychiatry disorders including AD [70].

As far as we know, clinical disturbances in the immune system

have not been reported in FTLD. However it is possible that some

factors, including neuroinflammatory cytokines that link the

peripheral immune and nervous systems can influence neuronal

survival in FTLD.

In summary, we provide evidence that CDK6/pRb signaling

pathway is enhanced in PGRN deficient cells, associated with

altered cell vulnerability to trophic factor deprivation. Exogenous

PGRN and inhibitors of CDK6 activity were able to restore the

normal cell response. It is suggested that the inhibition of CDK6

activity or alternatively the modulation of PGRN levels may have

a beneficial effect on FTLD-TDP. Taken together our results with

the recent findings that alkalinizing drugs [71] or the FDA-

approved HDAC inhibitor, suberoylanilide hydroxamic acid

(SAHA) are able to increase PGRN levels [72], it is possible to

envision new promising avenues for therapeutic intervention in

FLTD-TPD.

Materials and Methods

Materials
All components for cell culture were obtained from Invitrogen

(Barcelona, Spain). The kinase inhibitor PD332991 was kindly

provided by Pfizer. The inhibitor of histone deacetylases sodium

butyrate (SB), 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium

bromide (MTT), 2-Deoxy-D-ribose (2dRib) and H2O2 were

obtained from Sigma-Aldrich. The caspase inhibitor benzyloxy-

carbonyl-Val-Asp-fluoromethylketone (z-VAD-fmk) was obtained

from Calbiochem (Darmstad, Germany) and 4,6-diamino-2-

phenylindole (DAPI) was obtained from Serva (Heidelberg,

Germany). Progranulin (human) (recombinant) was obtained from

Enzo (Life Sciences). Poly (vinylidene) fluoride (PVDF) membranes

for western blots were purchased from Bio-Rad (Richmond, CA).

Antibodies against human Cdk6, pRb, p130, p16, p18 were

obtained from Santa Cruz Biotechnologies (Santa Cruz, CA).

Antibodies against Cyclin D1, D2 and D3 were obtained from Cell

Signaling, antibody against Lamin-B1 was obtained from

Calbiochem (Darmstad, Germany) and antibody against b-actin

was obtained from Sigma-Aldrich. ApoTrackTMcytochrome c

Apoptotic WB antibody cocktail (ab110415) was obtained for

MitoSciences (Eugene, Oregon, US). The enhanced chemilumi-

niscence (ECL) system was from Amersham (Uppsala, Sweden.).

Other reagents were of molecular biology grade.

Study Samples and Cell Lines
A total of 29 individual were enrolled in this study. We

studied 19 individuals with a single pathogenic splicing mutation

in the PGRN gene (c.709-1G.A), 7 of them patients of FTLD-

TDP, 12 asymptomatic and 10 control individuals without

mutation in PGRN nor any sign of neurological degeneration.

All patients were of Basque descent. Asymptomatic and control

individuals were relatives of patients. All patients were di-

agnosed as FTD in the Donostia Hospital by applying

consensus criteria as published elsewhere [37]. Patients exhibited

variable phenotype initial symptoms. Four of them presented

the behavioral variant of frontotemporal dementia (bv-FTD),

one progressive nonfluent aphasia, and corticobasal basal

syndrome (CBS), the other patients developed a relatively

rapidly progressive dementia with features that led to a second-

ary diagnosis. Notably, this secondary diagnosis was CBS in

three of the bv-FTD cases. It is shown that PGRN levels in

plasma were strongly reduced in affected and unaffected

subjects carrying the c.709-1G.A mutation. Table 2 sum-

marizes the demographic characteristics and the plasma levels of

PGRN of all subjects enrolled in this study.

All study protocols were approved by the Donostia Hospital and

the Spanish Council of Higher Research Institutional Review

Board and are in accordance with National and European Union

Guidelines. In all cases, peripheral blood samples were taken after

written informed consent of the patients or their relatives to

determine the presence of the c.709-1G.A PGRN mutation and

to establish the lymphoblastoid cell lines.

DNA was extracted from blood cells using standard procedures.

PGRN gene sequencing procedures used at our laboratory have

been published elsewhere [17]. For determination of PGRN

plasma levels we used an ELISA kit (AdipoGene, Korea).

Establishment of lymphoblastoid cell lines was performed in our

laboratory as previously described [38], by infecting peripheral

blood lymphocytes with the Epstein Barr virus [39]. Cells were

grown in suspension in T flasks in an upright position, in

approximately 10 ml of RPMI-1640 (Gibco, BRL) medium that

contained 2 mM L-glutamine, 100 mg/ml penicillin/streptomycin

and, unless otherwise stated, 10% (v/v) fetal bovine serum (FBS)

and maintained in a humidified 5% CO2 incubator at 37uC.

Medium was routinely changed every two days.

Determination of Cell Proliferation
Cell proliferation was assessed by the 5-bromo-29-deoxyuridine

(BrdU) incorporation method using an enzyme-linked immunoas-

say kit procured from Roche (Madrid, Spain). Cells (5000 cells/

well) were seeded in 96-well microtiter plates. Four hours prior to

the end of the interval of measurement, BrdU (10 mM) was added.

The cells were fixed with precooled 70% ethanol for 30 min at –

20uC and incubated with nucleases following manufacturer’s

recommendations. Cells were then treated for 30 min at 37uC
with peroxidase-conjugated anti-BrdU antibody. Excess antibody

was removed by washing the cells three times, followed by the

addition of substrate solution. Absorbance was measured at

405 nm with a reference wavelength of 492 nm.

Cell Survival Assay
The cell suspension was mixed with a 0.4% (w/v) trypan blue

solution and the number of live cells was determined using

a hemocytometer. Cells failing to exclude the dye were considered

nonviable. In some experiments cell viability was checked by the

MTT assay [40] obtaining similar results.
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Assessment of Apoptosis and Caspase Activity
Flow cytometry was performed to determine the content of

apoptotic sub-G1 hypo-diploid cells [41]. Exponentially growing

cultures of cell lines were seeded at an initial concentration of

16106 cells/ml and cultured for 72 h in serum-deprived RPMI

medium. Then, cells were fixed in 75% ethanol for 1 h at room

temperature. Subsequent centrifugation of the samples was

followed by incubation of cells in phosphate-buffered saline

(PBS) containing 1 mg/ml RNase at room temperature for

20 min and staining with propidium iodide (PI) (25 mg/ml). Cells

were analyzed in an EPICS-XL cytofluorimeter (Coulter Cientı́-

fica, Móstoles, Spain). Estimates of cell cycle phase distributions

were obtained by computer analysis of DNA content distribution.

In addition, apoptosis was characterized by chromatin condensa-

tion/fragmentation, as determined by cell permeabilization

followed by DAPI staining and microscopy examination.

The activation of executive caspases was investigated using the

Vybrant FAM Caspase-3 and 7 Kit (Invitrogen) including FLICA

reagent that is retained within the cell, if bound to the active

caspase molecule. Lymphoblasts from control and carriers of

c.709-1G.A mutation were resuspended in 300 ml of RPMI

containing 10 ml of FLICA reagent and incubated in 5% CO2 at

37uC for 60 min. The cells were then washed with, and suspended

in wash buffer provided with the kit. The samples were analyzed

on the flow cytometer.

Analysis of Mitochondrial Membrane Potential
Changes in mitochondrial membrane potential (DWm) were

analyzed by means of the fluorescent dye 5,5,6,6-tetrachloro-

1,1,3,3-tetraethylbenzimidazolcarbocyanine iodide (JC-1; Molec-

ular Probes) as reported [42]. When live cells are incubated with

JC-1, mitochondrial membrane polarization allows JC-1 to

selectively enter mitochondria, which causes the reversible

formation of JC-1 aggregates. JC-1 showed a spectral shift in

emitted light from 530 nm (emission of JC-1 monomeric form;

green) to 590 nm (emission of J-aggregate; green-orange) upon

excitation at 488 nm. After 72 hours of serum deprivation control

and PGRN deficient lymphoblasts were incubated with JC-1 at

final concentration 5 mg/ml for 15 min at 37uC, in the dark. At

the end of the incubation period, the cells were washed twice in

cold PBS, resuspended in a total volume of 500 ml, and analyzed

by flow cytometry. The ratio of red/green fluorescence intensity

was calculated before and after 72 h of serum deprivation. A

decrease in this ratio indicates mitochondrial depolarization (i.e

loss of mithocondrial membrane potential).

Immunoblotting Analysis
50–100 mg of protein from cell extracts were fractionated on

a SDS polyacrylamide gel, and transferred to PVDF membrane

(Bio-Rad). The amount of protein and the integrity of transfer

were verified by staining with Ponceau-S solution (Sigma). The

membranes were then blocked with non-fat milk and incubated,

overnight at 4uC, with primary antibodies at the following

dilutions: 1:500 anti-pRb, 1:1000 anti-CDK6, 1:500 anti-p130,

1:100 anti-cylin D1, 1:200 anti-cyclin D2, 1:500 anti-cyclin D3,

1:200 anti-p16, 1:100 anti-p18, 1:5000 anti-b-actin, and 1:1000

anti-lamin B1. The release of cytochome c from the mitochon-

dria was assessed after cell fractioning to get cytosolic and crude

mitochondrial extracts as described [43], using the Apo-

TrackTMcytochrome c antibody cocktail. Signals from the

primary antibodies were amplified using species-specific antisera

conjugated with horseradish peroxidase (Sigma) and detected

with a chemiluminiscent substrate detection system ELC

(Amersham). The specificity of the antibodies was checked by

omitting the corresponding primary antibody in the incubation

medium. The relative protein levels were determined by

scanning the bands with a GS-800 imaging densitometer

provided with the Quantity One 4.3.1 software from BioRad,

and normalized by those of b-actin.

Statistical Analysis
Unless otherwise stated, all data represent means 6 Standard

Error of the Mean (SE). Statistical analysis was performed on the

Data Desk package (version 4.0) for Macintosh. Statistical

significance was estimated by analysis of variance (ANOVA)

followed by the Fischer’s LSD test for multiple comparisons.

Differences were considered significant at a level of p,0.05.

Acknowledgments

We would like to thank to all patients, their families and clinicians involved

in this study.

Author Contributions

Conceived and designed the experiments: CA AMR. Performed the

experiments: CA NE. Contributed reagents/materials/analysis tools: AA

MSA ALM FM. Wrote the paper: AMR. Recruited and diagnosed FTLD

patients: FM ALM. Read and approved the final manuscript: CA NE AA

FM MSA ALM AMR.

References

1. Mackenzie IR, Rademakers R, Neumann M (2010) TDP-43 and FUS in

amyotrophic lateral sclerosis and frontotemporal dementia. Lancet Neurol 9:

995–1007.

2. Cairns NJ, Perry RH, Jaros E, Burn D, McKeith IG, et al. (2003) Patients with

a novel neurofilamentopathy: dementia with neurofilament inclusions. Neurosci

Lett 341: 177–180.

3. Cairns NJ, Bigio EH, Mackenzie IR, Neumann M, Lee VM, et al. (2007)

Neuropathologic diagnostic and nosologic criteria for frontotemporal lobar

degeneration: consensus of the Consortium for Frontotemporal Lobar De-

generation. Acta Neuropathol 114: 5–22.

4. Mackenzie IR, Baker M, Pickering-Brown S, Hsiung GY, Lindholm C, et al.

(2006) The neuropathology of frontotemporal lobar degeneration caused by

mutations in the progranulin gene. Brain 129: 3081–3090.

5. Baker M, Mackenzie IR, Pickering-Brown SM, Gass J, Rademakers R, et al.

(2006) Mutations in progranulin cause tau-negative frontotemporal dementia

linked to chromosome 17. Nature 442: 916–919.

6. Cruts M, Gijselinck I, van der Zee J, Engelborghs S, Wils H, et al. (2006) Null

mutations in progranulin cause ubiquitin-positive frontotemporal dementia

linked to chromosome 17q21. Nature 442: 920–924.

7. Forman MS, Mackenzie IR, Cairns NJ, Swanson E, Boyer PJ, et al. (2006) Novel

ubiquitin neuropathology in frontotemporal dementia with valosin-containing

protein gene mutations. J Neuropathol Exp Neurol 65: 571–581.

8. DanielR,HeZ,CarmichaelKP,HalperJ,BatemanA(2000)Cellular localizationof

gene expression for progranulin. J Histochem Cytochem 48: 999–1009.

9. Eriksen JL, Mackenzie IR (2008) Progranulin: normal function and role in

neurodegeneration. J Neurochem 104: 287–297.

10. Tang W, Lu Y, Tian QY, Zhang Y, Guo FJ, et al. (2011) The growth factor

progranulin binds to TNF receptors and is therapeutic against inflammatory

arthritis in mice. Science 332: 478–484.

11. Van Damme P, Van Hoecke A, Lambrechts D, Vanacker P, Bogaert E, et al.

(2008) Progranulin functions as a neurotrophic factor to regulate neurite

outgrowth and enhance neuronal survival. J Cell Biol 181: 37–41.

12. Hu F, Padukkavidana T, Vaegter CB, Brady OA, Zheng Y, et al. (2010) Sortilin-

mediated endocytosis determines levels of the frontotemporal dementia protein,

progranulin. Neuron 68: 654–667.

13. Guo A, Tapia L, Bamji SX, Cynader MS, Jia W (2010) Progranulin deficiency

leads to enhanced cell vulnerability and TDP-43 translocation in primary

neuronal cultures. Brain Res 1366: 1–8.

CDK6 Inhibitors Induce Apoptosis in FTLD Cells

PLoS ONE | www.plosone.org 12 May 2012 | Volume 7 | Issue 5 | e37057



14. Guerra RR, Kriazhev L, Hernandez-Blazquez FJ, Bateman A (2007)

Progranulin is a stress-response factor in fibroblasts subjected to hypoxia and
acidosis. Growth Factors 25: 280–285.

15. Kamrava M, Simpkins F, Alejandro E, Michener C, Meltzer E, et al. (2005)

Lysophosphatidic acid and endothelin-induced proliferation of ovarian cancer
cell lines is mitigated by neutralization of granulin-epithelin precursor (GEP),

a prosurvival factor for ovarian cancer. Oncogene 24: 7084–7093.

16. Zanocco-Marani T, Bateman A, Romano G, Valentinis B, He ZH, et al. (1999)

Biological activities and signaling pathways of the granulin/epithelin precursor.
Cancer Res 59: 5331–5340.

17. Lopez de Munain A, Alzualde A, Gorostidi A, Otaegui D, Ruiz-Martinez J, et

al. (2008) Mutations in progranulin gene: clinical, pathological, and ribonucleic
acid expression findings. Biol Psychiatry 63: 946–952.

18. Moreno F, Indakoetxea B, Barandiaran M, Alzualde A, Gabilondo A, et al.

(2009) "Frontotemporoparietal" dementia: clinical phenotype associated with the

c.709-1G.A PGRN mutation. Neurology 73: 1367–1374.

19. Alquezar C, Esteras N, Bartolome F, Merino JJ, Alzualde A, et al. (2012)
Alteration in cell cycle-related proteins in lymphoblasts from carriers of the

c.709-1G.A PGRN mutation associated with FTLD-TDP dementia. Neurobiol
Aging 33(2): 429.e7–20.

20. Mosch B, Morawski M, Mittag A, Lenz D, Tarnok A, et al. (2007) Aneuploidy

and DNA replication in the normal human brain and Alzheimer’s disease.
J Neurosci 27: 6859–6867.

21. Park DS, Obeidat A, Giovanni A, Greene LA (2000) Cell cycle regulators in
neuronal death evoked by excitotoxic stress: implications for neurodegeneration

and its treatment. Neurobiol Aging 21: 771–781.

22. Husseman JW, Nochlin D, Vincent I (2000) Mitotic activation: a convergent
mechanism for a cohort of neurodegenerative diseases. Neurobiol Aging 21:

815–828.

23. Liu DX, Greene LA (2001) Neuronal apoptosis at the G1/S cell cycle
checkpoint. Cell Tissue Res 305: 217–228.

24. Ino H, Chiba T (2001) Cyclin-dependent kinase 4 and cyclin D1 are required for
excitotoxin-induced neuronal cell death in vivo. J Neurosci 21: 6086–6094.

25. Osuga H, Osuga S, Wang F, Fetni R, Hogan MJ, et al. (2000) Cyclin-dependent

kinases as a therapeutic target for stroke. Proc Natl Acad Sci U S A 97:
10254–10259.

26. Brodski C, Vogt Weisenhorn DM, Dechant G (2002) Therapy of neurodegen-

erative diseases using neurotrophic factors: cell biological perspective. Expert
Rev Neurother 2: 417–426.

27. Harguindey S, Reshkin SJ, Orive G, Arranz JL, Anitua E (2007) Growth and
trophic factors, pH and the Na+/H+ exchanger in Alzheimer’s disease, other

neurodegenerative diseases and cancer: new therapeutic possibilities and
potential dangers. Curr Alzheimer Res 4: 53–65.

28. DeKosky ST, Ikonomovic MD, Wang X, Farlow M, Wisniewski S, et al. (2003)

Plasma and cerebrospinal fluid alpha1-antichymotrypsin levels in Alzheimer’s
disease: correlation with cognitive impairment. Ann Neurol 53: 81–90.

29. Cova E, Cereda C, Galli A, Curti D, Finotti C, et al. (2006) Modified expression

of Bcl-2 and SOD1 proteins in lymphocytes from sporadic ALS patients.

Neurosci Lett 399: 186–190.

30. Stieler J, Grimes R, Weber D, Gartner W, Sabbagh M, et al. (2012) Multivariate
analysis of differential lymphocyte cell cycle activity in Alzheimer’s disease.

Neurobiol Aging 33: 234–241.

31. Uberti D, Lanni C, Carsana T, Francisconi S, Missale C, et al. (2006)
Identification of a mutant-like conformation of p53 in fibroblasts from sporadic

Alzheimer’s disease patients. Neurobiol Aging 27: 1193–1201.

32. Bartolome F, de Las Cuevas N, Munoz U, Bermejo F, Martin-Requero A (2007)

Impaired apoptosis in lymphoblasts from Alzheimer’s disease patients: cross-talk
of Ca2+/calmodulin and ERK1/2 signaling pathways. Cell Mol Life Sci 64:

1437–1448.

33. Bialopiotrowicz E, Kuzniewska B, Kachamakova-Trojanowska N,
Barcikowska M, Kuznicki J, et al. (2011) Cell cycle regulation distinguishes

lymphocytes from sporadic and familial Alzheimer’s disease patients. Neurobiol

Aging 32: 2319 e2313–2326.

34. Nagy Z, Combrinck M, Budge M, McShane R (2002) Cell cycle kinesis in
lymphocytes in the diagnosis of Alzheimer’s disease. Neurosci Lett 317: 81–84.

35. Sala SG, Munoz U, Bartolome F, Bermejo F, Martin-Requero A (2008) HMG-

CoA reductase inhibitor simvastatin inhibits cell cycle progression at the G1/S
checkpoint in immortalized lymphocytes from Alzheimer’s disease patients

independently of cholesterol-lowering effects. J Pharmacol Exp Ther 324:

352–359.

36. Munoz U, Bartolome F, Bermejo F, Martin-Requero A (2008) Enhanced
proteasome-dependent degradation of the CDK inhibitor p27(kip1) in

immortalized lymphocytes from Alzheimer’s dementia patients. Neurobiol
Aging 29: 1474–1484.

37. McKhann GM, Albert MS, Grossman M, Miller B, Dickson D, et al. (2001)

Clinical and pathological diagnosis of frontotemporal dementia: report of the

Work Group on Frontotemporal Dementia and Pick’s Disease. Arch Neurol 58:
1803–1809.

38. Ibarreta D, Urcelay E, Parrilla R, Ayuso MS (1998) Distinct pH homeostatic

features in lymphoblasts from Alzheimer’s disease patients. Ann Neurol 44:
216–222.

39. Koistinen P (1987) Human peripheral blood and bone marrow cell separation

using density gradient centrifugation on Lymphoprep and Percoll in haemato-

logical diseases. Scand J Clin Lab Invest 47: 709–714.

40. Mitsiades N, Mitsiades CS, Poulaki V, Chauhan D, Richardson PG, et al. (2002)
Biologic sequelae of nuclear factor-kappaB blockade in multiple myeloma:

therapeutic applications. Blood 99: 4079–4086.

41. Nicoletti I, Migliorati G, Pagliacci MC, Grignani F, Riccardi C (1991) A rapid

and simple method for measuring thymocyte apoptosis by propidium iodide
staining and flow cytometry. J Immunol Methods 139: 271–279.

42. Cossarizza A, Baccarani-Contri M, Kalashnikova G, Franceschi C (1993) A new

method for the cytofluorimetric analysis of mitochondrial membrane potential
using the J-aggregate forming lipophilic cation 5,59,6,69-tetrachloro-1,19,3,39-

tetraethylbenzimidazolcarbocyanine iodide (JC-1). Biochem Biophys Res
Commun 197: 40–45.

43. Samali A, Cai J, Zhivotovsky B, Jones DP, Orrenius S (1999) Presence of a pre-

apoptotic complex of pro-caspase-3, Hsp60 and Hsp10 in the mitochondrial
fraction of jurkat cells. EMBO J 18: 2040–2048.

44. Ruffels J, Griffin M, Dickenson JM (2004) Activation of ERK1/2, JNK and

PKB by hydrogen peroxide in human SH-SY5Y neuroblastoma cells: role of

ERK1/2 in H2O2-induced cell death. Eur J Pharmacol 483: 163–173.

45. Koh G, Suh KS, Chon S, Oh S, Woo JT, et al. (2005) Elevated cAMP level

attenuates 2-deoxy-d-ribose-induced oxidative damage in pancreatic beta-cells.

Arch Biochem Biophys 438: 70–79.

46. Appert-Collin A, Hugel B, Levy R, Niederhoffer N, Coupin G, et al. (2006)

Cyclin dependent kinase inhibitors prevent apoptosis of postmitotic mouse

motoneurons. Life Sci 79: 484–490.

47. Hernandez-Ortega K, Quiroz-Baez R, Arias C (2011) Cell cycle reactivation in
mature neurons: a link with brain plasticity, neuronal injury and neurodegen-

erative diseases? Neurosci Bull 27: 185–196.

48. Hoglinger GU, Breunig JJ, Depboylu C, Rouaux C, Michel PP, et al. (2007) The
pRb/E2F cell-cycle pathway mediates cell death in Parkinson’s disease. Proc

Natl Acad Sci U S A 104: 3585–3590.

49. Li L, Cheung T, Chen J, Herrup K (2011) A comparative study of five mouse
models of Alzheimer’s disease: cell cycle events reveal new insights into neurons

at risk for death. Int J Alzheimers Dis 2011: 171464. 171464 p.

50. Eckert A, Oster M, Zerfass R, Hennerici M, Muller WE (2001) Elevated levels of
fragmented DNA nucleosomes in native and activated lymphocytes indicate an

enhanced sensitivity to apoptosis in sporadic Alzheimer’s disease. Specific
differences to vascular dementia. Dement Geriatr Cogn Disord 12: 98–105.

51. Naderi J, Lopez C, Pandey S (2006) Chronically increased oxidative stress in

fibroblasts from Alzheimer’s disease patients causes early senescence and renders

resistance to apoptosis by oxidative stress. Mech Ageing Dev 127: 25–35.

52. Uberti D, Carsana T, Bernardi E, Rodella L, Grigolato P, et al. (2002) Selective

impairment of p53-mediated cell death in fibroblasts from sporadic Alzheimer’s

disease patients. J Cell Sci 115: 3131–3138.

53. Menu E, Garcia J, Huang X, Di Liberto M, Toogood PL, et al. (2008) A novel
therapeutic combination using PD 0332991 and bortezomib: study in the

5T33MM myeloma model. Cancer Res 68: 5519–5523.

54. Gallinari P, Di Marco S, Jones P, Pallaoro M, Steinkuhler C (2007) HDACs,
histone deacetylation and gene transcription: from molecular biology to cancer

therapeutics. Cell Res 17: 195–211.

55. Greene LA, Liu DX, Troy CM, Biswas SC (2007) Cell cycle molecules define
a pathway required for neuron death in development and disease. Biochim

Biophys Acta 1772: 392–401.

56. Nguyen MD, Mushynski WE, Julien JP (2002) Cycling at the interface between
neurodevelopment and neurodegeneration. Cell Death Differ 9: 1294–1306.

57. Herrup K, Neve R, Ackerman SL, Copani A (2004) Divide and die: cell cycle

events as triggers of nerve cell death. J Neurosci 24: 9232–9239.

58. Langley B, Gensert JM, Beal MF, Ratan RR (2005) Remodeling chromatin and
stress resistance in the central nervous system: histone deacetylase inhibitors as

novel and broadly effective neuroprotective agents. Curr Drug Targets CNS
Neurol Disord 4: 41–50.

59. Jeong MR, Hashimoto R, Senatorov VV, Fujimaki K, Ren M, et al. (2003)

Valproic acid, a mood stabilizer and anticonvulsant, protects rat cerebral
cortical neurons from spontaneous cell death: a role of histone deacetylase

inhibition. FEBS Lett 542: 74–78.

60. Kim HJ, Rowe M, Ren M, Hong JS, Chen PS, et al. (2007) Histone deacetylase

inhibitors exhibit anti-inflammatory and neuroprotective effects in a rat
permanent ischemic model of stroke: multiple mechanisms of action.

J Pharmacol Exp Ther 321: 892–901.

61. Kidd SK, Schneider JS (2010) Protection of dopaminergic cells from MPP+-
mediated toxicity by histone deacetylase inhibition. Brain Res 1354: 172–178.

62. Ricobaraza A, Cuadrado-Tejedor M, Garcia-Osta A (2011) Long-term

phenylbutyrate administration prevents memory deficits in Tg2576 mice by
decreasing Abeta. Front Biosci (Elite Ed) 3: 1375–1384.

63. Ayala YM, Misteli T, Baralle FE (2008) TDP-43 regulates retinoblastoma

protein phosphorylation through the repression of cyclin-dependent kinase 6
expression. Proc Natl Acad Sci U S A 105: 3785–3789.

64. Dormann D, Capell A, Carlson AM, Shankaran SS, Rodde R, et al. (2009)

Proteolytic processing of TAR DNA binding protein-43 by caspases produces C-
terminal fragments with disease defining properties independent of progranulin.

J Neurochem 110: 1082–1094.

65. Zhang YJ, Xu YF, Dickey CA, Buratti E, Baralle F, et al. (2007) Progranulin
mediates caspase-dependent cleavage of TAR DNA binding protein-43.

J Neurosci 27: 10530–10534.

66. Vassall KA, Stubbs HR, Primmer HA, Tong MS, Sullivan SM, et al. (2011)

Decreased stability and increased formation of soluble aggregates by immature

CDK6 Inhibitors Induce Apoptosis in FTLD Cells

PLoS ONE | www.plosone.org 13 May 2012 | Volume 7 | Issue 5 | e37057



superoxide dismutase do not account for disease severity in ALS. Proc Natl Acad

Sci U S A 108: 2210–2215.
67. Igaz LM, Kwong LK, Lee EB, Chen-Plotkin A, Swanson E, et al. (2011)

Dysregulation of the ALS-associated gene TDP-43 leads to neuronal death and

degeneration in mice. J Clin Invest 121: 726–738.
68. Bossu P, Salani F, Alberici A, Archetti S, Bellelli G, et al. (2011) Loss of function

mutations in the progranulin gene are related to pro-inflammatory cytokine
dysregulat ion in frontotemporal lobar degenerat ion pat ient s .

J Neuroinflammation 8: 65.

69. Rosen EY, Wexler EM, Versano R, Coppola G, Gao F, et al. (2011) Functional
genomic analyses identify pathways dysregulated by progranulin deficiency,

implicating Wnt signaling. Neuron 71: 1030–1042.

70. Gladkevich A, Kauffman HF, Korf J (2004) Lymphocytes as a neural probe:

potential for studying psychiatric disorders. Prog Neuropsychopharmacol Biol

Psychiatry 28: 559–576.

71. Capell A, Liebscher S, Fellerer K, Brouwers N, Willem M, et al. (2011) Rescue

of progranulin deficiency associated with frontotemporal lobar degeneration by

alkalizing reagents and inhibition of vacuolar ATPase. J Neurosci 31:

1885–1894.

72. Cenik B, Sephton CF, Dewey CM, Xian X, Wei S, et al. (2011) Suberoylanilide

hydroxamic acid (vorinostat) up-regulates progranulin transcription: rational

therapeutic approach to frontotemporal dementia. J Biol Chem 286:

16101–16108.

CDK6 Inhibitors Induce Apoptosis in FTLD Cells

PLoS ONE | www.plosone.org 14 May 2012 | Volume 7 | Issue 5 | e37057


