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Abstract Hyperphosphorylated tau is the major protein

component of neurofibrillary tangles in the brains of

patients with Alzheimer’s disease (AD). However, the

mechanism underlying tau hyperphosphorylation is not

fully understood. Here, we demonstrated that exogenously

expressed wild-type human tau40 was detectable in the

phosphorylated form at multiple AD-associated sites in

cytoplasmic and nuclear fractions from HEK293 cells.

Among these sites, tau phosphorylated at Thr205 and

Ser214 was almost exclusively found in the nuclear

fraction at the conditions used in the present study. With

the intracellular tau accumulation, the Ca2? concentration

was significantly increased in both cytoplasmic and nuclear

fractions. Further studies using site-specific mutagenesis

and pharmacological treatment demonstrated that phos-

phorylation of tau at Thr205 increased nuclear Ca2?

concentration with a simultaneous increase in the phos-

phorylation of Ca2?/calmodulin-dependent protein kinase

IV (CaMKIV) at Ser196. On the other hand, phosphory-

lation of tau at Ser214 did not significantly change the

nuclear Ca2?/CaMKIV signaling. Finally, expressing

calmodulin-binding protein-4 that disrupts formation of

the Ca2?/calmodulin complex abolished the okadaic acid-

induced tau hyperphosphorylation in the nuclear fraction.

We conclude that the intracellular accumulation of phos-

phorylated tau, as detected in the brains of AD patients, can

trigger nuclear Ca2?/CaMKIV signaling, which in turn

aggravates tau hyperphosphorylation. Our findings provide

new insights for tauopathies: hyperphosphorylation of

intracellular tau and an increased Ca2? concentration

may induce a self-perpetuating harmful loop to promote

neurodegeneration.
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Introduction

Alzheimer’s disease (AD) is the most common senile

dementia. It is characterized by the accumulation of

extracellular amyloid plaques and intracellular neurofibril-

lary tangles, the latter mainly composed of hyperphospho-

rylated tau protein [1–3]. Upregulation of several protein

kinases and/or inhibition of protein phosphatases have been

proposed to cause tau hyperphosphorylation [4].

Deregulation of intracellular Ca2? signaling has been

implicated in the pathogenesis of AD [5]. Ca2? dysfunction

elicits the accumulation of b-amyloid and tau hyperphos-

phorylation [6–8]. Increased [Ca2?]i induces degeneration

or antigenic changes in the microtubule-associated protein

tau in neuronal cultures of rat hippocampus and the human

cerebral cortex [9]. Several studies have also shown that b-
amyloid enhances Ca2? entry [10–13], and the expression

of mutant presenelin 1 (PS1) increases Ca2? release from

the endoplasmic reticulum in neurons [14, 15].
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Tau hyperphosphorylation promotes its intracellular

accumulation and the formation of neurofibrillary tangles

in the AD brain. The normal function of tau is to promote

microtubule assembly and to maintain the stability of

microtubules. Recently, tau phosphorylation has been

found to be involved in regulating cell viability, i.e.,

phosphorylation of tau renders cells more resistant to

apoptosis [16], while dephosphorylation of tau by protein

phosphatase-2A facilitates apoptosis [17]. The extracellular

tau released from dead neurons increases the [Ca2?]i and

alkaline phosphatase promotes the neurotoxic effects of tau

[18]. In 3xTg-AD mice expressing mutant PS1, amyloid

protein precursor (APP), and tau, an exaggerated endo-

plasmic reticulum Ca2? signal was also detected when

compared with non-Tg mice [15]. These data suggest an

intrinsic link of abnormal tau with intracellular Ca2?

homeostasis. However, it has not been reported whether

and how the intracellular expression of phosphorylated tau

may affect nuclear Ca2? signaling, and in turn whether

nuclear Ca2? signaling affects tau phosphorylation.

In the present study, by transfecting human wild-type

tau40 into HEK293 cells, we found that the expression of tau

increased the [Ca2?]i both in the cytoplasm and nucleus with

simultaneous hyperphosphorylation and nuclear localization

of tau protein. Further studies demonstrated that phospho-

rylation of tau at Thr205 activated nuclear Ca2?/CaMKIV,

which in turn aggravated tau hyperphosphorylation.

Materials and Methods

Antibodies and Reagents

Rabbit polyclonal antibodies (pAb) pS396 (1:1000), pS404

(1:1000), pT231 (1:1000), pS262 (1:1000), pS214 (1:400),

and pT205 (1:400) against tau phosphorylated at the

corresponding sites were from Signalway Antibody (Pear-

land, TX). Mouse monoclonal antibody (mAb) tau-5

(1:1000) against total tau was from Lab Vision Co.

(Westinghouse, CA). PAb against histone-3 (1:1000) was

from Millipore (Billerica, MA). PAb against CaMKIV

(1:400) and pAb against phosphorylated CaMKIV (1:400)

at Ser196 were from Santa Cruz Biotechnology (Santa

Cruz, CA). Okadaic acid (OA) was from Calbiochem

(Darmstadt, Germany). Fluo 3-AM was from Dojindo

Laboratories (Kumamoto, Japan). The nuclear and cyto-

plasmic protein extraction kit was from KeyGen Biotech

(Nanjing, China).

Construction of Plasmids

DsRed2-N1-human tau40 was constructed using the poly-

merase chain reaction (PCR). The mutants T205A, T205E,

S214A, and S214E were prepared by site-directed mutage-

nesis, which was directly performed on DsRed2-N1-human

tau40 by PCR amplification with self-complementary

primers using a QuikChange Site-Directed Mutagenesis Kit

(Stratagene, Shanghai, China). The primers were CCC

GGCTCCCCAGGCGCTCCCGGCAGCCGC (PF, T205A),

GCGGCTGCCGGGAGCGCCTGGGGAGCCGGG (PR, T2

05A) CAGCCCCGGCTCCCCAGGCGAACCCGGCAGC

CGCTCCC (PF, T205E), GGGAGCGGCTGCCGGGTTC

GCCTGGGGAGCCGGGGCTG (PR, T205E), TCCCGCA

CCCCGGCTCTTCCAACCCCA (PF, S214A), TGGGGTT

GGAAGAGCCGGGGTGCGGGA (PR, S214A), CGCACC

CCGGAACTTCCAACCCCACCCACCCG (PF, S214E),

and CGGGTGGGTGGGGTTGGAAGTTCCGGGGTGCG

(PR, S214E). A recombinant adeno-associated virus (rAAV)

containing an expression cassette for calmodulin-binding

protein-4 (rAAV-CMV/CBA-CaMBP4) plasmid and its

control (rAAV-CMV/CBA-LacZ) were kind gifts from Dr.

Hilmar Bading (University of Heidelberg, Heidelberg,

Germany).

Cell Culture

Human embryonic kidney 293 (HEK293) cells and

HEK293/tau cells (stably tau-transfected HEK293 cells)

were cultured in Dulbecco’s modified Eagle’s medium

supplemented with 10% fetal bovine serum (Gibco BRL,

Gaithersburg, MD) and grown at 37 �C in a humidified

atmosphere containing 5% CO2. Transfection was carried

out with Lipofectamine2000 according to the manufac-

turer’s instructions.

Fluo 3-AM Ca21 Imaging and Calibration Proce-

dure for Intracellular Ca21 Concentration

The [Ca2?]i was measured using the following previous

procedures [19–21]. The cells were loaded with Fluo 3-AM

as described [19, 20]. Briefly, Fura 3-AM was solubilized

in anhydrous dimethyl sulfoxide (DMSO) and then diluted

with HEPES buffered saline (HBS). The final concentra-

tion of Fura 3-AM was 6 lmol/L. The cells were incubated

with Fluo 3-AM (pH 7.4) for 20 min at 37 �C and washed

three times with HBS. An additional 20 min was allowed

for de-esterification of Fluo 3-AM. Images were recorded

with a laser-scanning confocal microscope (LSM 510,

Zeiss, Oberkochen, Germany) for at least 40 min.

The fluorescence intensity was converted into [Ca2?]

using the following equation: [Ca2?] = [(F - Fmin)/

(Fmax - F)] 9 KD. The dissociation constant (KD) value

was 400 nmol/L. F represents the fluorescence intensity

measured in a region of interest (ROI). Fmin was the

minimum fluorescence intensity of the ROI when the cells

were treated with the Ca2? ionophore ionomycin (10 lmol/
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L; Sigma-Aldrich) in Ca2?-free solution. Fmax was the

maximum fluorescence intensity of the ROI when the cells

were treated with ionomycin (10 lmol/L; Sigma-Aldrich)

in high-Ca2? solution (10 mmol/L Ca2?; Sigma-Aldrich).

The values of Fmin and Fmax were averaged [20, 21].

Western Blotting

Western blotting was performed according to a well-

established method in our laboratory. Briefly, cells were

collected and the nuclear and cytoplasmic proteins were

prepared using an extraction kit according to the manu-

facturer’s instructions (KeyGen Biotech, Nanjing, China).

The protein concentrations in the extracts were measured

using a BCA kit (Pierce, Rockford, IL). The protein was

separated by 10% SDS–polyacrylamide gel electrophoresis

(PAGE) and transferred to nitrocellulose membranes. The

membranes were blocked in 5% non-fat milk for 1 h at

15 �C–25 �C, incubated with primary antibodies at 4 �C
overnight, and then incubated with anti-rabbit or anti-

mouse IgG conjugated to IRDyeTM (800CW; Licor Bio-

sciences, Lincoln, NE) for 1 h at room temperature. The

blots were detected by the Odyssey Infrared Imaging

System (Licor Biosciences) and quantitatively analyzed

using Kodak Digital Science 1D software (Eastman Kodak

Co., New Haven, CT).

Statistical Analysis

Data are presented as mean ± SEM and were analyzed

with SPSS 11.0 statistical software. Statistical significance

was determined by one-way ANOVA followed by the

Student–Newman–Keuls post hoc test with 95% confi-

dence and Student’s two-tailed t test.

Results

Expression of Phosphorylated Tau Increases [Ca21]

in Cytoplasmic and Nuclear Fractions

The human wild-type tau40 plasmid was transfected into

HEK293 cells to explore the effect of AD-like tau

accumulation on intracellular Ca2? homeostasis, and the

empty vector was transfected as control. At 24 h after

transfection, the cells were carefully fractionated for the

measurement of tau expression/phosphorylation and cellu-

lar localization. HEK293 cells expressed almost no

endogenous tau protein (Fig. 1A). Exogenously-expressed

human tau in HEK293 cells was phosphorylated at multiple

AD-associated sites in the cytoplasmic and nuclear frac-

tions. Interestingly, phosphorylation at Thr205 and Ser214

was almost exclusively in the nucleus (Fig. 1B, C). Co-

immunofluorescence staining also showed that pT205-tau

and pS214-tau were nicely co-localized with a nuclear

marker (Hoechst33342, Invitrogen) (Fig. 1D, E). With the

expression of phosphorylated tau, the [Ca2?] was signif-

icantly elevated in both cytoplasmic and nuclear fractions

(Fig. 1F). These data indicate that the accumulation of

human phosphorylated tau disrupts intracellular Ca2?

homeostasis.

Tau Phosphorylation at Thr205 But Not Ser214

Activates Nuclear Ca21-CaMKIV Signaling

As the Thr205- and Ser214-phosphorylated tau were

mainly in the nuclear fraction (Fig. 1B), we further

studied their role in modulating nuclear Ca2? homeosta-

sis. Phospho-mimic (T205E and S214E) and non-phos-

pho-mimic (T205A and S214A) tau plasmids were

constructed and each transfected into HEK293 cells.

After 24 h, the expression of tau was confirmed by using

antibody Tau-5 in the nuclear fraction of the T205E-

transfected cells and the T205A-transfected cells

(Fig. 2A, B). Furthermore, an increased phosphorylation

level of CaMKIV at Ser196 was detected in the nuclear

fraction of T205E-transfected cells (Fig. 2A, B). Then the

cells were loaded with Fluo-3AM and the nuclear Ca2?

was measured [20]. The results showed that expression of

T205E increased the nuclear [Ca2?] compared with

T205A expression (Fig. 2C).

On the other hand, expression of S214E did not

significantly change CaMKIV phosphorylation at Thr196

(Fig. 3A, B), with no significant change on the nuclear

Ca2? level compared with S214A expression (Fig. 3C).

These data indicate that phosphorylation of tau at Thr205

but not at Ser214 activates nuclear Ca2?/CaMKIV

signaling.

Okadaic Acid Induces Tau Hyperphosphorylation

with Nuclear Ca21/CaMKIV Upregulation

To further verify the relationship of tau hyperphosphory-

lation with activation of Ca2? signaling, we transiently

transfected HEK293 cells with human wild-type tau40 for

24 h and then treated them with OA (10 nmol/L) for 12 h

to induce tau hyperphosphorylation [22]. The results

showed that the phosphorylation level of tau further

increased in the nuclear fraction after OA treatment

(Fig. 4A, B). Simultaneously, the phosphorylation level

of CaMKIV at Ser196 (Fig. 4C, D) and the [Ca2?] in the

nuclear fraction (Fig. 4E) also significantly increased after

OA treatment. These data further verify the correlation of

tau hyperphosphorylation with nuclear Ca2?/CaMKIV

upregulation.
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Inhibition of Ca21/CaMKIV Attenuates

OA-Induced Nuclear Tau Hyperphosphorylation

To explore whether activation of nuclear Ca2?/CaMKIV

signaling in turn affects tau phosphorylation, we trans-

fected CAMBP4, a calmodulin-binding protein that

disrupts formation of the Ca2?/calmodulin complex

[23–25], into HEK293 cells that stably express human

tau40. Inactivation of CaMKIV shown by the decreased

pCaMKIV level in the nuclear fraction was confirmed at

24 h after transfection (Fig. 5A, B). Then, we treated the

cells with OA or DMSO (as control) for 12 h, and

measured the phosphorylation level of tau in the nuclear

fraction. We found that expression of CaMBP4 attenuated

the OA-induced nuclear tau hyperphosphorylation at

Thr205, Ser214, Thr231, Ser262, Ser396, and Ser404,

but inactivating CaMKIV by expressing CaMBP4 did not

affect tau phosphorylation at the basal level (Fig. 5C, D).

These data suggest that activation of CaMKIV contributes

to the OA-induced tau hyperphosphorylation.

Discussion

The molecular mechanisms underlying Alzheimer’s neu-

rodegeneration are not fully understood. In the past two

decades, a large body of evidence has suggested that an

important contributing factor is an imbalance in the

homeostasis of Ca2? signaling [21, 26], which promotes

b-amyloid production [6, 7], tau hyperphosphorylation

[8, 9], synaptic impairments [27], and neuronal death [8, 9].

It has also been reported that overproduction of b-amyloid

triggers Ca2? dyshomeostasis [11–13], and 3XTg-AD mice

that express mutant PS1, APP, and tau proteins show an

exaggerated Ca2? signal in the endoplasmic reticulum [15].

However, it is not known whether intracellular tau

Fig. 1 Expression of phosphorylated tau increases Ca2? in cytoplasm

and nucleus. A Western blots of extracts from HEK293 cells

transiently transfected with DsRed2-N1-human tau40 plasmid for

24 h, showing phosphorylation at Thr205, Ser214, Thr231, Ser396,

and Ser404 and total tau (probed by Tau-5). B, C Western blots and

levels of tau proteins in the cytoplasmic (Cyto) and nuclear (Nuc)

fractions. D, E Representative images showing co-localization of

Thr205- (pT205) and Ser214- (pS214) phosphorylated tau with a

nuclear marker (Hoechst) after transfection in HEK293 cells. F Basal

[Ca2?] increased in the nucleus and cytoplasm of HEK293 cells

transfected with human wild-type tau40 compared with vehicle (Vec)

for 24 h ([100 cells). Data are expressed as mean ± SEM;

*P\ 0.05, ***P\ 0.001 vs Vec or Cyto.
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hyperphosphorylation/accumulation also modulates Ca2?

homeostasis in AD. Using pharmacological and genetic

approaches, we investigated the effects of tau phosphory-

lation on intracellular Ca2? signaling, and found that the

expression of phosphorylated tau caused Ca2? elevation in

both the cytoplasmic and nuclear fractions with the

activation of nuclear CaMKIV, and the tau-triggered

activation of CaMKIV in turn stimulated tau phosphory-

lation. Previous studies have been mainly focused either on

the influence of Ca2? on b-amyloid production/tau hyper-

phosphorylation [6–8] or on the impact of b-amyloid on

Ca2? [21]. Although recent studies have also suggested that

the extracellular [18] or intracellular tau [28] can increase

intracellular Ca2?, the finding presented in the current

paper is the first direct evidence to identify the ‘‘calciu-

mopathy’’ induced by site-specific tau phosphorylation.

Fig. 2 Phosphorylation of tau at Thr205 activates the nuclear Ca2?-

CaMKIV pathway. A, B HEK293 cells were transfected with

DsRed2-N1-phospho-mimic (T205E) or non-phospho-mimic

(T205A) mutant tau plasmids for 24 h and then the nuclear fraction

was prepared for Western blotting. An increased phosphorylation

level of CaMKIV was detected in the nuclear fraction of T205E-

transfected cells compared with T205A. C An increased basal [Ca2?]

was detected in the nuclear fraction of T205E-transfected cells

compared with T205A ([100 cells). Data are expressed as

mean ± SEM; *P\ 0.05, **P\ 0.01, ***P\ 0.001 vs T205A.

Fig. 3 Phosphorylation of tau at Ser214 does not affect nuclear Ca2?

and CaMKIV activity. A, B HEK293 cells were transfected with

DsRed2-N1-phospho-mimic (S214E) or non-phospho-mimic (S214A)

mutant tau plasmids for 24 h and then the nuclear fraction was

prepared for Western blotting. Compared with S214A, expression of

S214E did not significantly change the levels of total CaMKIV and

pCaMKIV in the nuclear fraction. C Compared with S214A,

expression of S214E did not change the level of nuclear Ca2?. Data

are expressed as mean ± SEM.
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Tau protein harbors[80 putative Ser/Thr-phosphoryla-

tion sites, among which at least 30 have been identified in

AD brain samples [29–31]. Normally, tau is mainly located

in neuronal axons. Upon abnormal hyperphosphorylation,

tau proteins accumulate in the cell bodies where they form

tangles. We found that a great proportion of tau was

located in the nuclear fraction after transfection into

HEK293 cells, in which the nuclear localization of the

Thr205 and Ser214 phosphorylated tau was most signifi-

cant. Therefore, we further studied the effects of Thr205

and Ser214 on the nuclear Ca2? signaling by site-specific

mutagenesis. The results showed that Thr205-phosphory-

lation of tau was critical in increasing the nuclear Ca2?

signaling, whereas phosphorylation at Ser214 did not

significantly change the nuclear [Ca2?]. By expressing

DsRed-tau441, we consistently found that the apparent

molecular weight of the fusion protein was[100 kDa on

10% SDS-PAGE analysis, exceeding the expected molec-

ular mass of the DsRed-tau fusion protein. We speculate

that this upshift of fusion tau protein bands may be related

to a hyperphosphorylation-induced conformational change.

The mechanisms underlying the pathological alterations

elicited by Ca2? overload are sophisticated. For instance,

Ca2? can enhance the polymerization rate and fibrillar

stability of b-amyloid in a dynamic manner [32]. Ca2?-

calcineurin signaling also affects the interaction of b-
amyloid with receptor of advanced glycation end products

(RAGEs), to disrupt tight junctions of the blood–brain

barrier [33]. A Ca2?-regulated protease, calpain, stimulates

the conversion of the cdk5 activator protein p35 into a

C-terminal fragment p25 that causes deregulation of cdk5

activity [34]. Tau is a cytoskeletal protein with the

conventionally recognized biological functions of promot-

ing microtubule assembly and maintaining the stability of

microtubules [35]. Recent studies have also shown that tau

phosphorylation plays a crucial role in regulating cell

viability [36]. It is currently not understood how the

abnormal tau expression/phosphorylation affects intracel-

lular Ca2? homeostasis. Since a Ca2? elevation was

detected in both the cytoplasmic and nuclear fractions

upon expression of tau, we speculate that the endoplasmic

reticulum and mitochondria, organelles actively

Fig. 4 OA induces tau hyper-

phosphorylation with nuclear

Ca2?/CaMKIV upregulation. A,
B HEK293 cells with stable ex-

pression of human wild-type tau

(293Tau) were treated with OA

(10 nmol/L) for 12 h, and the

increased phosphorylation level

of tau at Thr204, Ser214,

Thr231, Ser396, and Ser404 was

detected in the nuclear fraction

by Western blotting (Tau5

probes total tau proteins). C,
D OA treatment further

increased pCaMKIV in the

nuclear fraction. E OA treat-

ment further increased nuclear

[Ca2?]. Data are expressed as

mean ± SEM; *P\ 0.05,

**P\ 0.01, ***P\ 0.001 vs

OA.
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participating in modulating store-operated Ca2? entry

under physiological conditions and in AD model cells,

must be involved [37]. Future studies may investigate

whether the storage or release of Ca2? from these

organelles contributes to the tau-induced elevation of

cytoplasmic and nuclear Ca2?.

A previous study showed that the CaMKK2-AMPK

kinase pathway mediates the synaptotoxic effects of b-
amyloid through tau phosphorylation [38]. Here, we

demonstrated that tau phosphorylation per se also activated

nuclear Ca2?/CaMKIV. Nuclear Ca2? signaling regulates

many important functions, including dendritic elaboration

[39, 40], spine remodeling [41, 42], and activity-dependent

regulation of synapse number, size, and function [43–46].

We found that activation of nuclear CaMKIV in turn

aggravated OA-induced tau hyperphosphorylation at

Thr205, Ser214, Thr231, Ser262, Ser396, and Ser404.

We also found that blockade of CaMKIV did not change

tau phosphorylation at the basal level, suggesting that

upregulation of CaMKIV may only aggravate phosphory-

lation of tau molecules that were already in a hyperphos-

phorylated state. These data suggest that intracellular tau

hyperphosphorylation and Ca2? rise may elicit a self-

perpetuating harmful loop to promote neurodegeneration,

providing new insights into the abnormal tau-induced

neurodegeneration in AD.

Taken together, in the present study we found that the

expression of hyperphosphorylated tau elevates cytoplas-

mic and nuclear [Ca2?] and activates nuclear Ca2?/

CaMKIV signaling, which in turn aggravates tau

hyperphosphorylation.
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