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The modification of proteins by reversible phosphorylation is a
key mechanism in the regulation of various physiological
functions. Abnormal protein kinase or phosphatase activity can
cause disease by altering the phosphorylation of critical pro-
teins in normal cellular and disease processes. Alzheimer’s dis-
ease (AD), typically occurring in the elderly, is an irreversible,
progressive brain disorder characterized by memory loss and
cognitive decline. Accumulating evidence suggests that pro-
tein kinase and phosphatase activity are altered in the brain tis-
sue of AD patients. Tau is a highly recognized phosphoprotein
that undergoes hyperphosphorylation to form neurofibrillary
tangles, a neuropathlogical hallmark with amyloid plaques in
AD brains. This study is a brief overview of the altered protein
phosphorylation pathways found in AD. Understanding the
molecular mechanisms by which the activities of protein kin-
ases and phosphatases are altered as well as the phosphor-
ylation events in AD can potentially reveal novel insights into
the role aberrant phosphorylation plays in the pathogenesis of
AD, providing support for protein phosphorylation as a poten-
tial treatment strategy for AD. [BMB reports 2009; 42(8): 467-
474]

INTRODUCTION

Alzheimer’s disease (AD) is an irreversible, progressive brain
disorder characterized by learning and memory impairment.
The risk of developing AD increases with age, creating a rap-
idly increasing burden on patients’ families and society as a
whole. Although numerous studies have focused on the patho-
genic mechanism of AD, progress towards the development of
effective treatments has been slow. The brains of AD patients
share specific pathological hallmarks, namely amyloid plaques
and neurofibrillary tangles, which are insoluble deposits made
of AB proteins and hyperphosphorylated Tau, respectively. The
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generation of AP peptides from amyloid precursor protein
(APP) is initiated by the B-secretase BACE1. Subsequently, A
proteins are formed upon cleavage by a y-secretase complex
consisting of Presenilin (PS), Nicastrin, anterior pharynx- de-
fective phenotype 1 (Aph-1) and PS enhancer 2 (Pen-2). The
importance of AB in AD pathogenesis is best demonstrated in
rare familial AD cases in which mutations in the APP or
Presenilin genes produce more AB. Since ABa is more fibrillo-
genic, the ratio of AB4, to ABso could be associated with dis-
ease states despite AP being less common than ARso.
However, the mechanisms underlying sporadic AD, the most
common type of AD, are not well understood.

The level of protein phosphorylation is controlled by the op-
posing actions of protein kinases and phosphatases. Accumu-
lating evidence reveals the alteration of protein kinase and
phosphatase activity in the brains of AD patients (Table 1).
Protein kinases such as Glycogen synthase kinase 33 (GSK3p),
P25/Cyclin-dependent kinase 5 (Cdk5), Dual-specific tyrosine
(Y) Regulated Kinase 1A (Dyrk1A) and Mitogen-activated pro-

Table 1. Summary of altered expression and/or activity of protein kin-
ases and protein phosphatases in AD

Protein Expression and/or activity in AD ~ References
Protein kinases
GSK3p Increased (?) 56,78
P25/Cdk5 Increased (2) 8,13, 14
Dyrk1A Increased 24,25, 26
ERK1/2 Increased 8, 32,33
JNK Increased 8, 34, 35
p38 Increased 8, 36
CKIl Increased 43
Akt/PKB Increased 47,48, 49
PKA Decreased 50, 51
PKC Decreased 52,53
Protein phosphatases
PP1 Decreased 59
PP2A Decreased 57,59, 60
PP5 Decreased 57,58
PP2B (calcineurin) Increased 57,61
Cdc25A Increased 66
Cdc25B Increased 65
PTEN Decreased 49, 67
(?), controversial.
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tein kinases (MAPKSs) were increased in expression and/or ac-
tivity, whereas decreased activity was observed for protein
phosphatases (PPs) such as PP1, PP2A and PP5 in AD brains.
Abnormal protein phosphorylation may contribute to the pro-
gression of AD by modifying substrates in various functions
such as enzymatic activity, subcellular localization, ligand
binding, interaction with other proteins, and other properties.
Therefore, the regulation of protein phosphorylation by protein
kinases/phosphatases could be a promising therapeutic target
for the treatment of AD. In this review, | briefly summarize al-
tered protein phosphorylation pathways in the brain tissue of
AD patients, focusing on altered protein kinases and phospha-
tases as well as on the phosphorylation of AD-related proteins.

Dysregulation of protein kinase activity in human AD
brains

The role of GSK3 in AD

The protein kinase GSK3, comprised of the highly homologous
proteins GSK3o and GSK3 (also called Tau kinase 1), is con-
stitutively active in resting cells, unlike most other kinases.
GSK3 activity is inhibited via phosphorylation at specific ser-
ine residues (Ser 9 and Ser389 for GSK3p and Ser21 for
GSK3a) by Akt, also known as Protein kinase B (PKB), and oth-
er kinases (1, 2). The activation of GSK3p and GSK3o. depends
upon the phosphorylation of Tyr216 and Tyr279, respectively,
by autophosphorylation or other kinases (1, 3, 4). GSK3p is a
multifunctional serine/threonine kinase that plays an important
role in many cellular processes, including signaling pathways,
metabolic control, apoptosis/cell survival and oncogenesis. In
addition, GSK3f has been implicated in a wide range of dis-
eases such as bipolar mood disorder and AD (3). The ex-
pression and activity of GSK3 were found to be increased in
AD brains compared to non-diseased human brains (5, 6).
However, some studies found no change or even a reduction
in GSK3 activity (7, 8) due potentially to scientific and techni-
cal difficulties in measuring enzymatic activity in postmortem
brains. Conditional transgenic mice overexpressing GSK3p dis-
played hyperphosphorylation of Tau as well as neurodege-
neration (9). GSK3p is implicated in the pathogenesis of AD
through AB-induced neurotoxicity and interaction with Prese-
nilin 1 as well as Tau hyperphosphorylation (4, 9). GSK3a. has
been shown to regulate APP cleavage, resulting in the in-
creased production of AB (10).

The role of Cdk5 in AD

Cdk5 (Tau kinase 11) is a proline-directed serine/threonine kin-
ase that, upon activation by the non-cyclin activator p35 or
p39, phosphorylates various substrate proteins containing
S/T-P-X(X)-K/R/H consensus motifs, including Tau, APP, P35,
PAK1, B-catenin, DARPP32, Munc18-1, Amphyphysin1 and
Synapsin1 (11). Cdk5 is responsible for the regulation of neu-
rogenesis and cytoarchitecture during neurodevelopment, and
plays a role in a variety of cellular functions such as actin dy-
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namics, microtubule stability, axon guidance, membrane trans-
port and dopamine signaling (11). Under neurotoxic con-
ditions, activated calpain cleaves P35 to P25 (12). In contrast
to P35, P25 is more stable and remains inside the cytosol due
to the absence of a membrane-binding myristoylation signal,
thus aberrantly activating Cdk5. In human AD brains, P25 ex-
pression and Cdk5 activity are increased compared with
age-matched control brains (8, 13), although the increase in
P25 amounts remains controversial (14). The debate over P25
expression in AD brain samples likely stems from the short
half-life of P25 as well as the difficulty in preparing brain
samples. Inducible transgenic mice overexpressing P25 dem-
onstrate Tau hyperphosphorylation, neurofibrillary pathology,
increased AP levels and neurodegeneration, most likely due to
Cdk5-mediated phosphorylation of Tau, APP and Presenilin 1
(15-17).

The role of Dyrk1A in AD

The Dyrk1A gene is localized on human chromosome 21 and
encodes a proline-directed protein kinase that may be respon-
sible for mental retardation in Down syndrome (18, 19). The
DYRKTA gene is a mammalian ortholog of the Drosophila
minibrain gene, which is essential for normal neurogenesis in
flies (20). Knockout mice that lack the Dyrk1A protein show a
general delay in fetal development and are embryonic lethal,
which strengthens the notion that Dyrk1A has vital and non-re-
dundant biological functions (21). Upon autophosphorylation
of Tyr321, Dyrk1A phosphorylates numerous substrate pro-
teins such as transcription factors (NFAT, STAT3, FOXO1a,
CREB, Gli1), eukaryotic protein synthesis initiation factor 2Be
(elF2Be), Dynamin 1, cyclin L2, and Huntingtin interacting
protein 1 (22, 23). The mRNA and protein levels of DYRK1A
have been shown to be increased in DS and AD brains
(24-26). Transgenic mice that overexpress Dyrk1A show learn-
ing and memory deficits, Tau hyperphosphorylation, and ele-
vated AP levels (19, 27-29), all suggesting that Dyrk1A plays a
role in the pathogenesis of AD.

The role of MAPK in AD

MAPKSs are proline-directed serine/threonine kinases activated
by phosphorylation on threonine and tyrosine residues in re-
sponse to extracellular stimuli. MAPK cascades are composed
of 3 protein kinases: MAPKs, MAPK kinases (MAPKKs), and
MAPKK kinases (MAPKKKs). MAPKs regulate many funda-
mental cellular processes including gene expression, cell pro-
liferation and cell death (30, 31). MAPK pathways, such as the
extracellular signal regulated MAP kinase (ERK) 1/2 pathway
(8, 32, 33), the cJun-N-terminal kinase (JNK) pathway (8, 34,
35) and the p38 (8, 36) pathway, are activated in the brains of
AD patients. JKK1 and MKK6, upstream activators of JNK and
p38, respectively, are also activated in AD individuals (37, 38).
All three MAPK pathways mentioned above phosphorylate Tau
protein in vitro (39-41) while the activation of JNK and p38,
specifically, was associated with age-dependent amyloid pla-
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que deposition in a Tg2576/PS1 double transgenic AD mouse
model (42). Taken together, these findings indicate the im-
portance of MAPK pathways in the pathogenesis of AD.

The role of other protein kinases in AD

In AD brains, kinases such as casein kinase 1 (CK1) and
Ak/PKB become activated, whereas protein kinase A (PKA) and
protein kinase C (PKC) are reduced in activity. The level of
CK1 8 mRNA is increased in the brain tissues of AD patients
(43). Overexpression of constitutively active CK1e caused an
increase in AR amount, suggesting that AB-related proteins
(APP, BACET1, PS1, PS2, Aph-1, Pen-2 and Nicastrin) are poten-
tial targets of CK1 (44, 45). Ak/PKB, another serine/threonine
kinase, has been shown to phosphorylate Tau at Ser214 and
Thr212 (46). Akt is downstream of phosphatidylinositol-3 kin-
ase (PI3K) and inhibits the activity of GSK3B by phosphor-
ylation at the Ser9 residue. The amount of activated Akt is in-
creased in AD brains compared to normal aged controls
(47-49). This finding suggests that GSK3f activity in AD brains
is finely tuned by the opposing actions of several inhibiting
and activating kinases. Along with the enzyme activity of PKA,
the levels of various subunits/isoforms are decreased in the
brains of AD patients due to overactivation of calpain (50, 51).
PKC signaling pathways regulate the oo and B-secretase-medi-
ated cleavage of APP, resulting in a reduction of AP peptides
(52, 53). In AD brain tissue, there is considerable evidence
demonstrating reduced activity of PKC (52, 53), which may be
responsible for the increased level of AR peptides observed in
AD.

Dysregulation of protein phosphatases in human AD
brains

Protein phosphases are classified into three classes according
to the structure of the catalytic site: serine/threonine protein
phosphatases, phosphoprotein phosphatase (PPP) and protein
phosphatase metal-dependent (PPM) families, and the protein
tyrosine phosphatase (PTP) superfamily. The PPP family in-
cludes PP1, PP2A, PP2B (also called calcineurin), PP4 and
PP5, whereas the PPM family comprises Mg”*-dependent en-
zymes such as PP2C and mitochondrial protein phosphatases.
Members of the PTP superfamily are categorized as either clas-
sical PTPs or dual specificity protein phosphatases (DSPases).
DSPases dephosphorylate the serines, threonines and tyrosines
of a particular substrate and consist of cdc25 and phosphatase
and tensin homolog (PTEN).

Increasing evidence suggests that dephosphorylation of
AD-related phosphoproteins by phosphatases plays a role in
the pathogenesis of AD (54). The activity of serine/threonine
protein phosphatases (PPs) such as PP1, PP2A and PP5 are de-
creased in AD brains (54-60), although the activity of PP2B is
upregulated in the brains of AD patients (61). The down-
regulation of PP2A activity, a major Tau phosphatase, may un-
derlie the hyperphosphorylation of Tau in the brains of AD
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patients. This could partially be due to the upregulation of two
endogenous PP2A inhibitors, 11 (PP2A) and 12 (PP2A) (57, 62,
63). DSPases have also been implicated in AD (64). Cdc25A
and Cdc25B are activated in the degenerating postmitotic neu-
rons of AD patients (65, 66). PTEN, a major negative regulator
of the PI3k/Akt pathway, was found to be significantly less ex-
pressed in AD neurons, as well as being altered in distribution
(49, 67). However the underlying mechanism governing al-
tered phosphatase activity remains to be investigated.

Phosphorylation of AD-related proteins

Hyperphosphorylation of Tau

The regulation of protein phosphorylation could be a target for
the treatment of AD. Neurofibrillary tangles, a pathological
hallmark of AD, comprise paired helical filaments (PHFs) com-
posed mainly of hyperphosphorylated Tau protein (68). The
hyperphosphorylation of Tau is probably the most extensively
studied area in the field of neurodegenerative disease. To date,
more than 39 phosphorylation sites have been detected in
PHF-Tau, including multiple proline-directed serine/threonine
residues (69, 70). The level of Tau phosphorylation (7-10 phos-
phorylations per mole of Tau) is regulated dynamically by sev-
eral kinases and phosphatases. Therefore, any imbalance be-
tween the activities of kinases and phosphatases could cause
Tau hyperphosphorylation in AD brains. Although Tau protein
is phosphorylated by numerous kinases in vitro, it is GSK3j,
Cdk5, Dyrk1A, PKA and microtubule-affinity- regulating kinase
(MARK) that are known to modulate the proline-rich regions of
Tau in vivo, either directly or indirectly (27, 71).
Phosphorylation of Tau at different sites can have diverse ef-
fects on both its biological function and pathogenic role, such
as the conformational changes Tau undergoes from its less-
phosphorylated, microtubule-bound form to its hyperphos-
phorylated, self-aggregated form (72, 73). Among the protein
phosphatases involved in Tau dephosphorylation, PP2A has
been shown to be the most important and major Tau phospha-
tase (57). Several recent reviews have appeared covering the
Tau pathology and the underlying dysregulation of the phos-
phorylation system in AD (62, 73-76).

Phosphorylation of APP

Sequential cleavage of APP by B-secretase and ?-secretase
complex releases AB, a key trigger for AD. The short cytoplas-
mic C-terminal domain appears to play a central role in the
structure and physiological function of APP. Interaction of the
APP C-terminal domain with proteins such as X11/Mint and
Fe65 affects APP processing either by stabilizing APP or by
regulating AB production (77). The C-terminal domain of APP
contains several residues shown to be phosphorylated by dif-
ferent protein kinases. Specifically, phosphorylation of APP by
PKC at residues Thr654/Ser655 may protect the brain from AD
by favoring the non-amyloidogenic processing of APP (78).
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Reduced PKC activity in the brains of AD patients may lead to
amyloidogenic processing of APP, resulting in increased AB
production. The Thr668 residue of APP is phosphorylated by
various proline-directed protein kinases upregulated in AD, in-
cluding Cdk5 (79), GSK3B, JNK3 (80-82) and Dyrk1A (26).
According to nuclear magnetic resonance studies, Thr668
phosphorylation seemed to cause a dramatic conformational
change in the APP backbone (83) such that the interaction of
APP with its binding partners is affected. Indeed, phospho-
Thr668-APP is elevated in AD brains, suggesting that Thr668
phosphorylation of APP might be functionally linked to the in-
creased amounts of AP peptide in the brains of AD patients
(79). Mutation of Thr668 to Ala results in a significant reduc-
tion in AB production in primary neuronal cultures. However
the brains of APP T668A knock-in mice did not show changes
in either the subcellular distribution of APP or the level of AR
compared with those observed in wild-type mice (84, 85).
Further studies into the precise mechanism of the increased AB
during the processing of APP are still necessary.

Phosphorylation of Presenilin-containing y-secretase
complex
The y-secretase complex consists of at least four different pro-
teins: Presenilin (PS), Nicastrin, Aph-1 and Pen-2 proteins. The
catalytic activity of the complex is contained in Presenilin, an
aspartyl protease. Mutations in the two homologous Presenilin
genes, PS1 and PS2, are the most common cause of early-on-
set familial AD. Both PS1 and PS2 are widely expressed in the
brain and peripheral tissues. PS1 is an integral membrane pro-
tein localized in the ER and Golgi membrane as well as in the
plasma membrane with nine predicted transmembrane do-
mains (86). To form an active y-secretase complex, Nicastrin, a
type | transmembrane glycoprotein, and Aph-1 form a dimeric
subcomplex and then full-length PS binds to this subcomplex.
Finally, Pen-2 is incorporated into the complex and PS is
cleaved into two stable pieces, N-terminal fragment (NTF) and
C-terminal fragment (CTF), forming an active y-secretase (87-89).
PS1 has been shown to be phosphorylated by several pro-
tein kinases. Phosphorylation of PS1 at Ser353 and Ser357 by
GSK3B may influence binding to B-catenin (90). Phosphor-
ylation of PS1 at Ser397 by GSK3p (91) and at Thr354 by P35/
Cdk5 residue (17) regulates C-terminal fragment stability.
PKA-mediated phosphorylation strongly inhibits proteolytic
processing of PS1 by caspase activity during apoptosis, re-
ducing the progression of apoptosis (92). Recent studies have
shown that ERK1/2 is an endogenous negative regulator of
y-secretase, potentially through the direct phosphorylation of
Nicastrin (93). Tumor necrosis factor o (TNF-o) stimulates
y-secretase activity through JNK phosphorylation of PS1 and
Nicastrin (94). PS1 stimulates PI3K/Akt signaling, thus inhibit-
ing GSK3p activity and Tau hyperphosphorylation (95). The
significance of phosphorylation of the PS-containing y-secre-
tase complex component in the pathogenesis of AD remains to
be assessed in vivo.
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Protein phosphorylation as a therapeutic target in AD

Increasing evidence indicates that protein kinase and phospha-
tase activity are altered in the brains of AD patients. Therefore,
altering the activity of protein kinases/phosphatases is a prom-
ising treatment strategy for AD. Targeting phosphorylation has
already been verified as successful in the development of can-
cer-fighting drugs such as Gleevec and Herceptin, which both
inhibit protein tyrosine kinases. A promising approaches for
the treatment of AD over the past decade has been focused on
abnormal Tau hyperphosphorylation by inhibiting the activity
of Tau kinases such as GSK3p and Cdk5, or by increasing
PP2A activity in the brain (73). Over the past years, numerous
review articles on this subject have been published (3, 4, 62,
75, 96, 97).

CONCLUSION

In this study, protein phosphorylation pathways altered in the
brain tissue of AD patients were summarized with a focus on
altered protein kinases and phosphatases and the abnormal
phosphorylation of AD-related proteins. An increasing number
of studies support a role of aberrant phosphorylation in both
Tau hyperphosphorylation and AB production in AD patho-
genesis. Although Tau hyperphosphorylation has been a major
focus of research and drug development during the past dec-
ade, recent studies suggest that other AD-related phosphor-
ylation events may also underlie the pathophysiological state
of AD. It is predictable that the list of altered protein kinases,
protein phosphatases and AD-related substrates in AD will
continue to grow, increasing the importance of abnormal
phosphorylation in the pathogenesis of AD. A clearer picture
of the phosphorylation pathways of AD will depend on studies
focusing on the underlying mechanism governing the altered
activities of protein kinases and phosphatases. A better under-
standing of these phosphorylation pathways will eventually
lead to the development of novel therapeutic strategies for AD.

Acknowledgements

This study was supported by a grant of the Korea Healthcare
technology R&D Project, Ministry for Health, Welfare &
Family Affairs, Republic of Korea (A080227). Due to space
limitations, the author regrets not being able to cite all relevant
publications in this review.

REFERENCES

1. Grimes, C. A. and Jope, R. S. (2001) The multifaceted
roles of glycogen synthase kinase 3b in cellular signaling.
Prog. Neurobiol. 65, 391-426.

2. Thornton, T. M., Pedraza-Alva, G., Deng, B., Wood, C.
D., Aronshtam, A., Clements, J. L., Sabio, G., Davis, R. J.,
Matthews, D. E., Doble, B. and Rincon, M. (2008)

http://ombreports.org



10.

11.

12.

13.

14.

15.

16.

Phosphorylation by p38 MAPK as an alternative pathway
for GSK3b inactivation. Science 320, 667-670.

. Balaraman, Y., Limaye, A. R., Levey, A. |. and Srinivasan,

S. (2006) Glycogen synthase kinase 3b and Alzheimer's
disease: pathophysiological and therapeutic significance.
Cell Mol. Life Sci. 63, 1226-1235.

Hooper, C., Killick, R. and Lovestone, S. (2008) The GSK3
hypothesis of Alzheimer's disease. J. Neurochem. 104,
1433-1439.

Hye, A., Kerr, F., Archer, N., Foy, C., Poppe, M., Brown,
R., Hamilton, G., Powell, J., Anderton, B. and Lovestone,
S. (2005) Glycogen synthase kinase-3 is increased in white
cells early in Alzheimer's disease. Neurosci. Lett. 373,
1-4.

Leroy, K., Yilmaz, Z. and Brion, J. P. (2007) Increased lev-
el of active GSK-3b in Alzheimer's disease and accumu-
lation in argyrophilic grains and in neurones at different
stages of neurofibrillary degeneration. Neuropathol. Appl.
Neurobiol. 33, 43-55.

Pei, J. J., Tanaka, T., Tung, Y. C., Braak, E., Igbal, K. and
Grundke-Igbal, 1. (1997) Distribution, levels, and activity
of glycogen synthase kinase-3 in the Alzheimer disease
brain. J. Neuropathol. Exp. Neurol. 56, 70-78.

Swatton, J. E., Sellers, L. A., Faull, R. L., Holland, A,
Iritani, S. and Bahn, S. (2004) Increased MAP kinase activ-
ity in Alzheimer's and Down syndrome but not in schizo-
phrenia human brain. Eur. J. Neurosci. 19, 2711-2719.
Lucas, J. J., Hernandez, F., Gomez-Ramos, P., Moran, M.
A., Hen, R and Avila, J. (2001) Decreased nuclear be-
ta- catenln tau hyperphosphorylation and neurodege-
neration in GSK-3b conditional transgenic mice. EMBO. .
20, 27-39.

Phiel, C. J., Wilson, C. A., Lee, V. M. and Klein, P. S.
(2003) GSK-3a regulates production of Alzheimer's dis-
ease amyloid-beta peptides. Nature 423, 435-439.
Dhavan, R. and Tsai, L. H. (2001) A decade of CDK5.
Nat. Rev. Mol. Cell Biol. 2, 749-759.

Lee, M. S., Kwon, Y. T., Li, M., Peng, }., Friedlander, R. M.
and Tsai, L. H. (2000) Neurotoxicity induces cleavage of
p35 to p25 by calpain. Nature 405, 360-364.

Patrick, G. N., Zukerberg, L., Nikolic, M., de la Monte, S.,
Dikkes, P. and Tsai, L. H. (1999) Conversion of p35 to
p25 deregulates Cdk5 activity and promotes neurode-
generation. Nature 402, 615-622.

Tandon, A., Yu, H., Wang, L., Rogaeva, E., Sato, C.,
Chishti, M. A., Kawarai, T., Hasegawa, H., Chen, F.,
Davies, P., Fraser, P. E., Westaway, D. and St George-
Hyslop, P. H. (2003) Brain levels of CDK5 activator p25
are not increased in Alzheimer's or other neuro-
degenerative diseases with neurofibrillary tangles. J.
Neurochem. 86, 572-581.

Cruz, ). C.,, Tseng, H. C., Goldman, J. A., Shih, H. and
Tsai, L. H. (2003) Aberrant Cdk5 activation by p25 trig-
gers pathological events leading to neurodegeneration
and neurofibrillary tangles. Neuron 40, 471-483.

Cruz, ). C., Kim, D., Moy, L. Y., Dobbin, M. M., Sun, X.,
Bronson, R. T. and Tsai, L. H. (2006) p25/cyclin-depend-
ent kinase 5 induces production and intraneuronal accu-
mulation of amyloid beta in vivo. J. Neurosci. 26,
10536-10541.

http://bmbreports.org

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Aberrant phosphorylation in Alzheimer’s disease
Sul-Hee Chung

Lau, K. F., Howlett, D. R., Kesavapany, S., Standen, C. L.,
Dingwall, C., McLoughlin, D. M. and Miller, C. C. (2002)
Cyclin-dependent kinase-5/p35 phosphorylates Presenilin
1 to regulate carboxy-terminal fragment stability. Mol.
Cell Neurosci. 20, 13-20.

Song, W. J., Sternberg, L. R., Kasten-Sportes, C., Keuren,
M. L., Chung, S. H., Slack, A. C., Miller, D. E., Glover, T.
W., Chiang, P. W., Lou, L. and Kurnit, D. M. (1996)
Isolation of human and murine homologues of the
Drosophila minibrain gene: human homologue maps to
21922.2 in the Down syndrome ‘"critical region".
Genomics 38, 331-339.

Altafaj, X., Dierssen, M., Baamonde, C., Marti, E., Visa, J.,
Guimera, J., Oset, M., Gonzalez, . R., Florez, ., Fillat, C.
and Estivill, X. (2001) Neurodevelopmental delay, motor
abnormalities and cognitive deficits in transgenic mice
overexpressing Dyrk1A (minibrain), a murine model of
Down's syndrome. Hum. Mol. Genet. 10, 1915-1923.
Tejedor, F., Zhu, X. R., Kaltenbach, E., Ackermann, A.,
Baumann, A., Canal, I., Heisenberg, M., Fischbach, K. F.
and Pongs, O. (1995) minibrain: a new protein kinase
family involved in postembryonic neurogenesis in Dro-
sophila. Neuron 14, 287-301.

Fotaki, V., Dierssen, M., Alcantara, S., Martinez, S., Marti,
E., Casas, C., Visa, J., Soriano, E., Estivill, X. and Arbones,
M. L. (2002) Dyrk1A haploinsufficiency affects viability
and causes developmental delay and abnormal brain mor-
phology in mice. Mol. Cell Biol. 22, 6636-6647.
Galceran, )., de Graaf, K., Tejedor, F. J. and Becker, W.
(2003) The MNB/DYRKT1A protein kinase: genetic and bio-
chemical properties. J. Neural Transm. Suppl. 67, 139-148.
Hammerle, B., Elizalde, C., Galceran, )., Becker, W. and
Tejedor, F. J. (2003) The MNB/DYRK1A protein kinase:
neurobiological functions and Down syndrome impli-
cations. J. Neural. Transm. Suppl. 67, 129-137.

Dowijat, W. K., Adayev, T., Kuchna, I., Nowicki, K., Pal-
miniello, S., Hwang, Y. W. and Wegiel, ]. (2007)
Trisomy-driven overexpression of DYRK1A kinase in the
brain of subjects with Down syndrome. Neurosci. Lett.
413, 77-81.

Kimura, R., Kamino, K., Yamamoto, M., Nuripa, A., Kida,
T., Kazui, H., Hashimoto, R., Tanaka, T., Kudo, T.,
Yamagata, H., Tabara, Y., Miki, T., Akatsu, H., Kosaka, K.,
Funakoshi, E., Nishitomi, K., Sakaguchi, G., Kato, A,
Hattori, H., Uema, T. and Takeda, M. (2007) The
DYRK1A gene, encoded in chromosome 21 Down syn-
drome critical region, bridges between beta-amyloid pro-
duction and tau phosphorylation in Alzheimer disease.
Hum. Mol. Genet. 16, 15-23.

Ryoo, S. R, Cho, H. J., Lee, H. W., Jeong, H. K,
Radnaabazar, C., Kim, Y. S., Kim, M. J., Son, M. Y., Seo,
H., Chung, S. H. and Song, W. J. (2008) Dual speC|f1C|ty
tyrosme( )-phosphorylation regulated kinase 1A-mediated
phosphorylation of amyloid precursor protein: evidence
for a functional link between Down syndrome and
Alzheimer's disease. /. Neurochem. 104, 1333-1344.
Ryoo, S. R., Jeong, H. K., Radnaabazar, C., Yoo, J. J., Cho,
H. J., Lee, H. W.,, Kim, I. S., Cheon, Y. H., Ahn, Y. S.,
Chung, S. H. and Song, W. J (2007) DYRK1A medlated
hyperphosphorylation of Tau. A functional link between

BMB reports 471



Aberrant phosphorylation in Alzheimer’s disease
Sul-Hee Chung

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Down syndrome and Alzheimer disease. J. Biol. Chem.
282, 34850-34857.

Ahn, K. J., Jeong, H. K., Choi, H. S., Ryoo, S. R., Kim, Y.
J., Goo, J. S., Choi, S. Y., Han, J. S., Ha, I. and Song, W. J.
(2006) DYRK1A BAC transgenic mice show altered syn-
aptic plasticity with learning and memory defects.
Neurobiol. Dis. 22, 463-472.

Smith, D. J., Stevens, M. E., Sudanagunta, S. P., Bronson,
R. T., Makhinson, M., Watabe, A. M., O'Dell, T. J., Fung,
J., Weier, H. U., Cheng, J. F. and Rubin, E. M. (1997)
Functional screening of 2 Mb of human chromosome
21q22.2 in transgenic mice implicates minibrain in learn-
ing defects associated with Down syndrome. Nat. Genet.
16, 28-36.

Chang, L. and Karin, M. (2001) Mammalian MAP kinase
signalling cascades. Nature 410, 37-40.

Roux, P. P. and Blenis, J. (2004) ERK and p38 MAPK-acti-
vated protein kinases: a family of protein kinases with di-
verse biological functions. Microbiol. Mol. Biol. Rev. 68,
320-344.

Zhu, X., Lee, H. G., Raina, A. K., Perry, G. and Smith, M.
A. (2002) The role of mitogen-activated protein kinase
pathways in Alzheimer's disease. Neurosignals 11, 270-
281.

Pei, J. J., Braak, H., An, W. L., Winblad, B., Cowburn, R.
F., Igbal, K. and Grundke-lgbal, 1. (2002) Up-regulation of
mitogen-activated protein kinases ERK1/2 and MEK1/2 is
associated with the progression of neurofibrillary degener-
ation in Alzheimer's disease. Brain Res. Mol. Brain Res.
109, 45-55.

Zhu, X., Raina, A. K., Lee, H. G., Chao, M., Nunomura,
A., Tabaton, M., Petersen, R. B., Perry, G. and Smith, M.
A. (2003) Oxidative stress and neuronal adaptation in
Alzheimer disease: the role of SAPK pathways. Antioxid.
Redox Signal. 5, 571-576.

Otth, C., Mendoza-Naranjo, A., Mujica, L., Zambrano, A.,
Concha, Il and Maccioni, R. B. (2003) Modulation of the
JNK and p38 pathways by cdk5 protein kinase in a trans-
genic mouse model of Alzheimer's disease. Neuroreport
14, 2403-2409.

Johnson, G. V. and Bailey, C. D. (2003) The p38 MAP
kinase signaling pathway in Alzheimer's disease. Exp.
Neurol. 183, 263-268.

Zhu, X., Rottkamp, C. A., Hartzler, A., Sun, Z., Takeda,
A., Boux, H., Shimohama, S., Perry, G. and Smith, M. A.
(2001) Activation of MKK6, an upstream activator of p38,
in Alzheimer's disease. /. Neurochem. 79, 311-318.

Zhu, X., Ogawa, O., Wang, Y., Perry, G. and Smith, M. A.
(2003) JKK1, an upstream activator of JNK/SAPK, is acti-
vated in Alzheimer's disease. . Neurochem. 85, 87-93.
Reynolds, C. H., Nebreda, A. R., Gibb, G. M., Utton, M.
A. and Anderton, B. H. (1997) Reactivating kinase/p38
phosphorylates tau protein in vitro. J. Neurochem. 69,
191-198.

Reynolds, C. H., Utton, M. A., Gibb, G. M., Yates, A. and
Anderton, B. H. (1997) Stress-activated protein kin-
ase/c-jun N-terminal kinase phosphorylates tau protein. J.
Neurochem. 68, 1736-1744.

Ledesma, M. D., Correas, I., Avila, J. and Diaz-Nido, J.
(1992) Implication of brain cdc2 and MAP2 kinases in the

472 BMB reports

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

phosphorylation of tau protein in Alzheimer's disease.
FEBS Lett. 308, 218-224.

Savage, M. J., Lin, Y. G., Ciallella, J. R., Flood, D. G. and
Scott, R. W. (2002) Activation of cJun N-terminal kinase
and p38 in an Alzheimer's disease model is associated
with amyloid deposition. /. Neurosci. 22, 3376-3385.
Yasojima, K., Kuret, ]., DeMaggio, A. J., McGeer, E. and
McGeer, P. L. (2000) Casein kinase 1 d mRNA is upregu-
lated in Alzheimer disease brain. Brain Res. 865, 116-120.
Walter, J., Fluhrer, R., Hartung, B., Willem, M., Kaether,
C., Capell, A., Lammich, S., Multhaup, G. and Haass, C.
(2001) Phosphorylation regulates intracellular trafficking
of b-secretase. /. Biol. Chem. 276, 14634-14641.

Flajolet, M., He, G., Heiman, M., Lin, A., Nairn, A. C. and
Greengard, P. (2007) Regulation of Alzheimer's disease
amyloid-b formation by casein kinase 1. Proc. Natl. Acad.
Sci. US A 104, 4159-4164.

Ksiezak-Reding, H., Pyo, H. K., Feinstein, B. and Pasinetti,
G. M. (2003) Akt/PKB kinase phosphorylates separately
Thr212 and Ser214 of tau protein in vitro. Biochim.
Biophys. Acta. 1639, 159-168.

Pei, J. J., Khatoon, S., An, W. L., Nordlinder, M., Tanaka,
T., Braak, H., Tsujio, 1., Takeda, M., Alafuzoff, 1.,
Winblad, B., Cowburn, R. F., Grundke-lgbal, 1. and Igbal,
K. (2003) Role of protein kinase B in Alzheimer's neuro-
fibrillary pathology. Acta. Neuropathol. 105, 381-392.
Rickle, A., Bogdanovic, N., Volkman, I., Winblad, B.,
Ravid, R. and Cowburn, R. F. (2004) Akt activity in
Alzheimer's disease and other neurodegenerative disor-
ders. Neuroreport 15, 955-959.

Griffin, R. J., Moloney, A., Kelliher, M., Johnston, J. A,,
Ravid, R., Dockery, P., O'Connor, R. and O'Neill, C.
(2005) Activation of Akt/PKB, increased phosphorylation
of Akt substrates and loss and altered distribution of Akt
and PTEN are features of Alzheimer's disease pathology. /.
Neurochem. 93, 105-117.

Liang, Z., Liu, F., Grundke-Igbal, 1., Igbal, K. and Gong, C.
X. (2007) Down-regulation of cAMP-dependent protein
kinase by over-activated calpain in Alzheimer disease
brain. . Neurochem. 103, 2462-2470.

Kim, S. H., Nairn, A. C., Cairns, N. and Lubec, G. (2001)
Decreased levels of ARPP-19 and PKA in brains of Down
syndrome and Alzheimer's disease. J. Neural Transm.
Suppl. 61, 263-272.

Wang, L., Shim, H., Xie, C. and Cai, H. (2008) Activation
of protein kinase C modulates BACE1-mediated beta-sec-
retase activity. Neurobiol. Aging 29, 357-367.

Buxbaum, J. D., Gandy, S. E., Cicchetti, P., Ehrlich, M. E.,
Czernik, A. ]., Fracasso, R. P., Ramabhadran, T. V.,
Unterbeck, A. J. and Greengard, P. (1990) Processing of
Alzheimer beta/A4 amyloid precursor protein: modulation
by agents that regulate protein phosphorylation. Proc.
Natl. Acad. Sci. U S A 87, 6003-6006.

Tian, Q. and Wang, J. (2002) Role of serine/threonine pro-
tein phosphatase in Alzheimer's disease. Neurosignals 11,
262-269.

Gong, C. X., Grundke-lgbal, 1. and Igbal, K. (1994) De-
phosphorylation of Alzheimer's disease abnormally phos-
phorylated tau by protein phosphatase-2A. Neuroscience
61, 765-772.

http://ombreports.org



56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Gong, C. X., Grundke-Igbal, I., Damuni, Z. and Igbal, K.
(1994) Dephosphorylation of microtubule-associated pro-
tein tau by protein phosphatase-1 and -2C and its im-
plication in Alzheimer disease. FEBS Lett. 341, 94-98.

Liu, F., Grundke-lgbal, 1., Igbal, K. and Gong, C. X. (2005)
Contributions of protein phosphatases PP1, PP2A, PP2B
and PP5 to the regulation of tau phosphorylation. Eur. J.
Neurosci. 22, 1942-1950.

Liu, F., Igbal, K., Grundke-Igbal, 1., Rossie, S. and Gong,
C. X. (2005) Dephosphorylation of tau by protein phos-
phatase 5: impairment in Alzheimer's disease. J. Biol.
Chem. 280, 1790-1796.

Gong, C. X., Singh, T. J., Grundke-Igbal, 1. and Igbal, K.
(1993) Phosphoprotein phosphatase activities in Alzhei-
mer disease brain. J. Neurochem. 61, 921-927.
Vogelsberg-Ragaglia, V., Schuck, T., Trojanowski, J. Q.
and Lee, V. M. (2001) PP2A mRNA expression is quantita-
tively decreased in Alzheimer's disease hippocampus.
Exp. Neurol. 168, 402-412.

. Liu, F., Grundke-Igbal, 1., Igbal, K., Oda, Y., Tomizawa, K.

and Gong, C. X. (2005) Truncation and activation of calci-
neurin A by calpain | in Alzheimer disease brain. J. Biol.
Chem. 280, 37755-37762.

Gong, C. X. and Igbal, K. (2008) Hyperphosphorylation of
microtubule-associated protein tau: a promising ther-
apeutic target for Alzheimer disease. Curr. Med. Chem.
15, 2321-2328.

Tanimukai, H., Grundke-lgbal, I. and Igbal, K. (2005)
Up-regulation of inhibitors of protein phosphatase-2A in
Alzheimer's disease. Am. J. Pathol. 166, 1761-1771.
Ducruet, A. P., Vogt, A., Wipf, P. and Lazo, J. S. (2005)
Dual specificity protein phosphatases: therapeutic targets
for cancer and Alzheimer's disease. Annu. Rev. Phar-
macol. Toxicol. 45, 725-750.

Vincent, 1., Bu, B., Hudson, K., Husseman, J., Nochlin, D.
and Jin, L. (2001) Constitutive Cdc25B tyrosine phospha-
tase activity in adult brain neurons with M phase-type al-
terations in Alzheimer's disease. Neuroscience 105,
639-650.

Ding, X. L., Husseman, J., Tomashevski, A., Nochlin, D.,
Jin, L. W. and Vincent, 1. (2000) The cell cycle Cdc25A ty-
rosine phosphatase is activated in degenerating post-
mitotic neurons in Alzheimer's disease. Am. J. Pathol.
157, 1983-1990.

Rickle, A., Bogdanovic, N., Volkmann, 1., Zhou, X., Pei, J.
J., Winblad, B. and Cowburn, R. F. (2006) PTEN levels in
Alzheimer's disease medial temporal cortex. Neurochem
Int. 48, 114-123.

Selkoe, D. ). (1991) The molecular pathology of Alzheim-
er's disease. Neuron 6, 487-498.

Kopke, E., Tung, Y. C., Shaikh, S., Alonso, A. C., Igbal, K.
and Grundke-Igbal, 1. (1993) Microtubule-associated pro-
tein tau. Abnormal phosphorylation of a non-paired heli-
cal filament pool in Alzheimer disease. J. Biol. Chem.
268, 24374-24384.

Giese, K. P. (2009) GSK-3: a key player in neurodege-
neration and memory. I[UBMB Life 61, 516-521.

Johnson, G. V. (2006) Tau phosphorylation and proteol-
ysis: insights and perspectives. J. Alzheimers Dis. 9, 243-
250.

http://bmbreports.org

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Aberrant phosphorylation in Alzheimer’s disease
Sul-Hee Chung

Bielska, A. A. and Zondlo, N. J. (2006) Hyperphosphor-
ylation of tau induces local polyproline Il helix.
Biochemistry 45, 5527-5537.

Gong, C. X., Liu, F., Grundke-Igbal, I. and Igbal, K. (2006)
Dysregulation of protein phosphorylation/ dephosphor-
ylation in Alzheimer's disease: a therapeutic target. /.
Biomed. Biotechnol. 2006, 31825.

Stoothoff, W. H. and Johnson, G. V. (2005) Tau phosphor-
ylation: physiological and pathological consequences.
Biochim. Biophys. Acta. 1739, 280-297.

Mazanetz, M. P. and Fischer, P. M. (2007) Untangling tau
hyperphosphorylation in drug design for neurodegene-
rative diseases. Nat. Rev. Drug Discov. 6, 464-479.
Johnson, G. V. and Stoothoff, W. H. (2004) Tau phosphor-
ylation in neuronal cell function and dysfunction. J. Cell
Sci. 117, 5721-5729.

Russo, C., Venezia, V., Repetto, E., Nizzari, M., Violani,
E., Carlo, P. and Schettini, G. (2005) The amyloid pre-
cursor protein and its network of interacting proteins:
physiological and pathological implications. Brain Res.
Rev. 48, 257-264.

Gandy, S. E., Caporaso, G. L., Buxbaum, J. D., de Cruz
Silva, O., Iverfeldt, K., Nordstedt, C., Suzuki, T., Czernik,
A.J., Nairn, A. C. and Greengard, P. (1993) Protein phos-
phorylation regulates relative utilization of processing
pathways for Alzheimer beta/A4 amyloid precursor
protein. Ann. N. Y. Acad. Sci. 695, 117-121.

Lee, M. S., Kao, S. C., Lemere, C. A., Xia, W., Tseng, H.
C., Zhou, Y., Neve, R., Ahlijanian, M. K. and Tsai, L. H.
(2003) APP processing is regulated by cytoplasmic
phosphorylation. J. Cell Biol. 163, 83-95.

Kimberly, W. T., Zheng, J. B., Town, T., Flavell, R. A. and
Selkoe, D. J. (2005) Physiological regulation of the be-
ta-amyloid precursor protein signaling domain by c-Jun
N-terminal kinase JNK3 during neuronal differentiation. /.
Neurosci. 25, 5533-5543.

Pastorino, L. and Lu, K. P. (2004) Phosphorylation of the
amyloid precursor protein (APP): is this a mechanism in
favor or against Alzheimer's disease? Neurosci. Res.
Comm. 35, 213-231.

Standen, C. L., Brownlees, J., Grierson, A. J., Kesavapany,
S., Lau, K. F., McLoughlin, D. M. and Miller, C. C. (2001)
Phosphorylation of thr (668) in the cytoplasmic domain of
the Alzheimer's disease amyloid precursor protein by
stress-activated protein kinase 1b (Jun N-terminal kin-
ase-3). J. Neurochem. 76, 316-320.

Ramelot, T. A. and Nicholson, L. K. (2001) Phosphorylat-
ion-induced structural changes in the amyloid precursor
protein cytoplasmic tail detected by NMR. J. Mol. Biol.
307, 871-884.

Sano, Y., Nakaya, T., Pedrini, S., Takeda, S., lijima-Ando,
K., lijima, K., Mathews, P. M., ltohara, S., Gandy, S. and
Suzuki, T. (2006) Physiological mouse brain Abeta levels
are not related to the phosphorylation state of threo-
nine-668 of Alzheimer's APP. PLoS ONE 1, e51.

Suzuki, T. and Nakaya, T. (2008) Regulation of amyloid
beta-protein precursor by phosphorylation and protein
interactions. J. Biol. Chem. 283, 29633-29637.

Laudon, H., Hansson, E. M., Melen, K., Bergman, A,
Farmery, M. R., Winblad, B., Lendahl, U., von Heijne, G.

BMB reports



Aberrant phosphorylation in Alzheimer’s disease
Sul-Hee Chung

87.

88.

89.

90.

91.

92.

and Naslund, J. (2005) A nine-transmembrane domain
topology for presenilin 1. J. Biol. Chem. 280, 35352-
35360.

Parks, A. L. and Curtis, D. (2007) Presenilin diversifies its
portfolio. Trends Genet. 23, 140-150.

Verdile, G., Gandy, S. E. and Martins, R. N. (2007) The
role of presenilin and its interacting proteins in the bio-
genesis of Alzheimer's beta amyloid. Neurochem. Res.
32, 609-623.

Spasic, D. and Annaert, W. (2008) Building gamma-secre-
tase: the bits and pieces. /. Cell Sci. 121, 413-420.
Kirschenbaum, F., Hsu, S. C., Cordell, B. and McCarthy, ).
V. (2001) Substitution of a glycogen synthase kinase-3b
phosphorylation site in presenilin 1 separates presenilin
function from b-catenin signaling. J. Biol. Chem. 276,
7366-7375.

Kirschenbaum, F., Hsu, S. C., Cordell, B. and McCarthy, J.
V. (2001) Glycogen synthase kinase-3b regulates pre-
senilin 1 C-terminal fragment levels. J. Biol. Chem. 276,
30701-30707.

Fluhrer, R., Friedlein, A., Haass, C. and Walter, J. (2004)
Phosphorylation of presenilin 1 at the caspase recognition
site regulates its proteolytic processing and the pro-

474 BMB reports

93.

94.

95.

96.

97.

gression of apoptosis. J. Biol. Chem. 279, 1585-1593.
Kim, S. K., Park, H. J., Hong, H. S., Baik, E. J., Jung, M. W.
and Mook-Jung, I. (2006) ERK1/2 is an endogenous neg-
ative regulator of the gamma-secretase activity. FASEB J.
20, 157-159.

Kuo, L. H., Hu, M. K., Hsu, W. M., Tung, Y. T., Wang, B.
J., Tsai, W. W., Yen, C. T. and Liao, Y. F. (2008) Tumor
necrosis factor-alpha-elicited stimulation of gamma-secre-
tase is mediated by c-Jun N-terminal kinase-dependent
phosphorylation of presenilin and nicastrin. Mol. Biol.
Cell 19, 4201-4212.

Baki, L., Shioi, J., Wen, P., Shao, Z., Schwarzman, A.,
Gama-Sosa, M., Neve, R. and Robakis, N. K. (2004) PS1
activates PI3K thus inhibiting GSK-3 activity and tau over-
phosphorylation: effects of FAD mutations. EMBO /. 23,
2586-2596.

Bhat, R. V., Budd Haeberlein, S. L. and Avila, J. (2004)
Glycogen synthase kinase 3: a drug target for CNS
therapies. J. Neurochem. 89, 1313-1317.

Glicksman, M. A., Cuny, G. D., Liu, M., Dobson, B.,
Auerbach, K., Stein, R. L. and Kosik, K. S. (2007) New ap-
proaches to the discovery of cdk5 inhibitors. Curr.
Alzheimer Res. 4, 547-549.

http://ombreports.org



