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Alzheimer’s disease (AD) is associated with accumulation of the
neurotoxic peptide amyloid-� (A�), which is produced by sequen-
tial cleavage of amyloid precursor protein (APP) by the aspartyl
protease �-secretase and the presenilin-dependent protease
�-secretase. An increase of casein kinase 1 (CK1) expression has
been described in the human AD brain. We show, by using in silico
analysis, that APP, �-secretase, and �-secretase subunits contain, in
their intracellular regions, multiple CK1 consensus phosphoryla-
tion sites, many of which are conserved among human, rat, and
mouse species. Overexpression of constitutively active CK1�, one
of the CK1 isoforms expressed in brain, leads to an increase in A�
peptide production. Conversely, three structurally dissimilar CK1-
specific inhibitors significantly reduced endogenous A� peptide
production. By using mammalian cells expressing the � C-terminal
fragment of APP, it was possible to demonstrate that CK1 inhibi-
tors act at the level of �-secretase cleavage. Importantly, Notch
cleavage was not affected. Our results indicate that CK1 represents
a therapeutic target for prevention of A� formation in AD.

�-cleavage � neurodegenerative � amyloid precursor protein

Several lines of evidence led us to evaluate the possible role
of casein kinase 1 (CK1) in the production of amyloid-�

(A�)-40 and A�-42 peptides. CK1� mRNA has been shown to
be up-regulated in brain samples from subjects with Alzheimer’s
disease (AD) (1) and may have a pathological association with
tau (2). It is also interesting to note that glycogen synthase kinase
3 (GSK3), one of the most studied kinases in the AD field (3),
can phosphorylate its substrates only if they are prephosphory-
lated by a priming kinase; furthermore CK1 is one of the few
known GSK3-priming kinases, which also include PKA, CK2,
Cdk5, and DYRK1A (for a review see ref. 4). It has also been
shown that CK1 is an upstream regulator of Cdk5, another
protein kinase implicated in AD (5, 6). Moreover, CK1 phos-
phorylates �-secretase (BACE) and regulates its subcellular
location (7). CK1 has also been shown to phosphorylate prese-
nilin 2 (8).

CK1 consists of a family of eight genes in mice, which appear
to function as monomeric enzymes: �, �1, �2, �3, �, �1, �2, and
�3. Family members contain a highly conserved N-terminal
catalytic domain of �290 residues coupled to a variable C-
terminal region that ranges in size from 40 to 180 aa. It is possible
that the different isoforms are expressed in different neuronal
populations and/or are targeted to different regions of the
neuron and thus may have access to different substrates. Little
is known about the regulation of CK1. CK1 is basally active, but
certain isoforms (particularly CK1� and CK1�) are regulated by
inhibitory autophosphorylation at their C-terminal regions (9,
10). Notably, it has been shown that the C-terminal region of
CK1� is phosphorylated at multiple sites and that enzyme
activity can be increased after dephosphorylation by a signaling
pathway involving activation of the serine/threonine phospha-
tase, calcineurin (also termed PP2B), in response to stimulation
of metabotropic glutamate receptors (5, 11).

CK1 is present in both the cytosol and the nucleus; the
C-terminal region of CK1 has been shown to promote differen-

tial subcellular localization of individual isoforms (e.g., cellular
membrane versus cytoplasm) (12, 13). A number of proteins
have been found to interact with CK1 isoforms in nonneuronal
tissues resulting in its targeting to specific signaling pathways
(14–16). Association of CK1 with the plasma membrane and the
cytoskeleton has also been reported (12, 17, 18). In neurons, CK1
phosphorylates a variety of proteins including transcription
factors, as well as certain synaptic vesicle proteins (19, 20). CK1�
and CK1�, both expressed predominantly in the brain (21), have
been implicated in several important brain processes, including
but not limited to: dopamine signaling (phosphorylation of
dopamine- and cAMP-regulated phosphoprotein of 32 kDa),
circadian rhythm (phosphorylation of protein Period), and neu-
rotransmitter receptor phosphorylation (22–24).

Our analysis of consensus phosphorylation sites for CK1
conserved in mammalian proteins related to AD has revealed
potential regulation of these proteins by CK1 (Fig. 1). Here we
show that three different structurally unrelated, CK1-specific
inhibitors, significantly reduce endogenous A� peptide produc-
tion by selectively interfering with amyloid precursor protein
(APP) �-cleavage. Conversely, overexpression of constitutively
active CK1 leads to an increase of A� peptide production. This
effect is specific for one of the brain CK1 isoforms (CK1�).
Importantly, Notch cleavage is not affected. Taken together,
these results strongly suggest that CK1 represents an attractive
target for development of novel therapies for the treatment of AD.

Results
In Silico Analysis of Putative CK1 Phosphorylation Sites in AD-Related
Proteins. The human, rat, and mouse amino acid sequences
corresponding to amyloid-� related proteins (APP, BACE, PS1,
PS2, Aph-1, PEN2, and nicastrin) were screened for the presence
of putative CK1 phosphorylation sites by using different com-
putational tools (e.g., ELM-motifs; http:��elm.eu.org, NetPhos
2.0) (Fig. 1). Only the putative phosphorylation sites conserved
between human, mouse, and rat species are indicated. This in
silico analysis of intracellular domains in APP, BACE, PS1, PS2,
Aph-1, PEN2, and nicastrin has revealed the presence of nu-
merous putative phosphorylation sites, particularly in PS1 and
PS2. Moreover, the same in silico analysis of the two kinases that
have been implicated in AD (Cdk5/p35 and GSK3-�) has
revealed the presence of numerous putative phosphorylation
sites for CK1, conserved in human, rat, and mouse sequences.
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