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The human -amyloid precursor protein:
biomolecular and epigenetic aspects

Abstract: Beta-amyloid precursor protein (APP) is a mem-
brane-spanning protein with a large extracellular domain
and a much smaller intracellular domain. APP plays a
central role in Alzheimer’s disease (AD) pathogenesis:
APP processing generates -amyloid (AB) peptides, which
are deposited as amyloid plaques in the brains of AD
individuals; point mutations and duplications of APP are
causal for a subset of early-onset familial AD (FAD) (onset
age <65 years old). However, these mutations in FAD rep-
resent a very small percentage of cases (~1%). Approxi-
mately 99% of AD cases are nonfamilial and late-onset,
i.e., sporadic AD (SAD) (onset age >65 years old), and the
pathophysiology of this disorder is not yet fully under-
stood. APP is an extremely complex molecule that may
be functionally important in its full-length configuration,
as well as the source of numerous fragments with vary-
ing effects on neural function, yet the normal function of
APP remains largely unknown. This article provides an
overview of our current understanding of APP, including
its structure, expression patterns, proteolytic processing
and putative functions. Importantly, and for the first time,
my recent data concerning its epigenetic regulation, espe-
cially in alternative APP pre-mRNA splicing and in the
control of genomic rearrangements of the APP gene, are
also reported. These findings may provide new directions
for investigating the role of APP in neuropathology associ-
ated with a deficiency in the enzyme hypoxanthine-gua-
nine phosphoribosyltransferase (HGprt) found in patients
with Lesch-Nyhan syndrome (LNS) and its attenuated
variants (LNVs). Also, these findings may be of signifi-
cance for research in neurodevelopmental and neurode-
generative disorders in which the APP gene is involved
in the pathogenesis of diseases such as autism, fragile X
syndrome (FXS) and AD, with its diversity and complexity,
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SAD in particular. Accurate quantification of various APP-
mRNA isoforms in brain tissues is needed, and antisense
drugs are potential treatments.
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Introduction

The B-amyloid precursor protein (APP) belongs to a
family of evolutionary and structurally related proteins.
The human APP cDNA sequence was first cloned from a
brain tissue library (1), and subsequently, a number of
homologous APP family members were identified in a
variety of mammalian and non-mammalian organisms.
The APP family in mammals consists of three members:
APP, the APP-like protein-1 (APLP1) and the APP-like
protein2 (APLP2). In non-mammals, it consists of such
proteins as APL-1 in Caenorhabditis elegans and APPL in
Drosophila (2-4). Human APP is a type-I transmembrane
glycoprotein with a long N-terminal extracellular region
and a short C-terminal cytoplasmic tail (5, 6). Human
APP is best known as the precursor molecule that gener-
ates B-amyloid (AP) through its proteolysis. AP is a 39-42
amino acid peptide, the amyloid fibrillar form of which is
the primary component of amyloid plaques found in the
brains of individuals with Alzheimer’s disease (AD) and
Down syndrome (7). Ap was identified by Glenner and
Wong (8). The regulation of APP expression, the mecha-
nisms of APP trafficking, post-translational modification
and proteolytic cleavage are now well understood (9). The
production of AP from APP, which is generally considered
to be a key event in the pathogenesis of AD, has also been
well studied (9). The importance of APP in AD clearly lies
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in its role as a precursor to the AP peptide, which plays
a central role in amyloid hypothesis (10). Since 1992, the
amyloid cascade hypothesis has played a prominent role
in explaining the etiology and pathogenesis of AD. It pro-
poses that the deposition of A is the initial pathological
event in AD leading to the formation of senile plaques
(SPs) and then to neurofibrillary tangles (NFTs), neuronal
cell death and, ultimately, dementia (10). AD is currently
classified by age at onset and genetic status (11). Sporadic
AD (SAD) is characterized by later age at onset (onset
age >65 years) and accounts for ~99% of AD cases. Famil-
ial AD, (FAD) accounting for ~1% of cases, is characterized
by early age at onset (onset age <65 years) and a genetic
component (11). In these cases, mutations in the APP gene
and the presenilin (PS) genes PS1 and PS2 are known to be
associated with FAD. In contrast to monogenic diseases,
SAD exhibits numerous non-Mendelian anomalies that
suggest an epigenetic component in the disease etiol-
ogy. Furthermore, over recent years, data have illustrated
that reciprocal interactions between APP and its various
metabolites, including AP, can powerfully regulate key
neural functions including cell excitability, synaptic
transmission and neural plasticity (12). As a consequence,
perturbations of some of these activities may contribute
to AD pathogenesis and neurodegeneration in an ApB-
dependent or AB-independent manner (13). As such, it is
important to continue to investigate the normal function
of APP. Understanding its function will not only provide
insights into the genesis of AD but may also prove vital
in the development of an effective therapy. The present
review focuses on the biomolecular and epigenetic aspects
of human APP, beginning with an overview of APP includ-
ing its structure, expression patterns, processing charac-
teristics and putative functions, followed by its epigenetic
regulation especially in alternative APP pre-mRNA splic-
ing and in the control of genomic rearrangements of APP
gene and, finally, concludes with a discussion and some
future perspectives.

Human APP overview

APP structure

The human APP gene is located on chromosome 21 (21¢21.2-
3), spans approximately 240 kb and contains at least 18
exons (5, 6) (Figure 1A). Structurally, APP has features of
an integral type-I transmembrane glycoprotein. The size
of the putative binding domain at the N-terminus suggests
that APP may act as a cell-surface receptor for a ligand (1),
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act as a growth factor (14) or bind to an extracellular matrix
component such as proteoglycan (15). The APP-promoter
sequence indicates that the APP gene belongs to the class
of housekeeping genes. The promoter lacks typical TATA
and CAAT boxes but contains consensus sequences for
the binding of a number of transcription factors, including
SP-1, AP-1 and AP-4 sites, a heat-shock control element and
two Alu-type repetitive sequences (16-18). The presence of
SP-1, AP-1, and AP-4 sites in the APP promoter regulates,
the expression of proteins associated with cell proliferation
and mitosis as well as cell differentiation and suggests that
APP has a function related to cell growth or maturation.
Structurally, APP can be divided into three domains: APP
extracellular domain (EC) (exons 1-17: amino acid residues
1-699), APP transmembrane domain (TM) (exons 17-18:
amino acid residues 700-723) and APP intracellular domain
(IC) (exons 17-18: amino acid residues 724-770). Of interest,
the AP sequence (exons 16-17: amino acid residues 672-713)
is not conserved and is unique to APP. The encoded protein
contains a large N-terminal extracellular domain that
includes a signal-peptide sequence (SP) (amino acid resi-
dues 1-18), a cysteine-rich globular domain (E1) (exons 1-5:
amino acid residues 18-190), an acidic domain, a Kunitz-
type protease inhibitor (KPI) domain, a helix-rich domain
(E2) (exons 9-14: amino acid residues 366-568) and part of
the AP sequence, which extends into the transmembrane
domain. The relatively short intracellular domain contains
the C-terminus, which has some phosphorylation sites and
a YENPTY-sorting motif (Figure 1B).

E1 domain and acidic region

The crystal structure of the E1 domain shows similarities
to known cysteine-rich growth factors, and so it is termed
‘growth factor-like domain’ (GFLD) (14). The E1 domain
is divided into two distinct regions, the heparin-binding
domain (HBD1) and the copper/metal-binding domain
(CuBD) (Figure 1B). HBD1 is composed of a single o-helix
and an anti-parallel B-sheet, with a loop rich in basic resi-
dues (96-110) that bind to heparin (14, 15). Immediately
adjacent to the HBD1 is a hydrophobic pocket, which
could form either a protein-binding site or a dimerization
site (14). Adjacent to the HBD1 is the copper/metal-bind-
ing domain, which contains a single o-helix and a short
B-sheet. This region can bind several metal ions (19). The
role of this domain is unclear, but it has been suggested
that copper (II)-binding and reduction may be a principal
function (20). On the C-terminal side of the E1 domain is
an acidic region of unknown significance that is rich in
glutamic acid and aspartic acid residues (Figure 1B).
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Figure 1: Structure of the amyloid precursor protein (APP): APP gene, APP_  structure and major mRNA splice variants.

(A) APP gene structure. The APP gene is located on chromosome 21g21.2-3, spans approximately 240 kb and contains at least 18 exons.
Exon 13a (highlighted in black) denotes a novel exon containing a 59-nucleotide coding region and a 393-nucleotide untranslated region, as
published by de Sauvage and Octage [see Ref. (6)]. (B) Protein structure (APP, ). APP can be divided into three domains: APP extracellular
domain (EC), APP transmembrane domain (TM) and APP intracellular domain (IC). APP has an N-terminal signal peptide (SP); E1 domain with
a heparin-binding domain (HBD1), a copper-binding domain (CuBD); acidic region; APP,_ and APP__ contain a Kunitz protease inhibitor (KPI)
domain located in exon 7 and an Ox-2 antigen domain; E2 domain with a second heparin-binding domain (HBD2); Between the E2 and AB
regions are two potential N-linked glycosylation sites (CHO). The amino-acid sequence of the AR region is shown along with the secretase
cleavages sites: BACE cleaves APP after Met,, (B) and Tyr,,, (3"), whereas ADAM10 [best candidate o-secretase, see Ref. (44)] processes

APP within the AB peptide sequence after Lys . (o), thereby generating the p3 peptide. Gamma-secretase cleavage in the transmembrane
region (TM) involves presenilin 1 (PS1) and generates AB peptides of mainly 40 and 42 amino acid residues long (y,) and (y,,). PS-dependent
proteolysis also occurs at other positions including the e-site (AB, ) downstream of the y-site proximal to the membrane-intracellular bound-
ary (for details concerning the y- ¢- and {-sites, see text). Asterisks indicate the locations of mutations in APP causing early-onset of familial
AD (FAD) (see AD Mutation Database, http://molgen-www.uia.ac.be/ADMutations). The intracellular (IC) C-terminal domain contains a
YENPTY sorting motif. (C) Major mRNA splice variants. Differential mRNA splicing of exons 7, 8 (highlighted in black) can lead to the expres-
sion of 695, 751 and 770 amino acid isoforms.

KPI and Ox-2 antigen domains exon 7 and an Ox-2 antigen domain (Figure 1B). APP iso-

forms containing the KPI domain are more commonly
Longer isoforms of APP (APP770 and APPm) may contain expressed in non-neuronal cells (21). KPI-containing APP
a Kunitz-type protease inhibitor (KPI) domain located in isoforms are highly expressed in platelets, where they can
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influence wound repair by regulating blood clotting serine
proteases (22). As serine proteases are also implicated in
neuronal cell growth (23), it is possible that KPI-contain-
ing APP isoforms regulate cell growth by inhibiting one
or more of these proteases. Concerning the Ox-2 domain,
this is an insert of 19 amino acid residues that is similar
to a region of the Ox-2 antigen. The Ox-2 antigen is a lym-
phoid and neuronal cell-surface glycoprotein that has
homology to Thy-1 and immunoglobulin light chains (24).
As immunoglobulin loop domain are commonly found in
cell-surface receptors and involved in cell-surface binding
and recognition, it seems likely that the Ox2 domain in
APP has a similar function.

E2 domain

The E2 domain is an o-helix rich region that can readily
dimerize (25) and may therefore be involved in APP self-
association. Specially, X-ray analysis has revealed that
the E2 domain of APP could form parallel or antiparallel
dimers (26), and the latter structure implies that there is a
potential to function in trans-cellular adhesion. Indeed,
cell-culture studies support the homo-or hetero-dimers
formation of APP family members, and trans-dimerization
has been shown to promote cell-cell adhesion (27). It has
been further demonstrated that heparin binding to the E1
or E2 region would induce the formation of APP dimeriza-
tion (28). Downstream of the E1 and E2 regions, a ‘RHDS’
motif in the extracellular domain of APP within the A
sequence also appears to promote cell adhesion (Figure
1B). It is believed that this region acts in an integrin-like
manner by homology to ‘RGD’ sequences (29). In this
regard, it is interesting that APP co-localizes with integ-
rins on the surface of axons and at sites of adhesion (30,
31). The E2 domain has also a heparin-binding site (HBD2)
(32, 33) (Figure 1B) as well as a number of putative metal-
binding sites that may hold the E2 domain in a rigid con-
formation (34). Between the E2 domain and the A region
are found two potential N-linked glycosylation sites (CHO)
at residues 542 and 571 (Figure 1B).

AB, transmembrane domain and intracellular
domain

The AP region on the C-terminal side of the E2 domain lies
partly within the extracellular domain and partly within
the transmembrane domain (Figure 1B). The AB peptides
vary in size from 39 to 42 amino acids, and AP, _,, aggre-
gates more readily than the other molecules (35). A GxxxG
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sequence motif within the transmembrane domain has
been implicated in homodimerization (36) and in choles-
terol-binding (37) (Figure 1B). The intracellular domain
contains a YENPTY sorting motif located between residues
757 and 762 of the APP__ isoform (Figure 1B). This YENPTY
sorting motif interacts with several proteins containing
phosphotyrosine binding-domains (PTB-domain), includ-
ing Mint/X11 adaptor proteins. This motif is involved in
the facilitation of clathrin-mediated endocytosis and is
present in many tyrosine receptor kinases, non-receptor
tyrosine kinases, low-density lipoprotein-receptor-related
family proteins and integrins (38, 39). Consistent with this
role, many studies have demonstrated that the YENPTY
motif in APP is involved in the regulation of its trafficking
and endocytosis (40-42).

APP expression

During transcription, alternative splicing generates APP
mRNAs encoding several isoforms that range from 365 to
770 amino acid residues. The major expressed isoforms
of APP have 695, 751 or 770 amino acid residues (Figure
1C). APP_ and APP_ contain a domain homologous to
the Kunitz-type serine protease inhibitors (KPI) located
in exon 7 of the extracellular sequences (Figure 1B and
C), and these isoforms are commonly expressed in non-
neuronal cells (21). APP, isoform lacks the KPI domain
(Figure 1C) and is predominantly expressed in neurons
and accounts for the primary source of APP in brain (43).
The raison and functional significance for this apparent
tissue-specific alternative splicing is poorly understood.

APP processing

APP is processed in the constitutive secretory pathway
and is post-translationally modified by N- and O-glyco-
sylation, phosphorylation and tyrosine sulfation (44).
Full-length APP is sequentially processed by at least three
proteinases, termed o-, B- and y-secretases (Figure 2).
Cleavage by o-secretase or B-secretase within the luminal/
extracellular domain results in the shedding of nearly the
entire ectodomain to yield large soluble APP derivatives
(called APPsco. and APPsp, respectively) and generation of
membrane-tethered o- or B-carboxyl-terminal fragments
(APP-CTFo. and APP-CTFB). The APP-CTFs are subse-
quently cleaved by y-secretase to generate either a 3-kDa
product (p3, from APP-CTFo) or AP (from APP-CTE), and
the APP intracellular domain (AICD) (Figures 1B and 2).
The major neuronal B-secretase is a transmembrane



K. V. Nguyen: The human B-amyloid precursor protein: biomolecular and epigenetic aspects = 15

DE GRUYTER
™ Ic
EC Ap
t1
B a
B-‘Wefa% w‘tase
APPsf APPso.

l APP-CTFB
SRR U AN
]
Y

l y-secretase

e

e AICD

l y-secretase

e AICD

p3

Figure 2: Schematic diagram of APP processing pathways (not drawn to scale).
The AB domain is highlighted in black. For simplicity, only one cleavage site is shown for each enzyme. EC, extracellular domain; TM, trans-

membrane domain; IC, intracellular domain.

aspartyl protease, termed BACE1 (B-site APP cleaving
enzyme 1 or B-amyloid cleaving enzyme 1; also called
Asp-2 and memapsin-2) (45-48). There is an alternative
BACE (B’) cleavage site following Glu at position+11 of the
AP peptide (49) (Figure 1B). In addition, there is a BACE2
homolog (B-site APP cleaving enzyme 2) that is expressed
widely but does not appear to play a role in AP genera-
tion as it appears to cleave near the o-secretase site (50,
51). Whereas cleavage at the B-site is specific to BACE], it
was initially believed that a number of proteases, specifi-
cally members of the ADAM (a disintegrin and metallopro-
tease) family of proteases including ADAM9, ADAM10 and
ADAM17, are candidates for the a-secretase (52). However,
it should be noted that cleavage of APP by o-secretase
processing only precludes the formation of an intact full
length AP peptide. Although this latter event is commonly
called the non-amyloidogenic pathway, that is unfor-
tunately a bit of a misnomer because truncated AB (p3
peptide) from 17-42 (Figures 1B and 2) is also deposited in
the brain of AD and Down syndrome patients (53, 54), indi-
cating that shorter AP peptides starting at the o-secretase
site may contribute to some aspects of AD-associated
amyloid pathology (55, 56). Regarding y-secretase cleav-
age that releases A from the membrane, this activity is
executed by a high molecular weight complex consisting
of presenilin PS1 or PS2, nicastrin, anterior pharynx defec-
tive phenotype (APH1) and presenilin enhancer 2 (PEN2)
(57, 58). Although these four proteins form the mature
y-secretase complex, it appears that the core y-secretase
activity resides within presenilin itself, functioning as
an aspartyl protease (59-61). Gamma-secretase cleavage

is a type of regulated intramembrane proteolysis (RIP),
as cleavage occurs in the middle of the transmembrane
domain (62). In addition to generating A peptides of dif-
ferent lengths, RIP of APP is thought to occur as a series
of cleavages, starting from the C-terminal end of the sub-
strate and moving toward the N-terminal region of the
transmembrane domain. These cleavage sites have been
termed the y- ¢- and {-sites (62) (Figure 1B). In addition
to the y-cleavage that yields AB 40 and 42, PS-dependent
proteolysis also occurs at other positions including the
e-site (AP 49) downstream of the y-site proximal to the
membrane-intracellular boundary (63-65). Recent data
provide support for a sequential cleavage model in which
e-cleavage serves as the initial cutting site followed by
{- and y-processing within the membrane (65-67). Thus,
the e-cleavage of APP may represent the primary PS-
dependent processing event. This is important because
this cleavage releases AICD and more than 20 proteins
have been reported to interact with AICD, including some
that are necessary for AICD-dependent functions in signal
transduction, apoptosis or modulation of cytoskeletal
dynamics (68). It is also important to note that initially
it was believed that the cleavage of APP is physiologi-
cally carried out by o-secretase, and it prevents amyloi-
dogenesis in AD. In reality, this is an oversimplification,
because only a fraction of the total pool of APP is cleaved
by o-secretase in most cell types, leaving most of the APP
protein intact. Furthermore, 3- and y-secretase processing
of APP (at the N- and C-terminals of the A sequence) also
occur under physiological conditions; this indicates that
all fragments of APP, including the AP peptide, are part of
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normal physiology (44). It is also worth mentioning that
none of the secretases have unique substrate specificity
toward APP, and the cleavage of transmembrane proteins
by an ADAM or BACE (ectodomain shedding) is commonly
involved in the activation of a number of functional path-
ways. Ectodomain shedding by ADAMs is essential for
the release of many cytokines and growth factor ligands,
such as epidermal growth factor (EGF) (69). Addition-
ally, ADAMs are involved in the ectodomain shedding of
growth-factor receptors, such as human epidermal growth
factor receptor 2 (70) and Notch (71). Ectodomain shedding
by BACE is also likely to be required for the proper func-
tion of a number of proteins (72). For example, neuregu-
lin-1 (NRG1) is cleaved by BACE1 and ADAM17 to release an
ectodomain fragment that acts in a paracrine manner to
stimulate myelination (73). Therefore, cleavage by ADAMs
or BACE can potentially facilitate cellular signaling in a
variety of ways, either by the release of growth factors or
by the ligand-dependent activation of cellular receptors.
RIP by y-secretase is also a process involved in the normal
function of many proteins. RIP can serve two general func-
tions. First, it can remove the membrane-associated frag-
ment that is produced by ectodomain shedding. Second,
it can catalyze the production of intracellular signaling
domains (62). Gamma-secretase has been reported to
cleave more than 50 type-I membrane proteins in addi-
tion to APP (74). Apart from APP, the most well-known
v-secretase substrate is the developmental protein Notch,
which is activated by y-secretase cleavage (75, 76). There-
fore, it is possible that y-secretase cleavage may also be
involved in the function of APP.

Putative functions of APP

Despite the large number of published studies on APP,
there is still no clear consensus on the protein’s func-
tion. There are many excellent reviews that summarize
this area in detail but are otherwise beyond the scope of
this article. Briefly, an analogy of the secondary struc-
tures and proteolytic processing profiles between Notch
and APP predicts that APP could function as a cell-sur-
face receptor similar to Notch (77). The E1 and E2 regions
in the extracellular domain of APP have been shown to
interact with extracellular matrix proteins and heparin
sulfate proteoglycans (78), supporting its role in cell-
substratum adhesion, cell-cell adhesion, dimerization,
ligand-binding and metal-binding. A number of pub-
lications have pointed to an important role of the APP
extracellular domain in neurite outgrowth and synap-
togenesis, both as a full-length protein and as a secreted
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molecule (APPs) following ectodomain-shredding. Fur-
thermore, a role of APP in cell signaling and apoptosis
via AICD has been also documented (68). Thus, APP may
exert these activities in both autocrine and paracrine
fashions. Because levels of APPs have been reported to
be reduced in individuals with AD (79), the possibility
has been raised that the loss of the trophic activity of
APPs, in concert with a reduction of growth factors in the
brain, may contribute to neurodegeneration in AD. One
of the mechanisms that regulate APP function is likely to
be protein phosphorylation. APP can be phosphorylated
at multiple sites in both extracellular and intracellular
domains (80). In particular, protein phosphorylation by
protein kinase C (PKC) has been shown to play a pivotal
role in the control of APP metabolism and amyloid for-
mation (80). Among different sites of phosphorylation,
the phosphorylation at the threonine_, residue (Thr_,
numbering for the APP _ isoform, i.e., Thr, for the
APP_  isoform) in the APP intracellular domain has
received the most attention to date. This phosphoryla-
tion has been implicated in regulating APP localization
to the growth cones and neurites (81, 82). Significantly,
the Thr_, phosphorylated APP is shown to be preferen-
tially transported to the nerve terminals (83), and the
Thr,, phosphorylated APP fragments are increased in
AD, but not in control subjects (84), raising the possibil-
ity that this phosphorylation event may contribute to AD
pathogenesis by regulating AP generation in neurons.
A recent work provided a possible link between Thr,
phosphorylation and APP processing through the prolyl
isomerase Pinl. The authors showed that Pinl binds to
the phosphorylated Thr,-Pro motif and promotes the
isomerization of the proline residue (85). This leads to a
conformational change of the APP intracellular domain
and alteration of APP processing and AP production. Fur-
thermore and interestingly, the APPThr , phosphoryla-
tion and adaptor protein interaction may be functionally
coupled. Biochemical and structural studies indicate
that Thr,,, phosphorylation results in a conformational
change by which it negatively regulates APP binding to
Fe65 and reduces the stability of the APP intracellular
domain (86). Overall, these findings lend support for an
important role of Thr,, phosphorylation and Fe65 in reg-
ulating APP dynamics. Concerning the two other human
proteins that have a high degree of homology to APP, but
do not contain the AP sequence, APLP1 and APLP2, and
in regard to the pathology of AD, although APLP1 and
APLP2 do not produce the toxic AP peptide, their roles
in functioning separately from, but in support of, APP
suggest that they may play a role in the development
of the disease. Indeed, it was reported that both APLP1
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and APLP2, like APP, formed transcriptionally active
triple protein complexes with Mint3 and transcriptional
co-activators Taz and Yap to activate transcription of
target genes, and the complex formation was regulated
by the y-secretase cleavage of APLP1 and APLP2. The
presence of Mintl instead of Mint3 in the complex pre-
vented its translocation to the nucleus. APLP1 displayed
much lower transactivation levels compared to APP and
APLP2. These results indicate that all these three human
APP family members are capable of activating gene tran-
scription via Mint3-Taz and Mint3-Yap (87).

To understand the in vivo function of APP and its pro-
cessing products, the in vivo gain-and loss-of-function
phenotypes associated with the APP family of proteins in
model systems (C. elegans, Drosophila and mice) were also
investigated (88). In C. elegans, although the cloning of
the C. elegans APP homolog APL-1 was published in 1993,
to date there has been no report describing the APL-1 null
mutant. It was reported that, by using an RNA-interference
(RNAi) method, worms treated with APL-1 RNAi exhibited
a defect in pharyngeal pumping, and this phenotype was
shared with Fe65 homolog-1 (Feh-1)-treated worms, sug-
gesting that these two proteins act in the same pathway,
possibly through direct physical interactions. Mutation
in Feh-1 resulted in a reduction of acetylcholinesterase
gene expression. These findings taken together support a
conserved role of the APP family of proteins in the cho-
linergic pathway, possibly in a Fe65-dependent manner.
For Drosophila, it was reported that mutants lacking
APPL were viable and fertile but exhibit subtle behavioral
defects that can be partially rescued by human APP, dem-
onstrating functional conservation. Subsequent analysis
revealed that these mutant flies show reduced synaptic
bouton numbers at the neuromuscular junction, and that
this activity appears to require the formation of a complex
with the cell adhesion molecule fasciclin and Drosophila
Mint/X11. Consistent with a role of APPL in synapse devel-
opment, ectopic over-expression of APPL leads to satellite
bouton formation at the Drosophila neuromuscular junc-
tion, and this activity requires the APP YENPTY domain
where adaptor protein interaction takes place. In mice,
homozygous APP-deficient mice are viable and fertile.
However, the mutant animals were smaller (15-20% less
body weight) than age-matched controls and exhibited
decreased locomotor activity and forelimb grip strength,
indicating compromised neuronal or muscular function.
In addition, the majority of the mice show reactive gliosis,
suggesting undefined neuronal damage in brain activity.
The relatively subtle phenotype of the APP-deficient mice
indicated that the presence of other APP family members
may compensate for the loss of APP. Indeed, whereas
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mice with individual deletion of APP, APLP1 and APLP2
are viable and fertile, APP/APLP2 and APLP1/APLP2
double-knockout mice showed early postnatal lethality.
Intriguingly, the APP/APLP1 double-null mice are viable,
revealing a property of APLP2 that is uniquely required
when APP or APLP1 is absent. Although the neuromus-
cular junction of APP or APLP2 single-null mice did not
show overt structural abnormalities, the APP/APLP2
double-knockout animals exhibited poorly formed neuro-
muscular junctions with reduced apposition of pre- and
postsynaptic elements of the junctional synapses. The
number of synaptic vesicles at the presynaptic terminals
was also reduced. Mice deficient in all three APP family
members (APP/APLP1/APLP2 triple-knockout mice) were
lethal in the early postnatal period. Analysis of these
APP/APLP1/APLP2 triple-knockout mice revealed that the
majority of the animals showed cortical dysplasia sugges-
tive of neuronal migration abnormalities and partial loss
of cortical Cajal Retzius cells. In sum, the loss-of-function
studies present a convincing picture that members of the
APP gene family play essential roles in the development
of the peripheral and central nervous systems relating to
synapse structure and function, as well as in neuronal
migration or adhesion.

In conclusion, it is clear that APP undergoes complex
regulation and is important for neuronal and synaptic
function in both central and peripheral nervous systems.
This may involve the APP extracellular domain, the APP
intracellular domain, the AB sequence or, indeed, cross
communication among these motifs. It is therefore rea-
sonable to speculate that the misregulation of APP could
contribute to neuronal and synaptic impairment occurring
in AD in an AB-dependent or AB-independent manner. As
such, a more complete understanding of AD pathogenesis
will likely require greater insights into the physiological
function of APP.

Epigenetic regulation of APP

Regulation of alternative APP pre-mRNA
splicing

As mentioned in the Introduction, human APP is the best
known as the precursor molecule whose proteolysis gen-
erates $-amyloid (AB), a 39-42 amino acid peptide whose
amyloid fibrillar form is the primary component of amyloid
plaques found in the brains of individuals with Alzhei-
mer’s disease (AD) and Down syndrome (7, 9). Current
therapeutics designed to treat AD have not been
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successful in effectively treating the progressive nature of
cognitive decline observed in patients. Cholinesterase
inhibitors donepezil, rivastigmine and galantamine,
huperzine-A, and N-methyl-D-aspartate antagonist
memantine are approved drugs available for AD; however,
these drugs fail to treat the underlying cause of neurode-
generation and only provide modest short-term sympto-
matic relief (89). One of the underlying reasons for the
failure of treatment measures is the lack of knowledge
pertaining to the epigenetic, environmental, and mecha-
nistic drivers of neurodegeneration. Many studies have
focused on determining the genetic contributions to AD.
In FAD, autosomal dominant mutations in APP, PS1, and
PS2 [all genes involved in the production of AP, see
Ref. (11)] are mainly responsible for the early-onset form
of the disease. Recently, the triggering receptor expressed
on myeloid cells 2 (TREM2) was designed as another rare
monogenetic candidate for early onset of disease risk (90).
However, these mutations in FAD represent a very small
percentage of cases (~1%), and ~99% of cases are SAD (11).
Multiple studies conducted to determine disease-causa-
tive loci have revealed that AD is highly complex and het-
erogeneous in nature, susceptibility loci vary according to
gene penetrance, ethnicity, geography, environment and
sample size of various studies; therefore, identifying
genes responsible for SAD is highly challenging (91-93).
Linkage and genome-wide association studies (GWAS)
have mapped regions in chromosomes 9, 10 and 12 that are
associated with AD risk; several genes, such as apolipo-
protein E (APOE), BACE1 and BACE2, for example, are
thought to be prime candidates to confer risk because of
their role in pathways associated with A biosynthesis
and deposition (94). However, approximately 300 genes
have been implicated without strong causative evidence
to increase risk for AD (92). Therefore, nongenetic factors,
such as epigenetic modifications, may also be causative
and currently the subject of intense research. Epigenetics
is the study of changes in gene expression and/or chroma-
tin structure and cell function caused by mechanisms
other than changes in the underlying DNA sequence (95).
This field is an important area of investigation because
epigenetic modifications may explain differential regula-
tion of AD risk genes and genomic regions without
changes to their DNA sequence and, therefore, undetected
in genetic studies. These modifications can occur on DNA
molecules (mainly on cytosine bases at cytosine-guanine:
CpG sites) or on histone proteins, which make up the fun-
damental structure of chromatin (96, 97). Modifications to
histones include methylation, acetylation, phosphoryla-
tion, ubiquitination, sumoylation, etc., and more than 100
different modification residues have been characterized
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(98). Variations in promoter sequences can alter gene
expression directly by altering a transcription-binding site
or indirectly by changing the organization of chromatin.
Promoter variants with effects on the transcriptional activ-
ity of certain human genes and in the regulation of alter-
native pre-mRNA splicing have been identified, and
genetic association studies have suggested that some of
these variants may be disease risk factors (99, 100).
Recently, noncoding RNAs (ncRNAs), such as long non-
coding RNAs (LncRNAs) and microRNAs (miRNAs), among
other regulatory RNA molecules, have been shown to play
an epigenetic role in the regulation of genes by various
mechanisms, including recruiting DNA methyltrans-
ferases and chromatin modifiers to their targets, inhibit-
ing translation of mRNA, and in the degradation or
stability of mRNA by sequence complementarity with
their targets (101). Epigenetic modifications are therefore
central facilitators of the nexus between genes and the
environment. The role of epigenetic modifications has
been studied in various fields of biology, especially in
developmental and cancer biology; erroneous regulation
of epigenetic modifications has been linked to many
developmental deficiencies, including neurogenesis, and
in the formation and progression of cancer (102, 103). The
role of epigenetic modifications in neurological disease
has also been studied; erroneous regulation of epigenetic
modifications results in a number of neurological disor-
ders such as Rett syndrome, mental retardation, autism
and AD (104-107). Recently, I performed a study (108)
searching for a link between APP and Lesch-Nyhan syn-
drome (LNS), a neurogenetic disorder of purine metabo-
lism in which the enzyme hypoxanthine-guanine
phosphoribosyltransferase (HGprt, EC. 2.4.2.8; MIM
308000) is defective. Complete or severe deficiency of
HGprt enzyme activity leads to LNS (MIM 300322). Classi-
cal features of LNS include hyperuricemia and its seque-
lae (gout, nephrolithiasis and tophi), intellectual
impairment and self-injurious behavior (109). Partial defi-
ciency of HGprt enzyme activity (MIM 300323) leads to its
attenuated variants (LNVs). LNV is characterized by the
consequences of overproduction of uric acid and a varia-
ble spectrum of neurological manifestations, without the
manifestations of self-injurious behavior (110, 111). The
etiology of LNS and LNV involves a mutation of the HPRT1
gene, which is on the long arm of the X chromosome
(Xg26.1), and it contains nine exons and eight introns (110,
111). Because the HPRT1 gene is on the X chromosome,
males are affected and females in the families are at risk
for being carriers of the mutation. A major unsolved ques-
tion is how the loss of HGprt enzyme function affects the
brain to cause the neurobehavioral syndrome in LNS and
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its attenuated variants (LNVs). To address this issue, a link
between LNS and the aberrant basal ganglia function,
including the dysfunction of dopaminergic pathways, was
reported (112, 113). However, the mechanism by which fea-
tures of LNS result from impaired purine metabolism is
still not well understood. It was also documented that
adhesion of HGprt-deficient neuroblastoma as well as
fibroblasts from patients with LNS exhibited dramatically
enhanced adhesion compared to control cells (114) and
could have consequences for the maturation of the central
nervous system, as seen in the smaller brain size of LNS
and LNVs children (115-117). It was also reported that
HGprt-deficiency was accompanied by aberrations in a
variety of pathways known to regulate neurogenesis or to
be implicated in neurodegenerative disease, including the
canonical Wnt/B-catenin and the AD/presenilin signaling
pathways (118). Furthermore, it was also documented that
the HPRTI gene regulated multiple developmental and
metabolic pathways of murine embryonic stem cell neu-
ronal differentiation, and the neural aberrations of HGprt-
deficiency could result from the combinatorial effects of
these multi-system metabolic errors (119). As some of
these aberrations are also found in forms of AD and Hun-
tington’s disease, these authors predicted that some of the
systems defects play similar neuropathogenic roles in
diverse neurodevelopmental and neurodegenerative dis-
eases (119). A role for APP related to cell-cell or cell-sub-
strate adhesion and important for brain morphology and
highly coordinated brain functions such as memory and
learning has been suggested (12, 88). Hence, the APP
pathway is possibly implicated in the development of LNS
and LNVs. In an attempt to search for a link between APP
and LNS (108), I have examined the APP-mRNA profile
and the genomic APP-DNA in fibroblasts from normal sub-
jects and HGprt-deficient LNS and LNVs patients. Interest-
ingly, during this study (108), I identified for the first time,
in fibroblasts from normal subjects as well as from LNS
and LNVs patients, several APP-mRNA isoforms encoding
divers APP protein isoforms ranging from 120 to 770 amino
acids (with or without mutations and/or deletions)
(Table 1, see Supplementary Material for additional details
about the experimental procedures). There was no muta-
tion found in the 18 exons and flanking intronic sequences
of genomic APP-DNA from all fibroblasts. Divers APP-
mRNA isoforms with or without mutations and/or dele-
tions have been found in fibroblasts of all subjects (normal
control as well as LNS and LNVs patients), and it is there-
fore conceivable that changes in epigenetic regulation
caused by genetic and environmental factors, as well as
life events and aging, could cause alterations in the
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regulation of alternative APP pre-mRNA splicing and
result in an imbalance between different APP-mRNA iso-
forms. Some of these isoforms may be disease risk factors.
It is the first time that the real profile of APP-mRNA iso-
forms accounting for epigenetic mechanisms in the regu-
lation of alternative APP pre-mRNA splicing has been
shown. Here, it is important to note that epigenetic modi-
fications, due to gene-gene interactions (epistasis) (120),
could affect the regulation of alternative APP pre-mRNA
splicing in favor of APP-mRNA isoforms responsible for
the disease. Epistasis is important, ubiquitous and has
become a hot topic in complex disease genetics, such as
AD, schizophrenia, autism, type-2 diabetes, sporadic
breast cancer, sickle-cell anemia, etc., in recent years and
even common for determining phenotypes for a number of
rare Mendelian diseases such as cystic fibrosis,
Hirschsprung disease, etc. (121). However, the data sup-
porting epistasis in complex human diseases are emerg-
ing slowly. This is due to different difficulties that we face
in detecting and characterizing epistasis, such as chal-
lenges of modeling non-linear interactions, and in the
interpretation of results (120, 121). My present results
accounted for epigenetic mechanisms in the regulation of
alternative APP pre-mRNA splicing and may provide,
therefore, a unique integrative framework for the patho-
logic diversity and complexity of neurodevelopmental
and neurodegenerative disorders in which the APP gene is
involved in the pathogenesis of the diseases such as
autism, AD and, especially SAD. Although there is no
experimental evidence at present proving the direct link
between LNS/LNVs and APP, based on the results summa-
rized in Table 1, it is conceivable that in LNS, epigenetic
modifications due to epistasis between mutated HPRT1
and APP genes could affect the regulation of alternative
APP pre-mRNA splicing in favor of APP-mRNA isoforms
responsible for the modifications of brain anatomy and
the neurobehavioral syndrome observed in LNS and LNVs.
The severity of the affection would depend on how muta-
tions ultimately alter the interactions between mutated
HPRTI and APP genes. The type of mutation and its loca-
tion in the HPRT1 gene is therefore an important factor for
provoking disease (LNS or LNV), not only through its
effect on residual HGprt enzyme activity but also through
its effect on interactions between mutated HPRT 1 and
APP genes. For the same type of mutation in the HPRTI
gene, the response to epigenetic modifications due to
epistasis may be different from one patient to another and
this could explain the manifestation of different clinical
phenotypes from different patients and also from different
affected family members (111, 122, 123).
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Table 1: Isoforms of APP and mutations/deletions.
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Samples® Isoforms Mutations and/or deletions
1 APP__ No mutation
APP__ Mutation in exon 5: ¢.622T7>C, p.V208A
APP,_. Deletion starting after 102 bp of the 5’ end of exon 5 followed by a complete deletion of exons 6, 7, 8, 9, 10, 11,
12,13, 14, 15,16 and 104 bp of the 5’ end of exon 17. Mutation in exon 2: c.135A>G, p.N46D.
APP_ Deletion starting after 93 bp of the 5’ end of exon 3 followed by a complete deletion of exons 4, 5, 6, 7, 8, 9, 10,
11,12, 13, 14, 15,16 and 59 bp of the 5’ end of exon 17. No mutation.
7 APP__ Mutations in exon 6: ¢.751G>A, p.G251D; exon 7: ¢.979A>G, p.N327S.
APP__ Mutations in exon10: ¢.1249A>G, p.E417G; exon 11: ¢.1429T>C, p.1477T; exon 13: ¢.1657C>T, p.A553V.
APP, Deletion starting after 49 bp of the 5’ end of exon 3 followed by complete deletion of exons 4, 5, 6, 7, 8, 9, 10,
11,12,13, 14 and 15. Mutations in exon 1: ¢.21C>T, p.L8F; exon 3: c.268A>G, p.Q90R.
APP Deletion starting after 27 bp of the 5’ end of exon 3 followed by a complete deletion of exons 4, 5, 6, 7, 8, 9, 10,
11,12, 13, 14, 15,16 and 138 bp of the 5’ end of exon 17. No mutation.
13 APP__ No mutation.
APP_ Mutation in exon 12: c.1563delA, p.K522fs531X in exon 13.
APP_ Mutation in exon 15: ¢.1930C>T, p.P644L.
APP__, Mutations in exon 12: ¢.1557C>T, p.P520S; c.1570C>T, p.A524V; exon 16: ¢.2062T>C, p.L688S.
APP, Deletion starting after 33 bp of the 5’ end of exon 3 followed by a complete deletion of exons 4, 5, 6, 7, 8, 9, 10,
11,12, 13, 14 and 11 bp of the 5’ end of exon 15. No mutation.
APP . Deletion starting after 63 bp of the 5’end of exon 3 followed by a complete deletion of exons 4, 5, 6, 7, 8, 9, 10,
11,12,13, 14,15, 16 and 30 bp of the 5’ end of exon 17. No mutation.
14 APP_ No mutation.
APP,_ Mutation in exon 2: c.135A>G, p.N46D.
APP__, Deletion starting after 9 bp of the 5’ end of exon 6 followed by a complete deletion of exons 7, 8, 9, 10, 11, 12,
13, 14, 15 and 15 bp of the 5’ end of exon 16. No mutation.
APP . Deletion starting after 42 bp of the 5’ end of exon 3 followed by a deletion of 209 bp of the 5’ end of exon 14.
Complete deletion of exons 4, 5, 6,7, 8,9, 10, 11, 12, 13. Deletion in exon 2: c.199delC, p.Q74fs86X in exon 3.
Mutation in exon 3: ¢.242G>T, p.Q81H.
APP__, Deletion starting after 132 bp of the 5’ end of exon 2 followed by a complete deletion of exons 3,4,5,6,7,8,9,10,
11,12,13,14,15, and 10 bp of the 5’ end of exon 16. Mutation in exon 18: c.2265G>A, p.G756S.
15 APP_ No mutation.
APP Mutations in exon 9: ¢.1215A>G, p.M406V; exon 10: c.1380T>A, p.D427E; exon 16: c.2050A>G, p.H684R.

aSample #1is normal subject, control; Samples #7 and #13 are LNS-affected male patients; Samples #14 and #15 are LNV-affected male

patients.

Control of genomic rearrangements of APP
gene

In the past 15 years, it has become evident that higher-
order genomic architectural features can lead to a sus-
ceptibility to DNA rearrangements that are frequent
causes of disease (124). Genomic rearrangements describe
mutational changes in the genome such as duplication,
deletion, insertion, inversion and translocation that are
different from the traditional Watson-Crick base pair
alterations (125). Genomic rearrangements can represent
polymorphisms that are neutral in function, or they can
convey phenotypes via diverse mechanisms, including
changing the copy number (that is, copy number variation
or CNV) of dosage-sensitive genes, disrupting genes, cre-
ating fusion genes or other mechanisms (125). The patho-
logical conditions caused by genomic rearrangements are
collectively defined as genomic disorders (125-127). CNV

is a major source of genetic variation among humans. CNV
can convey clinical phenotypes, including genomic disor-
ders, sporadic diseases and complex human traits such
as autism (128), schizophrenia (129) and mental retarda-
tion (130). Thus, uncovering the mechanisms underly-
ing CNV formation has tremendous implications for the
diagnostics of CNV-associated diseases. Typically, the
term ‘genomic rearrangements’ is only used to describe
gross DNA changes ranging from thousands to sometimes
millions of base pairs that can cover clusters of different
genes (125). Three major mechanisms have been proposed
for rearrangements in the human genome: non-allelic
homologous recombination (NAHR), non-homologous
end-joining (NHE) and the Fork Stalling and Template
Switching (FoSTeS) models (125). Recently, Chen et al.
(131) proposed the serial replication slippage (SRS) model
to explain the ‘smaller’ DNA rearrangements (between 21
bp and up to 10 kb), including duplications, deletions,
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insertions and inversions, collected in the Human Gene
Mutation Data base (HGMD). The SRS model proposed for
small gene mutations shares some general features with
the FoSTeS model proposed for the larger rearrangements.
Both models assume serial replication slippage, and both
stress the importance of the genomic architectural ele-
ments, such as palindromic DNA, stem-loop structures,
repeats and so on, that may facilitate the initial stalling
of the replication fork. Whereas the SRS model assumes
that replication slippage occurs on closely adjacent sites
(possibly inside the same replication fork) and causes
DNA rearrangements of small sizes, the FoSTeS model
emphasizes that the template switch can occur over long
distances (120 kb to 550 kb observed to date) to another
replication fork (given the spatial closeness of the two
forks) and cause DNA rearrangements on a much larger
scale (124). Recently, in the research work of searching for
a link between APP and LNS (108), I have also identified
the presence of genomic rearrangements of APP gene. For
the first time, three APP-mRNA isoforms resulted from
DNA rearrangements of APP gene with a deletion fol-
lowed by an insertion (INDELS) via the SRS mechanism
leading to non-functional APP or loss of APP. This is due
to the early translational stops which resulted in tran-
script instability c.19_2295delC TG...TTT,, ,insG, TT...
GAGTCC... CTTAGTC...TCT,,, p.Leu7Valfs*2 for sample #7,
LNS; €.19_2295delC, TG..TTT,,,,insG, TT...GAGACC...
CTTGGTC...TCT ,,, p.Leu7Valfs*2 for sample #15, LNV;
and c.l6_2313de1G163CA...TAGMOinsGBQCC...CATSIG, p-Leu7-
Hisfs*45 for sample #14, LNV. The underlined letters
T, A, and A, G indicate the difference in nucleotides in
the sequence of 324 bp inserted in these two APP-cDNA
(Figure 3A, B and C, see Supplementary Material for addi-
tional details about the experimental procedures). Indeed,
as shown in Figure 3A and B, there was a deletion between
exon 1 and exon 18 of the APP gene starting after nucleo-
tide A, or A, in exon 1 of APP-cDNA and substituted by
an insertion of 324 bp in which there were five Opal stop
codons TGA located after nucleotides T, ., C, , T, A

168° 210° ~276° 300°
T,,, and one Amber stop codon TAG located after nucleo-
tide T, for sample #7, LNS (Figure 3A), and five Opal stop
codons TGA located after nucleotides T, Cop Tho Ag
T,,, for sample #15, LNV (Figure 3B), respectively. In fact,
the sequence of 324 bp inserted in these two APP-cDNA is
identical except for nucleotides T, (in triplet AGT, see hor-
izontal bar mark) and A, (in triplet TAG, see horizontal
bar mark) in sample #7 (Figure 3A) and A, (in triplet AGA,
see horizontal bar mark) and G, (in triplet TGG, see hori-
zontal bar mark) in sample #15 (Figure 3B). Also, as shown
in Figure 3C, there was a deletion in exon 1 of the APP gene

starting after nucleotide G, in exon 1 of APP-cDNA and
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substituted by an insertion of 533 bp in which there were
five Opal stop codons TGA located after nucleotides G,
C,eo Copp Agr C,. and two Amber stop codons TAG located
after nucleotides A, C for sample #14, LNV. Here, all
other exons of the APP gene were totally excluded. Only the
first stop codons presented in the inserted sequence of all
three APP-cDNA are shown in Figure 3A, B and C because
only the first is a real stop codon, the others are part of the
3'unstranslated region (UTR) and will not function as stop
codon (see horizontal bracket marks). As a result, APP
produced from these three APP-mRNA isoforms could not
function. Early translational stops can lead to transcript
instability, leading to the loss of APP. As a consequence,
there is a disease risk. Here, experiments conducted on
the controls (normal subjects) have not shown any clones
of the APP-mRNA isoforms with the genomic rearrange-
ments comparable to those observed in LNS and LNVs
patients. Given the small size of the DNA rearrangements
deduced from the three APP-mRNA isoforms isolated in
this study, the SRS model is likely the one responsible for
the present genomic rearrangements of the APP gene. The
complex gene rearrangements caused by the SRS mecha-
nism for diverse mutations found in different genes, such
as GALNS, HPRT1, IDS, MECP2, OFD1, SALLI, etc., have
been reported (131). Duplication of the APP locus result-
ing from the genomic rearrangements has been docu-
mented [see Ref. (132) and the AD Mutation Database,
http://molgen-www.uia.ac.be/ADMutations]. ~ Recently,
epigenetic changes controling genomic rearrangements of
the IgH locus has been reported (133). It is therefore con-
ceivable that changes in epigenetic regulation caused by
genomic rearrangements of the APP gene could result in
an imbalance between different APP-mRNA isoforms, and
some of these isoforms may be disease risk factors. Epista-
sis between mutated HPRT1 and APP genes could be one
of the factors of epigenetic modifications responsible for
genomic rearrangements of the APP gene.

Discussion and perspectives

AD is the most common form of dementia and represents a
progressive, degenerative brain disorder that affects
memory, behavior and emotion. To date, the pathophysiol-
ogy of this disorder is not yet fully understood. APP is
central to understanding AD pathogenesis due to its
genetic, biochemical and neuropathological connections
with AD. Firstly, APP is the source of AP, a major compo-
nent of SPs in AD brains (7, 9). Secondly, genetic mutations
of APP cause FAD [see Ref. (11) and AD Mutation Database].
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involved in APP processing, have been shown to induce
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Furthermore, the mutation spectrum extended to APP performed on FAD patients that provided valuable insights

locus duplications, underscoring the importance of the
Down syndrome, AD neuropathology develops universally FAD. The presenilin and APP mutations found in FAD

due to an extra copy of the APP gene (7). Current theories

Database]. In the case of trisomy of chromosome 21 in
on the pathophysiology of AD are mainly based on genetic

APP gene dosage in AD [see Ref. (132) and AD Mutation

(Figure 3: Continued)

patients appear to result in increased production of AB,,
which is probably the primary neurotoxic species involved
in the pathogenesis of the disease (134). In FAD, mutations
in APP itself or in the presenilins can shift the cleavage site
to favor the y-secretase site and, in particular, to favor

and neuropathological findings pointing toward aberrant
processing of APP and tau as central molecular events.

Although most patients are SAD, it is mainly the research
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Figure 3: Automated direct APP-cDNA sequence analysis for screening of insert into the pcDNA™3.1/V5-His-TOPO®vector.

(A) Sample #7, LNS: Chromatogram of the APP-cDNA sequence read from left to right (5’—3") showed the nucleotide A ,, of the ATG start
codon of exon 1 of APP gene (T); the beginning of the deletion and substituted by an insertion of 324 bp between exon 1 and exon 18,
located after nucleotide A, (M; the first Opal stop codon TGA, located after nucleotide T, (see horizontal bracket mark); the presence of
nucleotides T, (in triplet AGT, see horizontal bar mark) and A (in triplet TAG, see horizontal bar mark); the nucleotide G,,, Of the GAG start
codon of exon 18 (T); the nucleotide G,,, of the Amber stop codon TAG end codon of exon 18 at the end of APP-cDNA (M. (B) Sample #15,
LNV: Chromatogram of the APP-cDNA sequence read from left to right (5'—3’) showed the nucleotide A, of the ATG start codon of exon 1 of
APP gene (T); the beginning of the deletion and substituted by an insertion of 324 bp between exon 1 and exon 18, located after nucleotide
A (M); the first Opal stop codon TGA, located after nucleotide T,,, (see horizontal bracket mark); the presence of nucleotides A, (in triplet
AGA, see horizontal bar mark) and G, (in triplet TGG, see horizontal bar mark); the nucleotide G, of the GAG start codon of exon 18 M;
the nucleotide G, of the Amber stop codon TAG end codon of exon 18 at the end of APP-cDNA M. © Sample #14, LNV: Chromatogram

of the APP-cDNA sequence read from left to right (5’—3") showed the nucleotide A, of the ATG start codon of exon 1 of APP gene M; the
beginning of the deletion and substituted by an insertion of 533 bp in exon 1, located after nucleotide G, (M); the first Opal stop codon TGA,

located after nucleotide G,,, (see horizontal bracket mark); the nucleotide T, at the end of APP-cDNA M.

increased production of the toxic AB,, peptide over the
shorter, less toxic AB,  peptide. The PS1 may in fact be the
v-secretase itself or a necessary cofactor in 7y-secretase
activity (134). The identification of mutations in APP and
the presenilins in FAD not only suggests a common mecha-
nism through which mutations in these genes may exert
their deleterious effects (i.e., increased production or
decreased clearance of AB,, and formation of a protein
aggregate, the amyloid plaque) but also provides evidence

of a direct role of the AB,, peptide and presenilins in the
pathogenesis of the disease (134). Despite the rarity of APP
and presenilin mutations, their functional evaluation in
transfected cells, transgenic animals and human plasma
identified an elevation in Ap levels, increased AB,, / AB,,
ratio or fibrillogenesis (135), which constituted the corner-
stone of the amyloid cascade hypothesis (10). Accordingly,
increases in the toxic forms of AP lead to a cascade of
events — including inflammation, synaptic loss, ionic
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imbalance, and abnormal phosphorylation of proteins
(including tau) — culminating in cell death and underlying
clinical dementia. Neurofibrillary tangles (NFTs) are
formed by hyperphosphorylation of the tau protein, as a
result of mutations or age-related alterations in the expres-
sion of the microtubule-associated protein tau (MAPT)
gene (10). The pathophysiology of AD is therefore charac-
terized by complex interplay between factors in aging and
aberrant processing of both APP and tau (107). Addition-
ally, another type of genetic variation that has been under-
represented in genetic studies of AD but gained attention
over the last few years, given its contribution to phenotypic
diversity and complex diseases, is the CNVs (125). CNVs are
implicated in a number of neurodegenerative disorders
including AD where APP duplications result in early-onset
autosomal-dominant AD [see Ref. (132) and AD Mutation
Database]. Since the proposal of the amyloid cascade
hypothesis (10), the AD research community has been split
into two broad groups, those that support the amyloid
cascade hypothesis and those that do not: (a) SPs and
NFTs may be developed independently, and (b) SPs and
NFTs may be the products rather than causes of neurode-
generation in AD (136, 137). Moreover, randomized clinical
trials that tested drugs or antibodies targeting components
of the amyloid pathway have been inconclusive (138). As
important as the rare early-onset forms of FAD have been
for understanding of the pathogenesis of the disease, the
majority of patients have SAD, in which no mutation in the
APP or presenilin genes has been identified. The best-
established gene known to influence SAD is the gene
encoding apolipoprotein E (APOE), a constituent of the
low-density lipoprotein particle (94, 135). Three variants of
the gene and the protein are found in human populations
and result from changes in single amino acids in apolipo-
protein E (referred to as the APOE ¢2, ¢3 and ¢4 alleles).
APOE is a component of SPs, binds A, can influence neu-
ritic plaque formation in transgenic mouse models of AD in
an isoform-specific fashion and is thought to contribute to
both AP clearance and deposition in the brain. In vitro and
in vivo studies also suggest a role for APOE in isoform-spe-
cific synaptogenesis and cognition, neurotoxicity, tau
hyperphosphorylation, neuro-inflammation and brain
metabolism, although these non-AB-related mechanisms
require further investigation. Unlike APP and the preseni-
lins mutations that are fully penetrant (causal), APOE ¢4 is
a genetic risk factor that is neither necessary nor sufficient
for the development of AD. The molecular mechanisms by
which the variations of APOE alleles alter the age at onset
and, therefore, the lifetime risk of AD are unknown. The
odds that APOE &3/e4 genotype carriers have AD is esti-
mated to be two to four times greater than that of APOE

DE GRUYTER

£3/e3 carriers, according to population-based association
studies in subjects of European origin. The odds ratio
increases to approximately 6 to 30 in the APOE e4/e4 geno-
type carriers. Although there is evidence of a risk effect of
APOE &4 in non-Europeans, the estimated effect sizes are
smaller with less consistent results in African-American
and Hispanic subjects, which may suggest different under-
lying genetic or environmental factors or both for these
ethnic groups. The effect of APOE ¢4 appears to be age-
dependent, with the strongest effect observed before age
70. Nonetheless, APOE ¢4 does not account for all genetic
variations in AD (11). The use of APOE as a diagnostic or
predictive factor in clinical practice is not warranted (135).
It is interesting to note herein that the first AD patient,
Auguste D., in whom the disease was discovered, had
early-onset AD (she died at age 56 years). Neuropathologi-
cal examination of her brain revealed numerous NTFs and
amyloid plaques. Her APOE genotype (¢3/¢3) did not pre-
dispose her to AD, and she did not have the mutations at
codons 692, 693, 713 and 717 in exon 17 of APP gene (139). In
addition, she did not carry the N141I mutation in PS2 char-
acteristic of AD in Volga Germans (140). These findings do
not preclude a different mutation in PS2 or in the APP gene,
or amutation in PS1. The etiology and biological pathogen-
esis initiating the early-onset of neuritic plaques and neu-
rofibrillary tangles in Auguste D. remains a mystery today,
just as it was for Alzheimer more than 100 years ago. A
number of associations of the disease with variants of
genes other than APOE have also been reported but remain
to be confirmed and are the subject of ongoing research
(92, 94). In any way, many chronic neurological and psy-
chiatric diseases may have at least a partial epigenetic eti-
ology. For example, AD genetics alone does not fully
explain the pathogenesis of the disease. Therefore, nonge-
netic factors, such as epigenetic phenomena, or environ-
mental stimuli, such as infections (bacteria, viruses),
radioactivity, pesticides, hormones, heavy metal, etc., as
well as multiple modifiable vascular risk factors, such as
mid-life hypertension, hypercholesterolaemia, diabetes,
smoking, etc., nutritional factors, emotional and social
factors are likely to contribute to the development of AD
(141). Furthermore, there is also evidence supporting a role
for epistasis in the etiology of complex traits, such as AD,
schizophrenia, autism, type-2 diabetes, sporadic breast
cancer, etc., in which there were no single-gene effects. A
gene does not function by itself, but rather acts with other
genes in a network, to influence complex traits (120, 121).
Recently, it has also become evident that higher-order
genomic architectural features can lead to a susceptibility
to DNA rearrangements that are frequent causes of disease
(124). Duplication of the APP locus resulting from genomic
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rearrangements has been documented [see Ref. (132) and
the AD Mutation Database], and epigenetic changes con-
trolling genomic rearrangements of the IgH locus has been
reported (133). The SAD cases are thus of a multifactorial
nature, and they are likely to involve complex gene-envi-
ronment and gene-gene interactions. However, to date,
there are only suggestions about the influences of epige-
netic modifications and epistasis in susceptibility to AD
and the concept of epigenetics in the pathophysiology of
AD but no real experimental results. In the present review,
for the first time, the real profile of APP-mRNA isoforms
accounting for epigenetic mechanisms in the regulation of
alternative APP pre-mRNA splicing (108) due to epigenetic
modifications and/or epistasis as well as for epigenetic
control of genomic rearrangements of the APP gene has
been shown. As a result of epigenetic regulation, different
isoforms of APP-mRNA (with or without mutations and/or
deletions) can exist, and the most abundant one quantita-
tively is decisive for the normal status or disease risk. For
example, apart from APP-mRNA, isoforms with missense
mutation(s), such as APP_ (sample #1, normal subject,
control), APP, (sample #13, LNS), APP_  (sample #14,
LNV), 2APPs_ (sample #7, LNS), APP_ (sample #13, LNS)
and APP_ (sample #15, LNV), in which the consequence of
disease risk is unknown and needs to be checked experi-
mentally using expression vectors, all APP-mRNA isoforms
with premature stop codon and/or with partial and/or
complete deletions of several exons resulted from genomic
rearrangements of the APP gene, such as the three APP-
mRNA isoforms for sample #7, LNS (Figure 3A), sample #15,
LNV (Figure 3B) and sample #14, LNV (Figure 3C), or
resulted from alternative APP pre-mRNA splicing, such as

APP__, APP  (sample #1, normal subject, control), APP, ,
APP  (sample #7, LNS), APP, , APP  (sample #13, LNS),
APP_,, APP, APP . (sample #14, LNV), (see Table 1) are

disease risks because these exons of the APP gene are
responsible for different putative functions of APP as men-
tioned in the human APP overview section. An accurate
quantification of various APP-mRNA isoforms in brain
tissues for detection of initial pathological changes or
pathology development is therefore needed. Indeed,
although the current major focus is on using DNA to iden-
tify disease genes, mutations and translocations, or foreign
genes as infectious agents, the quantification of various
specific mRNA in cells and tissues is an attractive field in
diagnostic molecular pathology because the concentra-
tions of each specific mRNA are different in normal and
disease states. These concentrations also change rapidly in
response to various clinical treatments (122). Mutations in
the APP and PS genes that are involved in FAD (with or
without SPs and/or NFTs), occurring in less than 1% of all
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AD cases, are only the specific cases of AD. Here, epistasis
between APP and PS genes should be also considered. The
type of mutation and its location in APP and/or PS genes
should be therefore an important factor for provoking
disease. In these forms of AD, alterations in the regulation
of alternative APP pre-mRNA splicing could cause an
imbalance between different APP-mRNA isoforms in favor
of the ones in which there is increased production of the
toxic AB,, peptide over the shorter, less toxix AB, peptide.
This could explain the different mutations in PS affecting
v-secretase structure or function in multiple ways (142).
Based on my present findings, it appears that according to
the type of APP-mRNA isoform responsible for the pathol-
ogy development, the pathogenesis of AD could occur in
an AB-dependent or AB-independent manner. SPs and
NTFs may consequently be developed independently, and
SPs and NTFs are the products rather than the causes of
neurodegeration in AD. These findings may provide new
directions, by performing an accurate quantification of
various APP-mRNA in brain tissues, for the research of
early-onset AD from the first AD patient, Auguste D., in
whom the disease was discovered. Recently, an increased
secreted soluble APP derivative from the cleavage by
o-secretase (APPso fragment) in the plasma of severely
autistic patients has been reported (143-146). These
authors speculated that overproduction of APPso. may
contribute to the state of brain overgrowth implicated in
autism and FXS. It is, however, documented that APPso. is
neuroprotective, neurotrophic and regulates cell excitabil-
ity and synaptic plasticity (12). Here, changes in epigenetic
regulation caused by genetic, epigenetic and/or epistasis
could affect the regulation of alternative APP pre-mRNA
splicing in favor of APP-mRNA isoforms in which there is
an overproduction of APPsq. (aberrant non-amyloidogenic
processing of APP via a-secretase pathway, see Figure 2)
that may contribute to autism and FXS phenotypes. An
accurate quantification of various APP-mRNA isoforms in
brain tissues of autistic and FXS patients may be therefore
useful for investigating the role of APP in these neurode-
velopmental disorders. It has also been suggested that
treatment with metabotropic glutamate receptor 5
(mGluR5) antagonists may help repress APP-mRNA trans-
lation and reduce secretion of APPso in autism and FXS
(145).

Once the APP-mRNA isoform responsible for the
disease is identified, one of the potential treatments for
the disease may include the inhibition or repression of
translation into APP isoform from this APP-mRNA isoform
[by using antisense drugs such as a specific antisense oli-
gonucleotide or a chemical analogue, see Refs. (147-149)].
Antisense drugs are a new generation of gene-silencing
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therapeutic agents with potential for targeted causal treat-
ment of as yet incurable diseases. In principle, antisense
technology is supposed to prevent protein production
from a targeted gene. The exact mechanism by which
this occurs remains uncertain. Proposed mechanisms
include triplex formation, blocking RNA splicing, pre-
venting transport of the mRNA antisense complex into
the cytoplasm, increasing RNA degradation or blocking
the initiation of translation. When the genetic sequence
of a particular gene is known to be causative of a particu-
lar disease, it is possible to synthesize a strand of nucleic
acid (DNA, RNA or a chemical analogue) that will bind to
the mRNA produced by that gene and inactivate it, effec-
tively turning that gene ‘off’. This is because mRNA has
to be single-stranded for it to be translated. Alternatively,
the strand might be targeted to bind a splicing site on pre-
mRNA and modify the exon content of an mRNA. This
synthesized nucleic acid is termed an ‘anti-sense’ oligo-
nucleotide because its base sequence is complementary
to the gene’s mRNA, which is called the ‘sense’ sequence.
This technology may be used to treat various conditions
including cancer, diabetes, neurodevelopmental and
neurodegenerative disorders and hypertension, as well
as autoimmune and cardiovascular diseases. Antisense
drugs are potentially potent, selective and well-tolerated
drugs and are becoming more widely accepted as poten-
tial therapeutics for various diseases (147-149).

Conclusions

In conclusion, although LNS is a rare disease, self-injuri-
ous behavior is a manifestation of many neuropsychiat-
ric disorders. Therefore, there is much value in studying
a rare disease that might ultimately shed light on more
common disorders. LNS was the first neurogenetic dis-
order for which the responsible enzyme was identified
(109-111). Close to the 50th anniversary of its first descrip-
tion in two siblings (109), we continue to learn much from
HGprt-deficiency, an enzyme defect that substantially
modifies brain anatomy (115-117) and cause the neurobe-
havioral syndrome observed in LNS and LNVs (109-111).
Finally, through a massive research effort over the last 2
decades, it has now become clear that APP and its frag-
ments play diverse roles in development and cell growth,
cell adhesion, intercellular communication, signal trans-
duction, nuclear signaling and structural and functional
plasticity. However, the physiological function of APP is
not well understood as yet. Understanding of its func-
tion will not only provide insights into the genesis of the
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disease but may also prove vital in the development of an
effective therapy. APP is an important molecular hub at
the center of interacting pathways, and therefore it is not
surprising that altered APP processing may affect brain
function through a host of altered cellular and molecular
events. My findings may provide new directions not only
for investigating the role of APP in neuropathology asso-
ciated with HGprt-deficiency in LNS and LNVs patients
but also for research in neurodevelopmental and neuro-
degenerative disorders in which the APP gene is involved
in the pathogenesis of diseases, such as autism, FXS and
AD, with its diversity and complexity, and especially SAD.
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List of abbreviations

AB B-amyloid peptide

AD Alzheimer’s disease

ADAM 9 a disintegrin and metalloprotease-9

ADAM 10 a disintegrin and metalloprotease-10

ADAM 17 a disintegrin and metalloprotease-17

AICD B-amyloid precursor protein intracellular domain

AP1 activator protein 1

AP-4 activator protein 4

APH1 anterior pharynx defective 1

APL1 -amyloid precursor-like protein 1in
Caenorhabditis elegans

APLP1 B-amyloid precursor-like protein 1 in mammals

APLP2 B-amyloid precursor-like protein 2 in mammals

APOE apolipoprotein E

APP -amyloid precursor protein

APP-CTFa APP carboxyl-terminal fragment released from
APP following the cleavage by o-secretase

APP-CTFf APP carboxyl-terminal fragment released from
APP following the cleavage by B-secretase

APPL B amyloid precursor-like protein in Drosophila

APPsa. soluble APP fragment released from APP following
the cleavage by o-secretase

APPsf soluble APP fragment released from APP following
the cleavage by B-secretase

BACE1 [-site APP cleaving enzyme 1

BACE2 [-site APP cleaving enzyme 2

CNV copy number variation

CuBD copper/metal-binding domain

EC extracellular domain

EGF epidermal growth factor
FAD familial Alzheimer’s disease
Feh-1 Fe65 homolog-1
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FoSTeS fork stalling and template switching

FXS fragile X syndrome

GALNS galactosamine (N-acetyl)-6-sulfatase gene

GFLD growth factor-like domain

GWAS genome-wide association study

HBD1 heparin-binding domain 1

HBD2 heparin-binding domain 2

HGMD human gene mutation data base

HGprt hypoxanthine-guanine phosphoribosyltransferase

HPRT1 gene hypoxanthine phosphoribosyltransferase 1 gene

IC intracellular domain

IDS iduronate 2-sulfatase gene

INDELS deletion followed by an insertion

KPI Kunitz protease inhibitor

LncRNAs long noncoding RNAs

LNS Lesch-Nyhan syndrome

LNVs Lesch-Nyhan variants

MAPT microtubule-associated protein tau

MECP2 methyl CpG-binding protein 2 gene

mGluR5 type 5 metabotropic glutamate receptor

MIM Mendelian inheritance in man

Mint Munc18 interacting protein, also known as X11

miRNAs microRNAs

NAHR non-allelic homologous recombination

ncRNAs noncoding RNAs

NFTs neurofibrillary tangles

NHE non-homologous end-joining

NRG1 neuregulin-1

OFD1 oral-facial-digital syndrome 1 gene

0x2 orexin receptor type 2

PEN2 presenilin enhancer 2

Pin1 peptidyl-prolyl cis-trans isomerase
NIMA-interacting 1

PKC protein kinase C

PS presenilin

PS1 presenilin-1

PS2 presenilin-2

PTB-domain phosphortyrosine binding-domain

RNAi RNA-interference

SAD sporadic Alzheimer’s disease

SALL1 spalt-like transcription factor 1 gene

SP signal peptide

SP-1 specificity protein 1

SPs senile plaques

SRS serial replication slippage

TAZ transcriptional co-activator with PDZ-binding
motif

Thy-1 thymocyte antigen 1

TREM2 triggering receptor expressed on myeloid cells 2

UTR unstranslated region

YAP Yes-associated protein
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