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Abstract

The B-site APP cleaving enzymes 1 and 2 (BACE1 and BACE2) were initially identified as
transmembrane aspartyl proteases cleaving the amyloid precursor protein (APP). BACEL is a
major drug target for Alzheimer’s disease because BACE1-mediated cleavage of APP is the first
step in the generation of the pathogenic amyloid-§ peptides. BACEL, which is highly expressed in
the nervous system, is also required for myelination by cleaving neuregulin 1. Several recent
proteomic and in vivo studies usingBACE1-andBACE2-deficient mice demonstrate a much wider
range of physiological substrates and functions for both proteases within and outside of the
nervous system. For BACEL this includes axon guidance, neurogenesis, muscle spindle formation,
and neuronal network functions, whereas BACE2 was shown to be involved in pigmentation and
pancreatic B-cell function. This review highlights the recent progress in understanding cell
biology, substrates, and functions of BACE proteases and discusses the therapeutic options and
potential mechanism-based liabilities, in particular for BACE inhibitors in Alzheimer’s disease.

Keywords
Alzheimer’s disease; BACE1; BACEZ2; protease; regulated intramembrane proteolysis; secretase

© 2014 International Society for Neurochemistry

Address correspondence and reprint requests to Stefan F. Lichtenthaler, German Center for Neurodegenerative Diseases (DZNE),
81377 Munich, Germany. stefan.lichtenthaler@dzne.de.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Vassar et al.

Page 2

In October 2013 the first international meeting focusing on substrates, functions, trafficking
and therapeutic potential of B-site APP cleaving enzyme (BACE) proteases took place in
Germany at Kloster Seeon near Munich. The new and exciting data presented at the meeting
prompted the present review. We start with a general introduction to BACE proteases
followed by their cell biology and the complex intracellular trafficking of BACEL, which
appears to be tightly linked to its ability to cleave the membrane-bound substrates.
Subsequently, we describe our current knowledge about substrates and functions of BACEL,
in particular in the peripheral and central nervous system (CNS), and then about substrates
and functions of the homologous protease BACEZ2. Finally, we discuss the therapeutic
potential of both proteases, highlight the current therapeutic development for BACEL in
Alzheimer’s disease (AD) and give an outlook on future BACE protease research.
Regulation of BACE protease expression and activity has been partly reviewed elsewhere
(Dislich and Lichtenthaler 2012; Rossner et al. 2006) and is not the topic of this review
article.

pB-amyloid and Alzheimer’s disease

AD is a devastating neurodegenerative disease characterized by the cerebral accumulation of
two hallmark brain lesions: amyloid plaques and neurofibrillary tangles. Amyloid plaques
are extracellular deposits of short 38 to 43 residue-long peptides called B-amyloid (Ap),
whereas neurofibrillary tangles are intracellular aggregates of aberrantly processed
hyperphosphorylated tau, a microtubule-associated protein. Amyloid is a generic term
referring to different proteins that mis-fold and self-aggregate into 3-pleated sheet structures
that deposit in various tissues thus causing disease, the so-called peripheral amyloidoses.
Amyloid plaques define AD as an amyloidosis disease of the brain and suggest the amyloid
cascade hypothesis of AD, which posits cerebral Ap accumulation as a critical early step in
AD pathogenesis that leads to neurofibrillary tangle formation, neuroinflammation, synaptic
loss, neuron death, and ultimately dementia (Hardy and Selkoe 2002). If the amyloid
hypothesis is true, then inhibition of cerebral Ap accumulation should be efficacious for AD,
if given early enough in the disease process.

AP is a normal metabolite made and secreted by most cell types, although neurons are the
major producers of A in the brain. AB is generated by endoproteolysis of the type |
membrane protein amyloid precursor protein (APP; Fig. 1a). Two proteases called - and -
secretases cleave APP sequentially to liberate AB. APP is first cut by the B-secretase thus
creating the amino (N)-terminus of AP and yielding a membrane bound carboxy (C)-
terminal fragment called C99; a secreted APP ectodomain, SAPPp is also generated (\VVassar
et al. 2009). Alternatively, a different protease called a-secretase may cut within the AB
domain of APP, generating the soluble ectodomain sAPPa and the membrane bound C83
fragment, thus precluding AP formation. After -secretase or a-secretase cleavages, the v-
secretase enzyme then cuts C99 or C83 to release AB or the non-toxic p3 fragment into the
lumen of the endosome, respectively. The y-secretase is a multi-subunit complex composed
of four transmembrane proteins: presenilin, nicastrin, Pen2, and Aph1 (Sisodia and St
George-Hyslop 2002; De Strooper et al. 2010). AB subsequently undergoes exocytosis and
is secreted into the interstitial fluid of the brain. As both 8- and y-secretases are necessary
for AB formation, these enzymes are prime drug targets for reducing cerebral A levels for
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AD and therapeutic strategies to inhibit them are being intensely pursued. Conversely,
activation of a-secretase should also lower Ap levels, although approaches to accomplish
this goal are less clear.

Human genetics has taught much about the underlying mechanisms of disease pathogenesis.
In the 1970s, Brown and Goldstein discovered mutations in the LDL receptor that cause
early on-set familial hypercholesterolemia, thus revealing the pathological role of high
serum cholesterol levels in cardiovascular disease. These seminal studies provided the
foundation for the development of one of the most widely prescribed drug classes, the statins
that inhibit HMG-CoA reductase and thus lower serum cholesterol for the treatment of heart
disease (Goldstein and Brown 2009). In a similar fashion, studies in the human genetics of
AD have revealed that cerebral accumulation of Ap plays a critical early role in AD
pathogenesis (Tanzi 2012). Several lines of evidence draw this conclusion. First, over 200
autosomal dominant mutations that cause familial AD (FAD) have been found in the genes
for APP and presenilin, the active subunit of y-secretase. These mutations invariably lead to
either increased AB42: AB40 ratio or over-production of total Ap. Notably, the FAD
mutations in APP are found near the 3- and y-secretase cleavage sites and make APP a more
efficient substrate for endoproteolysis by the secretases. Of particular relevance are the
K670N; M671L (Swedish) double mutation (Mullan et al. 1992a) and the A673V mutation
(Di Fede et al. 2009) that are adjacent to the 3-secretase cleavage site and cause FAD by
increasing f-secretase processing and total Af production (Fig. 1b). Duplication of the APP
gene in Down syndrome/trisomy 21 and rare APP locus duplications also cause FAD
because of APP over-expression and total Af} over-production. Moreover, the epsilon 4
allele of apolipoprotein E is the major genetic risk factor for late-onset AD (LOAD) and is
associated with increased accumulation of cerebral AB. Finally, the major a-secretase
enzyme in the brain, a disintegrin and metalloprotease 10 (ADAMZ10) (Kuhn et al. 2010;
Jorissen et al. 2010), has recently been shown to harbor rare mutations in the prodomain that
attenuate a-secretase activity, thereby causing increased p-secretase cleavage of APP, Ap
over-production, and LOAD (Suh et al. 2013). Together, the evidence demonstrating that
AD is associated with mutations in at least five different genes that all lead to increased
cerebral Ap accumulation strongly suggests that Ap plays a central role in AD pathogenesis.

The occurrence of mutations that cause AD implies that the converse might be true as well,
namely that genetic variants exist that protect against AD. Indeed, a low-frequency mutation
in APP, the A673T coding substitution, was recently shown to be associated with decreased
risk of AD and reduced cognitive decline in the elderly (Jonsson et al. 2012). The A673T
substitution occurs only two amino acids C-terminal to the p-secretase cleavage site (Fig.
1b) and is at the identical position as the A673V mutation that causes FAD (Di Fede et al.
2009). However, unlike A673V, APP harboring A673T is less efficiently cleaved by f3-
secretase, leading to a ~40% reduction in AB production in vitro. These results suggest that
heterozygous carriers of the A673T mutation should have a life-long ~20% decrease in Ap
generation, thus protecting them from AD. Most importantly, the A673T mutation serves as
proof-of-principle that modest inhibition of -secretase cleavage of APP may prevent AD.

J Neurochem. Author manuscript; available in PMC 2014 July 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Page 4

BACEL: the B-secretase enzyme

Soon after the characterization of APP processing and AP production in the early 1990s,
intense efforts in academia and industry were under way to identify the 3- and y-secretase, as
it was clear these enzymes are prime therapeutic targets for AD. Genetic, biochemical, and
cellular assays were developed specifically for secretase identification. In 1999, five groups
independently discovered the molecular identity of the f-secretase enzyme and named it
BACE, Asp2, or memapsin 2 (Vassar et al. 1999; Yan et al. 1999; Sinha et al. 1999;
Hussain et al. 1999; Lin et al. 2000). The groups used disparate experimental
methodologies, including expression cloning, genomic strategies, and biochemical
purification, to discover the 3-secretase (henceforth referred to as BACEL). All arrived at the
same polypeptide sequence from these different approaches, thus raising confidence that the
authentic B-secretase enzyme had been identified.

Initial characterization of BACEL demonstrated that the enzyme exhibits all the molecular
and cellular properties expected for the 3-secretase (Vassar et al. 2009). BACE1 is a 501
amino acid type | transmembrane aspartic protease that is related to the pepsin family and
the retroviral aspartic proteases (Fig. 1¢). The BACEL catalytic domain contains two
signature aspartic acid active site motifs (DT/SGS/T) that are spaced approximately 200
residues apart, similar to the pepsins. The active site of the enzyme is topologically
orientated on the same side of the membrane as the 3-secretase cleavage site of APP, as is
required for B-secretase. Moreover, BACEL is localized within acidic intracellular
compartments including endosomes and trans-Golgi network (TGN) and has optimal
enzyme activity at acidic pH, as predicted for -secretase. Both BACEL and p-secretase
activities are relatively insensitive to the pan-aspartic protease inhibitor pepstatin. BACEL is
expressed at low levels in most cell types of the body, although it is more highly expressed
in neurons, again as expected. Finally, BACEL has the correct cleavage specificity predicted
for B-secretase: BACEL1 cleaves at Asp+1 and Glu+11 of the AB sequence; BACE1 over-
expression and knockdown increases and decreases SAPPp, C99, and AP production,
respectively; BACE1 knockdown increases SAPPa and p3 production; BACEL sequence
specificity at P1 is Leu>>Met>Val. Taken together, these features of BACEL made it an
extremely strong p-secretase candidate.

BACEL: post-translational modifications

Similar to other aspartic proteases, BACE1 undergoes a number of post-translational
modifications. BACEL is synthesized as a zymogen in which its pre- and pro-peptide
domains are removed in the endoplasmic reticulum (ER) and TGN by signal peptidase and
pro-protein convertase, respectively (Benjannet et al. 2001; Bennett et al. 2000b). BACE1
also undergoes N-glycosylation at four asparagine residues (N153, N172, N223, N354) in
the ER and Golgi apparatus (Haniu et al. 2000; Capell et al. 2000). During its transit through
the ER, the BACEL catalytic domain is folded and cross-linked with three disulfide bonds
(C216-C420, C278-C443, C330-C380) (Haniu et al. 2000). This atypical disulfide
structure, together with its transmembrane domain, makes BACE1 an unusual aspartic
protease. The cytosolic domain of BACE1 can undergo phosphorylation at serine residue
498, an event that influences BACEL trafficking in the endosomal-lysosomal system
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(Pastorino et al. 2002). In addition, lysine 501 in the cytosolic domain can be ubiquitinated,
a process that affects BACEL trafficking and degradation (Kang et al. 2012, 2010). In
addition, BACEL exhibits Spalmitoylation at four cysteine residues (C474, C478, C482,
C485) at the junction of the transmembrane and cytosolic domains that determines
localization to lipid rafts (Vetrivel et al. 2009). Finally, BACE1 may be acetylated at several
arginine residues in the catalytic domain, modifications that appear to affect the regulation
of the enzyme (Ko and Puglielli 2009).

Cell biology of BACE1

Cellular localization of B-secretase cleavage

Intracellular

BACEL localizes to lipid rafts and this localization correlates with its 3-cleavage activity
toward APP. Interestingly in vitro, specific lipids that are constituents of lipid rafts stimulate
BACEL activity (Kalvodova et al. 2005). Although BACEL is localized in various
organelles, its activity is reported to be at a maximum in endosomes and to a lower extent
also in the TGN. BACEL, being an aspartyl protease, requires low pH for its activity and this
correlates with its localization in these two organelles that have a lumenal acidic pH (4.5-
6.0) (Rajendran and Simons 2008; Kalvodova et al. 2005; Ehehalt et al. 2003). While the
Swedish mutant of APP —which has a higher affinity to BACE1 than wild-type APP — can
be cleaved by BACEL1 in biosynthetic compartments (likely in the TGN)(Haass et al. 1995),
most of the wild-type APP gets cleaved in the endocytic compartment. Besides the low
endosomal pH several additional lines of evidence point to this compartment, in particular to
the early endosomes (Kinoshita et al. 2003; Rajendran et al. 2006; Sannerud et al. 2011).
First, the YENPTY motif in the APP cytoplasmic domain and the corresponding dileucine
motif of the BACEL cytoplasmic domain play active roles in their sorting into endosomes
and inhibition of endocytosis reduces p-cleavage of APP. Second, both APP and BACE1
intermolecularly interact in endosomes. Third, retromer and retromer-associated proteins
that regulate the sorting of APP from early/late endosomes, regulate BACE1-mediated
cleavage of APP; other proteins that regulate the sorting of BACE1 from endosomes
including Golgi-localized, gamma-ear containing, ADP-ribosylation factor binding 1
(GGAL) and GGAS3 play critical roles in BACE1 cleavage. Fourth, synaptic activity that
increases endocytosis also increases p-cleavage of APP. Sixth, targeting a transition-state
BACE1 inhibitor to endosomes via membrane anchoring or using compounds raising the
membrane-proximal endosomal pH effectively inhibit A production in cultured cells and in
animals (Rajendran et al. 2008; Mitterreiter et al. 2010). All this clearly suggests that
BACEL1 cleavage of APP mostly occurs in endosomes.

trafficking of BACEL1

The molecular events that underlie the initial sorting of BACEL and APP to early
endosomes are not fully understood. Whether BACE1 and APP are co-internalized from the
cell surface or whether they have differential requirements for sorting into distinct clathrin-
coated pits is still not clear. However, there is some evidence that supports the latter claim.
While APP is internalized similar to tetanus toxin using cholesterol-dependent clustering
and the adaptor protein-2 (Perez et al. 1999; Schneider et al. 2008), BACEL1 internalization
is remarkably similar to that of TfR. In addition, BACE1 sorting to early endosomes
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requires Arf6, again dependent on its cytosolic sorting motif pathway (Prabhu et al. 2012;
Sannerud et al. 2011). It is plausible that APP and BACEL are internalized through separate
endocytic routes and that their convergence occurs at the level of either clathrin-coated
vesicles or early endosomes. The existence of heterogeneity at early endosomes
(Lakadamyali et al. 2006) supports the idea that APP and BACEL separately internalize
from the plasma membrane through distinct routes and then merge at the early endosomal
level in order for BACEL1 to cleave APP.

Once internalized into endosomes, what is the cellular fate of endosomal BACE1? BACE1
can be sorted to the Golgi via a retrograde pathway or to lysosomal compartments for
degradation. Members of the GGA protein family interact with BACEL via its acidic cluster-
dileucine binding motif to regulate its trafficking from endosomes (He et al. 2005; Tesco et
al. 2007; von Arnim et al. 2006) in a process also dependent on the phosphorylation status
of BACEL. Interestingly both GGA1 and GGA3 negatively regulate BACEL residency in
endosomes and thus in AP generation. In AD cases, both proteins have been shown to be
decreased confirming their involvement in A generation (Kang et al. 2010; Walker and
Tesco 2013). While the mechanisms underlying the decreased expression of GGAL in AD
are not fully understood, GGA3 is a caspase substrate that undergoes degradation upon
apoptotic stimuli-induced caspase activation. As GGAS3 is involved in endosome to
lysosome sorting of BACE1, GGA3 deficiency leads to increased BACEL levels including
in endosomes and thus higher B-cleavage and A generation (Kang et al. 2010).

Sorting of BACEL to lysosomes leads to its degradation (Koh et al. 2005). Ubiquitin-
proteasomal pathways have been shown to be important for its degradation, although how
ubiquitination of membrane-bound BACEL could act as a target for degradation via the
proteasome is not clear. As ubiquitination is a signal for sorting into intraluminal vesicles of
late endosomal compartments, BACE1 ubiquitination most likely plays a role in sorting of
BACEL1 to late endosomes and eventually lysosomes for its degradation (Kang et al. 2010).

Endosomal BACEL is not only transported to the TGN and lysosomes, but also to recycling
endosomes (Udayar et al. 2013). In a recent study, a paired Rab GTPase RNAi and Rab-
GAP over-expression screen lead to the identification of novel membrane trafficking routes
and thereby to a better understanding of the complexity of APP B-cleavage. Importantly, the
recycling endosome protein Rab11 was identified as a robust player regulating p-cleavage of
APP. Silencing Rab11 via RNAI reduced AP levels both in cell line models as well as
primary neurons from wild-type mice. Mechanistic characterization suggested that BACE1
from early endosomes is recycled via Rab11-dependent recycling compartments to the cell
surface and then re-internalized back to endosomes (Fig. 2).

The recycling of APP or BACEL is of interest to the AD community as inhibition of BACE1
recycling to route it for degradation could be a possibility for therapeutic intervention. On
the other hand, APP recycling and sorting of APP from endosomes uses a complex
machinery called the retromers. The hetero-pentameric retromer proteins associate to the
cytosolic side of endosomes to mediate the retrograde transport of transmembrane proteins
to the Golgi. Usually, retromers contain three VPS (Vacuolar protein sorting) proteins
termed, VPS26, VPS29 and VPS35 and two sorting nexins, though the identity and the role
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of sorting nexins are less clear (Siegenthaler and Rajendran 2012). Loss of retromer function
(VPS26, VPS35) and retromer-associated proteins (Sorting protein-related receptor
containing LDLR class A repeats) has been correlated with risk for Alzheimer’s disease and
elevated levels of AP peptide (Andersen et al. 2005; Rogaeva et al. 2007). This suggests that
while retromers and retromer-associated proteins sort uncleaved APP from early endosomes
to TGN (Andersen et al. 2005; Small and Gandy 2006; Rogaeva et al. 2007; Siegenthaler
and Rajendran 2012), Rab11-dependent pathway recycles cellular BACEL1 to early
endosomes. Interestingly, a recent live cell imaging study in hippocampal neurons showed
that upon internalization from the dendritic surface, BACEL undergoes exclusive retrograde
transport to the soma and that this polarized transport in dendrites requires Eps15 homology
domain (EHD) proteins 1/3, whereas axonal BACE1 sorting requires Rab11 GTPase
activity. Thus Rab11 and EHD proteins coordinate trafficking and axonal transport of
endocytic BACEL in recycling endosomes in polarized hippocampal neurons (Buggia-
Prevot et al. 2013, 2014). Intriguingly, a variant of Rab11 has recently been identified to be
associated with late-onset AD thus linking trafficking of BACE1, AB generation and AD
(Udayar et al. 2013).

BACEL1 in vivo validation

Soon after the discovery of BACEL, a related membrane-bound aspartic protease, BACE2,
was identified that shares ~ 64% amino acid similarity to BACEL. The high homology
between BACE1 and BACE2 suggested BACE2 might also serve as a functional B-secretase
enzyme in the brain. However, unlike B-secretase, BACE2 is expressed at low levels in
neurons compared to BACE1 (Bennett et al. 2000a; Laird et al. 2005). Furthermore,
although BACE2 can generate AB in vitro, it prefers to cleave APP at residues Phe+19 and
Phe+20 of A (Farzan et al. 2000; Yan et al. 2001; Fluhrer et al. 2002; Basi et al. 2003).
Thus, BACE2 behaves more like a-secretase in that it precludes Ap formation. Taken
together, the characteristics of BACE2 suggest it is unlikely to be a major -secretase in the
brain.

Nevertheless, it was critical to validate BACEL as the major cerebral -secretase in vivo. To
do so, several groups employed gene targeting technology to generate BACE1 knockout
(") mice (Luo et al. 2001; Roberds et al. 2001; Cai et al. 2001; Dominguez et al. 2005).
Initial reports suggested that BACE1~/~ mice lacked an overt phenotype and were viable,
fertile, and normal appearing in gross morphology, behavior, tissue histology, and blood cell
and clinical chemistry. These results implied that BACEL inhibitor drugs should be free of
mechanism-based side-effects. Well-established lines of APP transgenic (Tg) mice have
been generated that develop amyloid plaques with age. Several of these APP Tg lines were
crossed with BACE1 ™/~ mice to produce APP Tg/BACE1~~ bigenic mice that were shown
to lack AP production, amyloid deposition, and AB-dependent memory deficits (Ohno et al.
2004; Luo et al. 2003; Laird et al. 2005; Ohno et al. 2007; McConlogue et al. 2007). These
results demonstrate that BACE2 does not compensate for BACEL deficiency for the
generation of AB. In addition, they validate BACE1 as the major 3-secretase enzyme in the
brain and suggest that BACEL1 inhibition should be efficacious for lowering cerebral AR
levels in AD.
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BACE protease substrates — overview

The function of a protease is determined by its substrates. Initially, APP was the only known
BACEL1 substrate and early reports suggested BACE1 knockout mice were normal.
However, now it is evident that there are complex BACE1 null phenotypes that provide
insights into important BACE1 physiological functions in vivo. ldentifying all BACE1
substrates and understanding how BACEZ1 cleavage modulates their functions is essential as
it will be these functions that will also be blocked by therapeutic BACEL inhibition.
Likewise, new phenotypes and substrates are being discovered using BACE2-deficient mice.
We start by describing our current knowledge about substrates and functions of BACEL1 in
the peripheral nervous system, followed by the CNS. Other phenotypes in BACE1-deficient
mice, which appear to be independent of the nervous system, such as increased lethality in
the first month after birth and protection against diet-induced obesity will not be discussed
in detail (Dominguez et al. 2005; Meakin et al. 2012). Likewise, substrates which are mostly
expressed outside of the nervous system have been listed in a recent publication (Dislich and
Lichtenthaler 2012). Afterward, substrates and functions of the homologous protease
BACE2 will be described.

BACEL substrates and functions in the peripheral nervous system

Hypomyelination in BACE1~/~ animals

One of the best-understood functions of BACEL1 is its role in the proteolytic processing and
activation of neuregulin 1 (NRG1) type Il (Willem et al. 2009; Fleck et al. 2012). In
BACEL1 knock-out mice, loss of cleavage of this substrate could be clearly functionally
linked to a loss-of-function in a signaling pathway of pivotal importance during post-natal
myelination (Fleck et al. 2012; Willem et al. 2009). A first hint for such a function came
from a very simple experiment. A developmental western blot revealed an extremely high
expression of BACE1 during the first post-natal week (Willem et al. 2006). Subsequently,
BACE1 expression decreases and in adulthood only very little BACE1 could be detected.
This finding along with the observations that BACEL is preferentially expressed in neurons,
myelination occurs right after birth and the major signaling pathway involved in myelination
(NRG signaling) appears to require proteolytic activation (Birchmeier and Nave 2008), led
to the hypothesis that BACE1 might be the protease required to regulate axonal myelination.
Indeed, detailed electron microscopic analyses of sciatic nerves revealed two very striking
phenotypes (Willem et al. 2006; Hu et al. 2006). First, axons in BACE1 ™~ animals
displayed a hypomyelination phenotype (Fig. 3a; left panel); second, sorting of small-
diameter axons by Schwann cell processes within Remak bundles was dramatically
disturbed (Fig. 3a; right panel). Axons within Remak bundles were not separated from each
other by Schwann cells, and the number of axons within Remak bundles was significantly
increased (Fig. 3a; right panel). Strikingly, these myelination abnormalities within the
peripheral nervous system (PNS) phenocopied a well-known knockout phenotype of one of
the central players in the regulation of myelination — namely Nrg 1 type Il (Birchmeier and
Nave 2008; Garratt et al. 2000; Michailov et al. 2004; Taveggia et al. 2005). The
neurotrophic members of the Nrgl family signal to ErbB receptors and are involved in
cardiac and neuronal development. The Nrgl type Il isoform is preferentially expressed in
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neurons, and axonally located Nrgl binds to ErbB2/3 or ErbB4 receptors expressed on
oligodendrocytes and Schwann cells, respectively. In line with that, reduction of Nrg1 type
I11 in a heterozygous knockout model (Michailov et al. 2004; Taveggia et al. 2005) (the
homozygous knockout is embryonically lethal) results in hypomyelination and disturbed
formation of Remak bundles as described above for the BACE1 knockout. Only BACE1 but
not BACE?2 contributes to myelination (van Bebber et al. 2013; Willem et al. 2006; Rochin
et al. 2013). Whereas the BACE1 knockout-dependent hypomyelination phenotype within
the PNS could be observed in several independent BACE1™/~ lines (Willem et al. 2006; Hu
et al. 2006), inconsistent findings regarding BACEL function in myelination of the CNS
were obtained. Whereas one study failed to observe hypomyelination within the CNS
(Willem et al. 2006), another study reported not only reduced myelination in the PNS but
also within the optic nerve, hippocampus and cerebral cortex (Hu et al. 2006). To provide
further insight into this issue, BACEL1 knockout zebrafish have recently been generated via
genome editing (van Bebber et al. 2013). Crossing of BACE1 knockout zebrafish with a
reporter line, which expressed green fluorescent protein under the myelin specific claudin K
promotor, allowed in vivo imaging of myelination. This model revealed a selective loss in
myelination of the PNS-derived posterior lateral line nerves upon BACE1 deletion while
myelination of CNS derived Mauthner axons ensheathed by oligodendrocytes was normal
(Fig. 3b). Furthermore, an anti-sense gripNA-mediated knockdown of NRG1 type Il in
zebrafish also revealed selective hypomyelination of the PNS further supporting that
BACEL selectively affects PNS but not CNS myelination (van Bebber et al. 2013), at least
in zebrafish.

Proteolytic processing of NRG1 type lll by BACE1 and other sheddases

Alternative splicing generates numerous isoforms of NRG1 (Willem et al. 2009; Fleck et al.
2012). All isoforms contain an epidermal growth factor (EGF) domain, which binds and
activates ErbB receptors (Falls 2003). However, signaling is only possible if the EGF
domain is liberated or exposed by proteolytic cleavage. While most Nrgl isoforms contain
only one transmembrane (TM) domain, Nrgl type 111 forms a hairpin-like protein with two
TM domains (Falls 2003) (Fig. 3c). Nrgl type 1l undergoes regulated intramembrane
proteolysis (RIP) by a rather large variety of different sheddases and intramembrane
cleaving proteases and may thus represent a “super-RIP” substrate (Willem et al. 2009;
Fleck et al. 2012). The identification of Nrgl type 111 as a physiological BACE1 substrate
has already predicted that besides BACEL other alternative sheddases cleave and activate
Nrgl type 111, as the BACE1 knockout did not present with a complete amyelination
phenotype but rather with hypomyelination (Willem et al. 2006; Hu et al. 2006). Indeed,
studies over-expressing and knocking down/inhibiting sheddases of the ADAM (a
disintegrin and metalloproteinase) family showed that the stalk region of Nrgl type I1l is
also cleaved by ADAM10 and ADAM17 (Fleck et al. 2013; Luo et al. 2011; La Marca et al.
2011) (Fig. 3c) in a manner very similar to the proteolytic processing of APP (Haass 2004).
All three cleavages allow exposure of the EGF-like domain and consequently signaling to
ErbB receptors (Fleck et al. 2013; Luo et al. 2011). The remaining C-terminal stub is then
cleaved within its TM domain by y-secretase, producing a secreted amyloid p-peptide like
fragment (Nrgl B-peptide; Fig. 3c) as well as an intracellular C-terminal cytoplasmic
domain (Dejaegere et al. 2008) (C-ICD; Fig. 3c). The C-ICD translocates to the nucleus and
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may act as a transcriptional regulator in potential reverse signaling pathways (Bao et al.
2004, 2003; Chen et al. 2010). More recently, it was shown that the remaining membrane
bound N-terminal fragment (NTF) produced by cleavage of either ADAM10, 17, or BACE1
undergoes further proteolytic cleavage to liberate a soluble (secreted) fragment containing
the EGF-like domain (SEGF) (Fleck et al. 2013). Strikingly, a second cleavage site for
BACE1 could be identified within the NTF of Nrgl type 11l. Moreover, cleavage at the
identified cleavage site appears to be very efficient that exactly matches the sequence of the
Swedish mutation of APP, which is known to dramatically increase BACE1-mediated
cleavage (Citron et al. 1992). BACEL cleavage at this position of Nrg1 type Il results in
secretion of SEGF (Fig. 3c), which could be identified in conditioned media of primary
neurons (Fleck et al. 2013). Similar to the multiple cleavages of Nrg1l type I1I within the
stalk region by several sheddases the NTF is not only processed by BACE1 but can also be
processed by ADAM17 (Fig. 3c; but not by ADAM10) (Fleck et al. 2013). The observation
that dual cleavage of Nrgl type Il liberates its EGF-like domain (SEGF) raised the question
whether this proteolytic fragment retains its signaling capacity. Indeed, monitoring the
phosphorylation state of ErbB3 receptor and AKT in reporter cell lines and primary
Schwann cells upon treatment with SEGF revealed that this fragment retains its signaling
capacity in vitro. Moreover, injection of in vitro transcribed mRNAs, only encoding the
SEGF-like domain, into oocytes from BACEL knockout zebrafish (van Bebber et al. 2013)
(see above) allowed rescue of the hypomyelination phenotype (Fleck et al. 2013).

A previous study suggested that the ADAM17 cleavage at the C-terminus of the EGF-like
domain abolishes Schwann cell myelination (La Marca et al. 2011). However, the rescue
experiments in cultured cells and in vivo using mMRNAs/cDNAs encoding fragments
mimicking cleavage by BACE1 or ADAM17 demonstrated that both Nrgl derivatives are
fully capable of supporting Nrgl signaling and myelination (Fleck et al. 2013). Thus, all
sheddases reported to process Nrgl type 11 appear to exert redundant (activating) functions,
however, BACE1 seems to be the dominant protease activating Nrg1 signaling in the PNS.

Finally, the membrane retained NTFs, which are generated either by BACE1 or ADAM17
cleavage undergo further cleavage by proteases of the signal peptide peptidase-like family
(Voss, Fluhrer & Haass, unpublished observation). After intramembrane proteolysis a small
peptide is secreted (C-peptide; Fig. 3c), and an N-terminal ICD (N-1CD) is released from the
membrane into the cytoplasm. Whether the N-ICD has a signaling function is currently not
known.

Proteolytic processing of NRG1 type | by BACEL1 is required for muscle spindle formation
and maintenance

Similar to NRG1 type I1l, NRG1 type I, which contains an Ig-like domain instead of the
cysteine rich domain of NRG1 type I11, is also proteolytically processed by BACE1. NRG1
type | has a large luminal N-terminal domain but lacks the second transmembrane domain,
which allows NRGL1 type Il to form its hairpin structure (see above). Upon fusion of
secreted alkaline phosphatase to NRG 1 type | and co-expression of BACE1 secreted
alkaline phosphatase activity was observed in conditioned media, which could be inhibited
by the addition of a BACE inhibitor (Cheret et al. 2013). As previous experiments had
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already shown that reduction in NRG1 in neurons or its receptor ErbB2 in muscles reduces
muscles spindle formation (Andrechek et al. 2002; Hippenmeyer et al. 2002; Leu et al.
2003), these in vitro experiments strongly suggested that BACE1 might have yet another
NRG1-associated function. Indeed, muscle spindle formation is gradually reduced by
deletion of one or both copies of BACEL (Cheret et al. 2013). Consequently, BACE1
deficiency in mice results in defects in coordinated movement. Moreover, pharmacological
reduction in BACEL activity in adult mice with a BACE inhibitor also reduced the number
of muscle spindles (Cheret et al. 2013). Thus BACE1-mediated processing of NRG1 type 1
is not only required for the formation of muscle spindles during development but also for
their maintenance during adulthood.

inhibition of BACEL cleavage and NRG signaling

Finally, although BACE1 knockouts have profound and highly reproducible effects on
myelination of the peripheral nervous system, this may not be a severe concern for BACE
inhibition in human patients. Clearly, the BACE1 knockout phenotype on myelination is a
developmental phenotype. Thus hypomyelination may not be a major concern for BACE1-
directed therapies. Whether the adult function of BACEL in spindle maintenance (Cheret et
al. 2013) would be affected by BACE inhibitors in humans, must, however, be carefully
monitored.

BACEL1 functions in the CNS

BACEL1 is concentrated in pre-synaptic terminals of different neuron types in the CNS and
PNS (Kandalepas et al. 2013; Deng et al. 2013), suggesting a role for BACEL in synaptic
function. Consistent with high neuronal expression and presynaptic localization of BACEL,
recent studies of BACE1~/~ mice have revealed complex neurological phenotypes, many of
which involve the CNS (Table 1). BACE1L knockout phenotypes are the result of deficient -
secretase processing of BACE1 substrates, and recent proteomic studies in cultured neurons
have identified a large number of novel BACEL1 substrates that are involved in neuronal
functions (Kuhn et al. 2012; Zhou et al. 2012).

The first phenotypes identified in BACE1~/~ mice involved poor performance on spatial and
temporal hippocampus-dependent memory tests (Kobayashi et al. 2008; Ohno et al. 2006,
2007, 2004; Laird et al. 2005), timid behavior (Harrison et al. 2003), and reduced serotonin
and dopamine levels in hippocampus and striatum, respectively (Harrison et al. 2003). These
behavioral and neurochemical phenotypes strongly suggest functions for BACEL in specific
neuronal systems of the brain, although the culpable BACE1 substrates have not been
definitively identified. BACE1 ™/~ mice also exhibit increased post-natal lethality and growth
retardation (Dominguez et al. 2005), but whether these phenotypes are related to a CNS
function of BACEL1 is unclear.

Interestingly, lack of NRG1 processing in BACE1™~ mice, which has been described in the
previous paragraphs for the peripheral nervous system, has also been associated with
schizophrenia endophenotypes such as impaired pre-pulse inhibition, hypersensitivity to
glutamatergic psychostimulants, spine density reduction, and hyperactivity (Savonenko et
al. 2008). Overall, these NRG1 studies suggest that BACEL, in collaboration with ADAM
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proteases, cleaves NRGL1 to release an EGF-like domain that activates ErB receptors on
neighboring cells (Fleck et al. 2013; Luo et al. 2011), a signaling pathway that appears to be
involved in both myelination and schizophrenia.

In addition, BACE1 ™/~ mice exhibit spontaneous seizures and hippocampal neuron loss that
increase with age, compared with wild-type littermates (Hitt et al. 2010; Hu et al. 2010;
Kobayashi et al. 2008). Both generalized tonicclonic and absence seizures are observed.
Also, kainate treatment induces more severe seizures and greater excitotoxic CA1 neuron
death in BACE1™~ mice. BACE1 null neurons display elevated sodium current and action
potential properties (Hu et al. 2010). Notably, the density of voltage-gated sodium channels
(Nay) on the BACE1~/~ neuron cell surface is increased, consistent with elevated sodium
currents in BACE1 null neurons. Previous studies have shown that Nay, f-subunits regulate
the expression and cell-surface localization of sodium channels (Isom 2001; Kim et al.
2007). Moreover, B-subunits are BACEL substrates (Gersbacher et al. 2010; Wong et al.
2005), suggesting that BACE1 processing of B-subunits controls cell-surface Nay, channel
density, neuronal excitability, and seizure susceptibility (Kim et al. 2011).

It is plausible that phenotypes displayed by BACE1~'~ mice could be related to
physiological functions of BACE1-processed APP and amyloid precursor like protein
(APLP) fragments. However, studies of APP, APLP1, and APLP2 knockout mice largely
suggest this is not the case. Although APP~/~ mice are viable and fertile, they display a
number of subtle phenotypes including reduced brain and body weight, agenesis of the
corpus callosum, increased susceptibility to kainite-induced seizures, reduced locomotor
activity, GABAergic abnormalities, increased L-type calcium channel levels, long-term
potentiation defects, and spatial memory impairment, among others (Muller et al. 1994;
Zheng et al. 1995; Li et al. 1996; Steinbach et al. 1998; Dawson et al. 1999; Magara et al.
1999; Phinney et al. 1999; Seabrook et al. 1999; Ring et al. 2007; Yang et al. 2009a).
Although some APP~/~ phenotypes are shared with BACE1~~ mice (e.g., reduced weight,
seizures, memory deficits), most BACE1 null phenotypes are different. This is not surprising
given the large set of diverse BACEL substrates that might be functionally compromised in
BACE1™~ mice.

Reminiscent of APP~~ mice, APLP1~/~ and APLP2~/~ mice display a subtle growth deficit
and no phenotype, respectively (von Koch et al. 1997; Heber et al. 2000). In contrast,
double (APLP2/APLP1 and APLP2/APP) or triple (APP/APLP1/APLP2) knockout mice die
shortly after birth and show malformed neuromuscular junctions with reduced synaptic
vesicle densities (von Koch et al. 1997; Heber et al. 2000; Herms et al. 2004; Wang et al.
2005; Yang et al. 2005). Like the single knockouts, APLP1/APP double knockout mice have
subtle phenotypes, suggesting redundancy between APLP2 and the other family members
(Heber et al. 2000). In addition to post-natal death and neuromuscular junction
abnormalities, APP/APLP1/APLP?2 triple knockout mice display cortical dysplasia
reminiscent of type Il lissencephaly in humans with partial loss of Cajal Retzius cells
(Herms et al. 2004). Together, the phenotypes of the APP compound knockout mice suggest
an important role for the APP family in synaptic function and maintenance.
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The question of whether a- and -secretase cleaved APP extracellular fragments have
physiological functions in vivo has been recently addressed by the generation of knockin
mice that solely express either the SAPPa, or SAPPJ secreted ectodomain. Remarkably, the
sAPPq knockin completely rescues all of the phenotypes displayed by APP~~ mice (Ring et
al. 2007). In addition, the SAPPa knockin prevents the postnatal lethality shown by
APLP2/APP double knockout mice, but it cannot rescue the neuromuscular junction
abnormalities, spatial memory impairments, and long-term potentiation deficits of these
mice (Weyer et al. 2011). Interestingly, the SAPP knockin is not able to rescue either the
APP single or the APLP2/APP double knockout phenotypes, suggesting that SAPPa is a
more physiologically relevant APP fragment than sAPPp (Li et al. 2010). These results also
suggest that both APP and APLP2 collaborate synergistically to support synaptic function in
the CNS and PNS.

It has also been reported that BACE1 ™~ mice display retinal pathology involving lipofuscin
accumulation and degeneration of retinal cell layers, phenotypes that are associated with
reduced retinal microvasculature (Cai et al. 2012). In cell culture, vascular endothelial
growth factor receptor 1 is processed by BACEL, suggesting that this BACEL null retinal
phenotype may result from insufficient vascular endothelial growth factor receptor 1
ectodomain shedding. However, at the recent BACE meeting several groups reported their
unpublished data, which demonstrated that the retinal phenotype is not seen in all of the
differently generated BACE1~/~ mice. The molecular cause of these differences is presently
unclear.

Defects in axon guidance and neurogenesis in the CNS of BACE1™~ mice

Another significant phenotype of BACE1™~ mice involves axon guidance defects in the
hippocampus and olfactory system (Rajapaksha et al. 2011; Cao et al. 2012; Hitt et al.
2012). The mossy fiber axon pathway from dentate gyrus granule cells to CA3 pyramidal
neurons is critical for learning and memory and displays one of the highest BACE1 levels in
the brain. The majority of proximal mossy fiber axons pass along the CA3 pyramidal cell
layer on the side with primary dendrites. However, a subset of axons called the
infrapyramidal bundle (IPB) runs along the opposite (axonal) side of the CA3 cell layer for a
given distance before it crosses the cell layer to join the majority of axons in the stratum
lucidum. IPB length is stereotypical for a given mouse strain and correlates with memory
performance: mouse strains with long IPBs obtain superior scores on hippocampus-
dependent memory tests, whereas strains with short IPBs perform poorly (Crusio and
Schwegler 2005). Intriguingly, BACE1™~ mice have IPBs that are ~ 30% shorter than wild-
type littermates (Hitt et al. 2012), an observation consistent with BACEL null memory
deficits. In addition to short IPB length, BACE1~~ mice also display pre-mature IPB axon
cross-overs of the CA3 cell layer.

In the olfactory system, olfactory sensory neurons (OSNSs) project axons from the olfactory
epithelium to the olfactory bulb (OB). A given OSN expresses only one of ~1000 different
odorant receptor genes in a random pattern in the olfactory epithelium, yet it is able to send
its axon to a topographically fixed glomerulus in the OB that represents the odor quality of
the odorant molecule ligand (Sakano 2010). In wild-type mice, axon guidance of OSN axons
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to correct glomeruli is exquisitely precise. In contrast, BACEL null OSN axons exhibit mis-
targeting to incorrect glomeruli in a dorsal to ventral gradient in the OB (Rajapaksha et al.
2011; Cao et al. 2012), suggesting that the dependence of olfactory axon guidance on
BACE1 varies according to the expressed odorant receptor. Although the significance of this
finding is not yet clear, it implies that BACEL inhibition may not affect the axon guidance of
all OSNs.

The recent identification of the neural cell adhesion molecule close homolog of L1 (CHL1)
as a BACEL1 substrate in cultured neurons (Kuhn et al. 2012; Zhou et al. 2012) has led to
important insights into the molecular basis of BACE1-dependent axon guidance. CHL1 is a
type | membrane protein involved in axon outgrowth and neuronal survival (Naus et al.
2004). ADAMBS processing of CHL1 releases a soluble ectodomain fragment that may
interact with neuropilin-1 and semaphorin 3A to influence axon guidance. Importantly,
CHL1~/~ mice have axon guidance defects in the hippocampus and OB (Heyden et al. 2008;
Montag-Sallaz et al. 2002) that are highly similar to those observed in BACE1™~ mice (Hitt
et al. 2012). These results suggest that release of soluble CHL1 ectodomain as a result of
BACE1 processing has an important signaling role in axon guidance of hippocampal mossy
fibers and OSN axons that may explain axon mis-targeting in BACEL null mice.

Neurogenesis is a process critical for learning and memory that occurs both during
development and in the adult. Interestingly, BACE1~~ mice exhibit a decrease in
hippocampal neurogenesis that is accompanied by a corresponding increase in astrogenesis
during post-natal development (Hu et al. 2013). This BACEL null phenotype is associated
with increased levels of Notch 1 signaling and full-length Jagged 1 protein, the Notch 1
ligand. In cell culture, BACE1 cleaves Jagged 1, proving that it is a BACEL substrate. Thus,
BACE1L may regulate post-natal neurogenesis and astrogenesis by modulating Notch 1
signaling.

Taken together, the complex neurological phenotypes of BACE1~/~ mice suggest that
BACEL1 has diverse physiological functions in the CNS that result from deficient p-secretase
processing of multiple BACEL1 substrates. An important question remaining is whether these
BACEZ1 null phenotypes derive from lack of BACE1 during development or in the adult. If
the former, then BACEL inhibitor treatment of AD adults may be relatively safe. However,
processes with ongoing operation in the adult, such as axon guidance and neurogenesis, are
impaired in BACE1~/~ mice. This suggests that therapeutic inhibition of BACE1 may have
mechanism-based side-effects. However, whether the observed BACE1~/~ phenotypes might
have implications for BACEL1 inhibition as a future pharmacotherapy or not is a matter of
ongoing discussion and will be discussed in more detail below.

Additional BACEL1 substrates in the CNS

The rapidly increasing number of phenotypes in BACE1™/~ mice suggests that more

phenotypes are yet to be discovered. This assumption is in good agreement with the recent
identification of numerous additional BACEL substrates in proteomic screens. A first study
identified over 60 candidate BACEL substrates in tumor cell lines over-expressing BACE1
(Hemming et al. 2009). Not all of them may be physiological substrates, as over-expressed
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BACEL1 is known to cleave in cellular compartments, such as the ER, where it normally is
not localized (Vassar et al. 1999). Two recent studies identified substrates in primary
neurons expressing endogenous BACE1 (Kuhn et al. 2012; Zhou et al. 2012). Zhou et al.
(2012) identified 13 substrates from cultured neurons under serum- and protein-free
conditions and used differential isotopic labeling of terminal amines and e-amines for
quantification. In contrast, Kuhn et al. (2012) cultured the neurons in the presence of serum
proteins using B27-containing media. That study developed the novel secretome protein
enrichment with click sugars (SPECS) technology which utilizes metabolic glycan labeling
and click chemistry to enrich glycoproteins out of B27 containing media of primary neurons
to identify 34 BACEL substrates.

Besides APP and its homologs both studies identified the novel BACEL substrates L1,
CHL1, contactin-2, Golgi membrane protein 1 (GLG1), and peptidyl amidating
monooxygenase (PAM). The CHL1-dependent phenotype of the BACE1 ™/~ mice has
already been described above. Further BACE1 and also BACE2 substrates were identified in
a proteomics study in pancreatic islets and insulinoma cell lines (Stutzer et al. 2013), where
both proteases are also expressed. From these studies it became clear that BACE1 does not
only cleave a few neuronal membrane proteins, but has a broad range of substrates within
and outside of the nervous system.

One of the proteomic studies quantified the extent to which the cleavage of the substrates
depends on BACE1 (Kuhn et al. 2012). Some of the substrates, such as SEZ6, SEZ6L, and
APLP1 are ‘exclusive’ BACEL1 substrates, because BACEL1 inhibition and BACE1-
deficiency almost completely block cleavage of these substrates. For other substrates total
cleavage was only partially reduced in the absence of BACEL activity, indicating that these
substrates are not only cleaved by BACEL1, but also by other proteases, which are expected
to be metalloproteases. Moreover, a compensatory increase in the cleavage of some
substrates by another protease may occur. This is the case for APP where ADAM10
compensates for loss of BACEL1 cleavage (Colombo et al. 2012; May et al. 2011). In
addition, for some of the new substrates indirect effects like trans-synaptic stabilization may
potentially be responsible for an apparently partial cleavage reduction upon BACE
inhibition, such as has been shown in case of postsynaptic neuroligin 1 which binds to
membrane bound presynaptic Neurexin-1 alpha and is increasingly cleaved upon the
addition of recombinant soluble neurexin 1 alpha while treatment with a BACE inhibitor
leads to reduced amounts of secreted neurexin 1 alpha (Suzuki et al. 2012; Kuhn et al. 2012;
Boucard et al. 2005).

Based on the current literature, the novel BACEL1 substrates can be divided into two
subgroups. The first group comprises proteins that participate in synapse function, whereas
the second group includes proteins that interact with the surrounding extracellular matrix of
astrocytes and oligodendroglia and thereby modulate axon outgrowth and path finding as
well as the formation of membrane microdomains. Finally there are substrates with other
functions.
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Substrates involved in synapse function

The first group of identified BACEL substrates contains neurexin 1 alpha, the neuroligin
family and the latrophilin family. Neurexin-1 alpha and latrophilins are mostly presynaptic
proteins which interact with each other in cis and with post-synaptic neuroligins in trans,
bridging the synaptic cleft (Boucard et al. 2012). Although it is not yet clear exactly how
BACE1 cleaves these proteins and how it alters their function, it is interesting to note that
some of the phenotypes of neurexin 1 alpha and neuroligin-deficient mice are recapitulated
in BACE1-deficient mice. This suggests that some of the BACE1-deficiency phenotypes
may result from the reduced cleavage of neurexin 1 alpha or the neuroligins. Deletion of
neurexin 1 alpha reduces excitatory synaptic strength (Etherton et al. 2009). Neuroligins in
concert with neurexins are needed for synapse function but not for synapse formation (Xu et
al. 2012; Bang and Owczarek 2013). Triple knockout mice of neuroligin 1, 2, and 3 showed
an abnormal respiration behavior leading to post-natal death owing to reduced
neurotransmission in the brainstem respiratory network (Varoqueaux et al. 2006). Single
knockouts of neuroligins show more subtle phenotypes. Neuroligin 1 knockout mice show
reduced social interaction, impaired spatial working memory and reduced contextual- and
cued-fear memory (Kim et al. 2008). Neuroligin-2 knockout mice show increased anxiety-
like behaviors, reduced pain sensitivity, motor coordination, and an irregular breathing
pattern, whereas neuroligin 4 mice have symptoms of autism spectrum disorders (Xu et al.
2012; Jamain et al. 2008; Blundell et al. 2009). Neurexin 1 alpha knockout mice show
impaired nest building behavior and spend more time in approaching other mice which
might be because of impaired interpretation of social cues or increased aggression behavior
(Grayton et al. 2013). A lot of these behavioral phenotypes have as well been observed in
BACE1 knockout mice and might imply that similar signaling pathways are impaired in
these mice (Laird et al. 2005; Savonenko et al. 2008).

Substrates involved in axon outgrowth, axoglial interactions, and myelin microdomain

structure

The second group of substrates is involved in axonal outgrowth, axoglial interactions and
electric transmission. This group includes CHL1, L1, contactin-2, and the SEZ6 family. The
role of BACEL cleavage for CHL1 function has already been described above. The glycosyl
phosphatidyl inositol-anchored protein contactin-2 has been confirmed as a BACE1
substrate in vitro and in vivo. Contactin-2 expressed on Schwann cells and oligodendroglia
interacts with the transmembrane protein CaspR2 and Contactin-2 on the axonal membrane
to maintain the voltage-gated potassium channels Kv1.1 and Kv1.2 in juxtaparanodes of
myelinated axons (Poliak et al. 2003; Traka et al. 2003). Contactin-2 knockout leads to
impaired learning behavior, shorter internodes, and disrupted juxtaparanodes (Savvaki et al.
2008). Thus, it appears possible that BACE1-mediated proteolytic processing of contactin-2
modulates the concentration and function of juxtaparanodal potassium channels. This
possibility needs to be tested in further experiments.

Sez6 family proteins are type | membrane proteins localized to both dendritic and axonal
compartments. Sez6 knockout mice display increased dendritic branching, reduced spine
density on apical dendrites, and impaired excitability of layer V pyramidal neurons
(Gunnersen et al. 2007). The triple knockout of the whole Sez6 family leads to motor
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coordination deficits reflected in electrophysiological alterations in Purkinje cell excitation
in the cerebellum (Miyazaki et al. 2006). All three members of the Sez6 family are BACE1
substrates but how BACE1 modulates their functions is not yet clear as little is known about
their physiological roles in vivo.

PAM is one of the candidate BACEZ1 substrates that has shown up in all four proteomic
screens and has been shown to undergo regulated intramembrane proteolysis by an unknown
sheddase and by y-secretase in tumor cells (Rajagopal et al. 2010). This copper-dependent
enzyme amidates the C-terminus of a number of neuropeptides, which is necessary for their
biologic activity (Bousquet-Moore et al. 2010). PAM-deficiency leads to intrauterine death
caused by malfunction of the cardiovascular system and cerebral edema that result from
non-functional proaminoterminal peptide (PAM) and adrenomedullin because of their
lacking amidation (Czyzyk et al. 2005). In contrast, BACE1-deficient mice may show the
opposite phenotype as BACEL negatively regulates PAM function by PAM cleavage. Given
that BACE1 expression is particularly high in the brain, whereas PAM is expressed more
ubiquitously, but mainly in the pituitary gland, brain, and the atrioventricular node (Braas et
al. 1989), it may be possible that BACE1-deficiency mostly affects PAM function in the
brain, but not necessarily in other organs.

Functional Roles of BACE?2

Soon after the discovery of BACE1, a paralog termed BACE?2 was identified (Bennett et al.
2000a; Farzan et al. 2000). BACE2 was shown to function like an “a-secretase” in
promoting the non-amyloidogenic processing of APP (Basi et al. 2003; Farzan et al. 2000;
Fluhrer et al. 2002; Yan et al. 2001). In contrast to BACEL, little attention thus has been
devoted to the study of BACEZ2, until recently. Initial studies in BACE2 knockout mice
documented no apparent phenotype, except that the early post-natal lethality observed in
BACE1~/~ mice is enhanced in BACE1™~; BACE2™/~ double knockout mice (Dominguez et
al. 2005). Using mouse and zebrafish model systems, investigators have made significant
advances recently to identify new substrates of BACE?2 and disclose novel physiological
roles of this aspartyl protease.

Processing of a pigment protein by BACE2 to form the amyloid matrix in melanosomes

The process of pigmentation begins with events that occur in melanosomes distributed
throughout melanocytes (Hearing 2005). These endosomal organelles contain all the
components required for melanin formation, including the enzyme tyrosinase (TYR) and
accessory proteins including TYR-related protein 1 and TYR-related protein 2 (Hearing
2005). Melanosomes undergo a four-stage maturation process that is dependent upon the
structural protein termed pigment cell-specific melanocyte protein (PMEL). Mature PMEL
is synthesized as an integral membrane protein enriched in the lumen of melanosomes.
Proteolysis of PMEL subsequently leads to the structural rearrangement of the melanosome
from an immature, non-pigmented, round organelle to a mature, pigmented, ellipsoid
melanosome (Watt et al. 2009). A stage | melanosome is characterized by its non-descript
round, non-pigmented shape that resembles an endosome. Proteolytic cleavage of PMEL by
a putative protease(s) within the melanosome releases an N-terminal fragment, termed Ma,
competent for formation of the scaffolding, or amyloid matrix, which elongates the
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melanosome (stage I1; elliptically shaped). Stage 11 commences with the deposition of
eumelanin, a black/brown pigment, produced by TYR, upon the PMEL scaffold. By stage
IV, the internal melanosomal structure is obscured because of the abundance of deposited
eumelanin. Without the amyloid matrix, no eumelanin is able to accumulate and only
pheomelanin, a red/yellow pigment, is observed in round melanosomes (Raposo and Marks
2007). Variations in the eumelanin/pheomelanin ratio account for the wide variety of coat
color in all organisms. Interestingly, natural mutations in Pmel found in a variety of
organisms, including mice, chicken, and horse (Theos et al. 2006; Kerje et al. 2004;
Brunberg et al. 2006), shared a common phenotype: coat color dilution.

While proteolytic processing of PMEL is thought to be a critical step in the formation of the
amyloid matrix, the enzyme(s) responsible remained elusive. Studies in BACE2~/~ mice in
which one of the BACE2 domains containing a catalytic aspartic residue is deleted of an
otherwise full length protein revealed dilution of coat color suggesting that BACE2 could be
a candidate (Dominguez et al. 2005) (Fig. 4a). As this pigmentation phenotype resembling
mice harboring mutations in Pmel observed in Bace2™~, but not Bace1™~ mice (Rochin et
al. 2013), Rochin and coworkers addressed whether BACE2 could be a sheddase that is
responsible for cleaving PMEL for proper formation of scaffold in melanosomes for
pigment deposition. These investigators provided several lines of evidence in favor of this
idea. In support of the notion that BACEZ2 resides in the same compartment as that for
processing of PMEL, co-localization studies showed that BACE?2 is targeted to early stages
(I'and 1) of PMEL-containing melanosomes and associated with PMEL (Rochin et al.
2013). Secondly, both gain- and loss-of-function approaches in cultured cells revealed that
BACE2 was able to cleave PMEL to release its ectodomain containing the amyloidogenic
Ma-fragment in cultured cells using both gain- and loss-of-function approaches (Rochin et
al. 2013). Finally, melanogenesis is impaired in Bace2™~ mice (Rochin et al. 2013). Taken
together, these findings are consistent with a model in which PMEL is cleaved by BACE2 to
release the luminal fragment into endosomal precursors for its formation into fibrils and
finally melanosome maturation. Although BACEL apparently does not participate in the
processing of PMEL as BACE1~/~;BACE2~/~ double knockout mice exhibit a similar
pigmentation phenotype comparable to BACE2 null mice, a caveat is that the BACE2 null
mice carry a catalytically impaired BACE2 protein (rather than the absence of BACE2
protein). Such a mutant protein could act in a dominant-negative fashion, obscuring the
potential role of BACEL in PMEL processing. BACE2 null mice lacking the complete
BACE2 protein will be useful in future studies to clarify this issue.

Role of BACE2 in migration of melanocytes

Recent studies in zebrafish revealed a surprising role of BACE?2 in the regulation of
melanocyte migration. There exists one human BACE2 ortholog in the zebrafish genome,
ZBACEZ2 and its mRNA is expressed throughout early development (van Bebber et al. 2013).
Capitalizing on a collection of previously ENU (N-ethyl-N-nitrosourea)-mutagenized
alleles, a C to A conversion in zBace? was identified; this mutant led to a premature in-
frame stop codon that truncated a large portion of the protein, including both catalytic
domains (van Bebber et al. 2013). Thus, an N-terminal 79 amino acid peptide is predicted to
be generated in such mutants (zBace2+/-). Cross-breeding of ZBACE2+/- zebrafish led to
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the generation of homozygous mutant alleles (zZBACE2™"). Although ZBACE2™~ larvae
were indistinguishable from their ZBACE2+/- or ZBACE2+/+ littermates before the third day
post-fertilization, it became clear later in development that melanophores were more dilated
in larvae lacking Bace2. In addition, the migration pattern of these melanophores around the
tail fin and the yolk sac extension was perturbed in zZBace2™/~ animals (Fig. 4b). As
melanophores are neural crest derivatives, this phenotype is consistent with the expression
pattern of Bace2 in neural crest cells (Thisse et al. 2004).

To assess whether compensatory mechanisms exist in regulation of migration of
melanocytes between zBACE1 and zBACE2, ZBACE1~; ZBACE2™/~ zebrafish were
generated. Comparing defects in melanophores and melanocyte migration observed in
ZBACE2~ fish, these abnormalities were not enhanced in the ZBACE1~/~;zZBACE2 /-
animals, indicating that zBace?2 serves distinct roles than those of zBacel in term of
melanocyte migration (van Bebber et al. 2013). These data support the notion that BACE1
and BACE?2 serve distinct physiological roles during development and aging. Importantly,
this zebrafish model is a valuable tool to assess in vivo the specificity of BACE inhibitors to
identify BACEL1-selective and BACE2-sparing compounds in the event that such
compounds are deemed necessary to limit mechanism-based toxicity occurring in clinical
trials of Alzheimer’s disease.

Regulation of pancreatic g cell mass and function by BACE2

Hyperglycemia occurring in type 2 diabetes results from the failure of the pancreas to
secrete appropriate amounts of insulin to match metabolic requirements associated with
insulin resistance (Kahn et al. 2006). Two major abnormalities observed in this illness are
progressive degeneration of beta cell function and decrease in pancreatic beta cell mass
(Kahn et al. 2006). However, the molecular mechanism underlying beta cell loss is not
clearly understood. Proteolytic processing of growth factors and their receptors of 3 cells are
thought to be important for proper autocrine and paracrine signaling. One example is the
type | transmembrane protein Tmem27 (pro-proliferative plasma membrane protein), which
is a target gene of the transcription factor Tcfl (or hepatocyte nuclear factor 1a), that is
linked to the most common form of maturity onset diabetes of the young (MODY 3)(Shih et
al. 2001). Other than the kidney (Zhang et al. 2001), expression of Tmem27 has only been
documented in the pancreas (Akpinar et al. 2005). Thought to stabilize apical amino acid
transporters and critical for reabsorption of amino acids (Danilczyk et al. 2006; Malakauskas
et al. 2007), Tmem27 when abnormally accumulated in {3 cells causes an increase in
pancreatic cell mass (Akpinar et al. 2005). Importantly, ectodomain shedding of Tmem27
regulates its abundance and activity in 3 cells as the holoprotein retains mitogenic activity
(Akpinar et al. 2005). Thus, identification of the protease responsible for the shedding of
Tmem27 may provide an opportunity to elevate Tmem27 levels as a strategy to modify f
cell mass and function.

To identify the responsible protease, Esterhazy and coworkers employed a siRNA approach
to screen all major classes of proteases in a mouse insulinoma cell line. In their initial
screen, BACE2 was identified as a sheddase for Tmem27 in both mouse and human beta
cells (Esterhazy et al. 2011). Importantly, when insulin-resistant mice were treated with a
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BACE?2 inhibitor, these coworkers observed increased beta cell mass and improved control
of glucose homeostasis as a result of increased insulin levels (Esterhazy et al. 2011). To
complement this observation, these investigators took advantage of the availability of
BACE2 knockout mice with inactive BACE2 (Dominguez et al. 2005) to examine Tmem27
processing and physiological consequences in {3 cells of these mutant mice. Remarkably,
Esterhazy and coworkers observed that these Bace2 inactive mice have significantly lower
levels of blood glucose, improved glucose tolerance and elevated  cell mass, implicating
BACE?2 as the sheddase that is important for the regulation of  cell maintenance (Esterhazy
et al. 2011). These data thus are consistent with the notion that Bace2 controls beta cell mass
and function and provide a strategy to inhibit BACE2 as a potential therapy in efforts to
improve human p cell function.

Finally, Stoffel and coworkers used a proteomic approach in a pancreatic cell line to identify
Seizure 6 protein family members, SEZ6L and SEZ6L 2, which are islet-enriched cell
surface proteins as BACE2-specific substrates (Stutzer et al. 2013). However, these
substrates are cleaved by BACEL1 in neurons (Kuhn et al. 2012). Why SEZ6L and SEZ6L2
are selectively cleaved by BACE2 over BACEL in j cells is not completely clear. Likely
possibilities include organ-dependent abundance of enzyme, substrate isoform or cleavage
site preferences, and subcellular compartmentalization of each sheddase. These investigators
also identified IGF2R and SORT1 as substrates of BACEZ2 in islet cells (Stutzer et al. 2013).

In summary, over the past few years, significant progress has been made in the identification
of novel substrates of BACE?2 and revealed that some of its physiological roles appear to be
unique and distinct from those of BACEZL. This will help the development of tools for
evaluating BACEL1 inhibitors that are selective over BACE2, thus potentially providing
improved compounds that are safe and effective for the treatment of AD.

BACE inhibition as a treatment strategy for AD

Drug discovery scientists often invest years of research effort on hypotheses despite
significant uncertainties owing to incomplete understanding of the fundamental biology of
disease and the potential for entirely unanticipated and often insurmountable non-
mechanism-based side-effects that emerge late in the development of a novel therapeutic.
Therefore, it is critical that efforts are focused on hypotheses that are supported by the
strongest possible data which is often derived from human genetics (Plenge et al. 2013) as is
the case with the amyloid hypothesis of AD as reviewed above (Loy et al. 2013). The
recently described rare protective p-secretase-cleavage-sparing variant of APP (APP-
A673T) further supports the rationale for BACEL inhibition in AD (Jonsson et al. 2012).
Our understanding of the pathophysiological sequence of AD is incomplete but findings to
date from ongoing natural progression studies conducted by the Alzheimer’s Disease
Neuroimaging Initiative and the Dominantly Inherited Alzheimer Network (DIAN) support
that AP plaque deposition is likely an early and potentially initiating event of AD that drives
the subsequent development and/or expansion of tau pathology and inflammation that
together contribute to the neurotoxic environment that causes synapse dysfunction, cell loss,
and dementia (Bateman et al. 2012; Jack et al. 2012). While this interpretation of existing
literature supports that early intervention with CNS Ap lowering therapeutics will have the
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best chances for success, multiple studies have shown the direct neurotoxic effects of A
oligomers and plaques which could be operant at all stages of AD such that substantially
reducing the influx of newly synthesized AP peptides to reduce AB oligomer formation and
plaque growth could be beneficial even in later-stage symptomatic patients (Walsh and
Selkoe 2007).

After over a decade of AD clinical research on amyloid-directed agents, has the amyloid
hypothesis been adequately tested? Most clinical AD investigators will answer this with an
unqualified, “No”. The primary reason given is that the amyloid-directed agents tested to
date (e.g., y-secretase inhibitors, y-secretase modulators, plaque disruptors, and anti-Ap
immunotherapy) have failed to convincingly demonstrate an unambiguous and substantial
reduction in CSF AB levels; CSF Ap is the primary biomarker of soluble brain Ap status in
humans (Wan et al. 2009; Blennow 2010). For example, the strategy of y-secretase
inhibition, while strongly supported by human genetics and discovery of compounds capable
of significantly reducing CNS A levels in preclinical studies (Best et al. 2007) and humans
such as semagacestat (Bateman et al. 2009) and avagacestat (Tong et al. 2012), ultimately
failed in Phase 3 efficacy studies owing to the emergence of serious dose-limiting and thus
CNS AB-lowering limiting mechanism-based side-effects including cancerous skin lesions,
severe gastrointestinal toxicity, and ultimately cognitive worsening that were likely related
to inhibition of Notch processing or other non-APP y-secretase substrates (Doody et al.
2013; Coric et al. 2012). Indeed the dose limiting toxicities associated with y-secretase
inhibitions did not support a robust test of the amyloid hypothesis as only a transient ~25%
lowering of CSF A from baseline was achieved in Phase 3 efficacy trials. The confounds
arising from the combination of serious mechanism-based side-effects and the likely
minimal impact of semagacestat or avagecestat on CSF AP levels at the doses tested
unfortunately limits the impact of these findings on our understanding of the validity of the
amyloid hypothesis (Pomara 2013) or importantly the minimum levels of AP lowering that
will have a benefit. Genetic studies in mice and humans suggest that moderate reductions in
CNS AB levels can result in long-term benefits. CNS AB levels in BACE1 wild-type,
heterozygous and knockout mice unexpectedly revealed that 50% knockdown of CNS
BACET1 protein in BACE*/~ mice resulted in only ~12-20% reduction in CNS Ap level
versus wild-type animals (McConlogue et al. 2007). Despite this modest effect on Ap, aged
PDAPP/ BACE1*~ mice developed about 75% less amyloid plague burden than similarly
aged PDAPP/BACE1** mice (McConlogue et al. 2007). From in vitro cell studies, the rare
APP-A673T protective variant was associated with a 40% reduction in Af production
compared to APP-WT cells and an 8-fold reduced risk for AD (Jonsson et al. 2012) again
suggesting that a relatively moderate reduction in Af production afforded by reduced
BACEL cleavage of APP may confer a long-term benefit. As PDAPP/BACE*~ mice and
APP-A673T human carriers experience a lifelong reduction in steady-state CNS AB, it is
difficult to infer whether similar levels of Ap lowering achieved with BACE inhibition
would benefit AD patients. Importantly the degree of CNS AP reduction required for a
meaningful clinical benefit at any given point of the AD continuum remains an unknown
and will require mechanisms and molecules that are capable of safely achieving the dose—
response range of AP lowering in AD patients.
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BACE inhibition — therapeutic potential of small molecules and biologics

The molecular identification of BACEL and the subsequent reports of BACE1 knockout
mice revealed an atypical member of the aspartic protease family that combined a strong
therapeutic rationale for inhibitors to treat AD based on requirement of BACE1 for Af
synthesis and the lack of overt negative phenotypes in multiple reports of BACE1 knockout
mouse lines (Roberds et al. 2001; Cai et al. 2001; Luo et al. 2001). Aspartic proteases are a
therapeutically important class of enzymes that includes the HIV protease and the
mammalian renin enzymes that possess structural homology with the BACE1 active site
(Hong et al. 2000). Renin presented major medicinal chemistry challenges and only after
decades of effort was a clinically effective renin inhibitor approved for blood pressure
control (Jensen et al. 2008) whereas HIV protease inhibitors are a transformational core
component of HIV therapy (Ray et al. 2010). Despite these successes and significant active
site structural homology among aspartic proteases, the peptidomimetic nature of classical
aspartic protease inhibitor scaffolds have proven to be incompatible with the chemical and
physical properties required for a clinically developable inhibitor of the CNS-localized
BACE1 protease (Ghosh et al. 2012). Early examples of peptidomimetic BACE inhibitors
possessed high affinity and selectivity for BACE enzymes and produced significant
reductions in plasma Af but achieved modest reductions in brain Af in mice (Chang et al.
2004; Hussain et al. 2007; Sankaranarayanan et al. 2008) and non-human primates
(Sankaranarayanan et al. 2009) often requiring exposure-boosting strategies. CTS-21166 is a
peptidomimetic BACE inhibitor, derived from the earliest chemistry efforts on BACE
inhibitors, that advanced into Phase 1 clinical trials in healthy volunteers and produced
significant and sustained reductions of plasma AB (80% peak inhibition) following
intravenous delivery however effects on CSF A have not yet been reported and its
development status remains unknown (Albert 2009). A novel biologics based approach to
achieving highly selective BACELX inhibition relies on a bi-functional inhibitory antibody
that binds both the transferrin-receptor to improve blood-brain barrier penetration and the
BACE1 enzyme domain. This antibody potently and selectively inhibits purified BACE1
and BACE1-meditated processing of APP in cells and has achieved impressive proof of
concept in vivo efficacy results in transgenic APP mice (Atwal et al. 2011). The affinity
optimized transferrin-receptor binding function improved antibody uptake into the brain by
~5-fold which was critical for the efficacy of this approach (Yu et al. 2011). Results to date
are encouraging that this approach could serve as alternative to small molecule inhibitors of
BACE1 or other CNS-localized intracellular enzymes. Importantly, this approach achieves
exquisite selectivity for the BACEL enzyme over other aspartyl proteases including BACE?2.
In a broader context, the blood-brain barrier enhancing strategies utilized for anti-BACE1
immunotherapy may also be harnessed to improve the performance of other CNS passive
immunotherapies such as anti-Af and anti-tau approaches if carrier-dependent mechanism-
based side-effects can be avoided (Couch et al. 2013).

Breakthrough discoveries in small molecule inhibitors of BACE came with the identification
of novel acylguanidine, aminopyridine, and isothiourea pharmacophores that bound with
modest affinity to the catalytic aspartic acid residues of BACEL (Cole et al. 2006; Congreve
et al. 2007; Yang et al. 2009b; Wang et al. 2010). These molecules emerged from diverse
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hit finding strategies using high-throughput X-ray crystallography (Congreve et al. 2007),
functional screens (Cole et al. 2006), or a protein NMR-based fragment screen using an
unlabeled soluble BACE1 construct (Geschwindner et al. 2007) or an 1°N-labeled human
BACE1 soluble enzyme domain (Wang et al. 2010). For the latter screen, the initial hit
Merck D, a weak isothiourea structure that possessed a BACE1 binding Ky of ~15 uM and a
functional BACE1 ICsq of ~ 200 uM (Fig. 5¢), (Wang et al. 2010) launched a structure-
based design effort that led to the discovery of the novel iminoheterocyclic class of aspartic
protease inhibitors with more drug-like pharmacophore as exemplified by the
iminohydantoin Merck E (Fig. 5¢). Iminohydantoin BACE inhibitors possessed an
unprecedented combination of low molecular weight and high affinity binding compared to
prior peptidomimetic inhibitors in a structure that at the time of its discovery was unknown
in the aspartic protease inhibitor literature, (Zhu et al. 2010). These efforts relied heavily on
BACEL1 X-ray crystallography and computational modeling to aid rational chemical design
decisions that achieved high affinity binding coupled with robust oral pharmacokinetic and
CSF AP lowering efficacy in rodents as exemplified by Merck F (Cumming et al. 2012).
Subsequent medicinal chemistry efforts pursued ring expansion of the iminohydantoin
warhead to generate the novel 6-membered C5-substituted iminopyrimidinone core, Merck J
in Fig. 5¢, which again maintained a low molecular weight with high affinity binding and a
minimal shift in cellular potency (Stamford et al. 2012). The iminopyrimidinone SAR
optimization focused on defining the appropriate combination of in vitro pharmacological
properties with potent and efficacious CSF A lowering in rats (Stamford et al. 2012;
Stamford and Strickland 2013). The novel cyclic isothiourea core BACE inhibitor,
LY2811376 Fig. 5b (May et al. 2011), that displayed modest intrinsic affinity for purified
BACEL1 (IC55~250 nM), more potent cellular activity and robust CNS A lowering in
rodents and dogs and was advanced into Phase 1 studies where it supported the first
published report of BACE inhibitor-mediated lowering of CSF Af in healthy volunteers
(May et al. 2011). Development of this compound was terminated owing to observations of
retinal and neuronal and glial cell degeneration associated with intracellular accumulations
of autofluorescent granules following 3 month dosing in rodent toxicology studies (May et
al. 2011). These effects manifested in the eye as retinal pigment epithelium cell hypertrophy
and degeneration. The histopathological findings resulting from chronic LY2811376
treatment were retained in BACE1 knockout mice implying that the effects were not likely
BACEL1 dependent (May et al. 2011). The histopathological findings described by May et al.
are reminiscent of findings reported for cathepsin D knockout mice (Saftig et al. 1995;
Shacka et al. 2007) and suggest that the moderate selectivity of LY2811376 for BACE1
over cathepsin D of ~60-fold (May et al. 2011) is not sufficient to support chronic dosing.
The importance of cathepsin D selectivity is further underscored by rare cathepsin D
homozygous loss of function mutations in humans that manifests as a subtype of the
lysosomal storage disorder, Batten’s disease, characterized by seizures, severe
developmental defects, and neurodegeneration (Siintola et al. 2006). Most genetic forms of
lysosome dysfunction manifest with neurohistopathological findings of aberrant intracellular
accumulation of ceroidlipofuscin deposits (Dawson and Cho 2000). Importantly, the most
advanced BACE inhibitors currently in clinical trials have been described at recent scientific
meetings to be virtually inactive at cathepsin D.
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The recent proliferation of novel substrates and proposed biological functions of BACE1
and BACE?2 that are reviewed herein have tempered the early expectations that chronic
BACE inhibitor therapy would be devoid of any potential for mechanism-based safety
concerns. Insights into the impact of reduced versus complete loss of BACE1 activity during
development or adulthood can be gleaned from comparing and contrasting the impact of
varying levels of chronic pharmacological inhibition of BACEL activity in adult animals to
BACE1 knockout mouse phenotypes (Willem et al. 2006; Hu et al. 2006; Savonenko et al.
2008; Laird et al. 2005; Hitt et al. 2012; Cao et al. 2012; Cai et al. 2012; Cheret et al. 2013).
Phenotypes reported for BACE1 knockout mice to date reflect the impact of a lifelong 50%
reduction or complete loss of BACEL function while pharmacological inhibition of BACE
activity is targeted for adults and at doses that do not achieve complete sustained inhibition.
Ongoing Phase 3 clinical trials of the BACE inhibitor MK-8931 are evaluating doses that
achieve a range of 50 to 75% sustained reduction in CSF AB. Several groups have shown
that the majority of phenotypes reported for BACE1 knockout mice are not observed in
BACEL1 heterozygous mice suggesting that a 50% loss of BACE1 function would be
tolerated. In the course of the BACE inhibitor discovery program at Merck Research Labs a
number of chronic BACE inhibitor studies have been conducted (M. Kennedy et al.,
manuscript in preparation). These studies include: (i) chronic treatment of transgenic APP
mice to examine the impact of A lowering on the course of amyloid pathology and (ii)
toxicology studies in multiple species at supra-therapeutic doses to assess short- and long-
term safety and tolerability. These studies have evaluated structurally diverse inhibitors
including MK-8931. The peripheral nerve hypomyelination phenotype reported in BACE1
knockout mice was not observed in Tg-CRND8-APpSwedish/Indiana mjce following 4 months
of chronic pharmacological inhibition at doses of a BACE inhibitor that produced a
sustained ~ 80% brain AR lowering?. Other phenotypes examined in these same studies such
as reduced pre-pulse inhibition were also not impacted by 4 month chronic BACE inhibitor
treatment?. As described above, retinal degeneration was observed with chronic LY 2811376
treatment in rodents, however, studies by this same group in BACE1 knockout mice showed
this finding to be independent of BACEL (May et al. 2011). Subsequently, a non-
progressing retinal degeneration phenotype was described in young BACEL and BACE?2
knockout mice suggesting BACE activity may be important for retinal homeostasis early in
life (Cai et al. 2012). However, retinal degeneration phenotypes have not been reported for
all BACEL and BACE2 knockout lines indicating that this phenotype may be strain
dependent. Taken together the emerging data suggest that some functions of BACE1 may be
more important during development than in adulthood which is consistent with the dramatic
drop off in CNS expression of BACEL in mice during the first few weeks of life (Willem et
al. 2006) Exploring the relationship between genetic deletion of BACEL versus
pharmacological BACE inhibition in young versus adult animals remains an area of intense
effort and will require collaborations that will benefit from the sharing of potent and
selective BACE inhibitors. The lack of inhibitors with substantial selectivity between
BACEL1 and BACE2 complicates the comparison of pharmacological studies versus
knockout studies. However, to date the majority of phenotypes reported for BACE1 and
BACE2 knockout mice appear to be non-overlapping (Dominguez et al. 2005). Beyond the
role of BACEL in AD, recent studies using knockouts and small molecule inhibitors suggest
a potential positive impact of reduced BACE activity in traumatic brain injury (Chami and
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Checler 2012) and peripheral nerve damage (Farah et al. 2011) (BACEL1) whereas type 2
diabetes may benefit from inhibition of BACE2 (Esterhazy et al. 2011).

BACE inhibitors in clinical trials

Several BACE inhibitors have progressed into Phase 1 studies. The BACE inhibitors that are
known to have advanced the furthest in clinical development are LY-2886721 (Eli Lilly),
E-2069 (Eisai), and MK-8931 (Merck & Co.). Structures and detailed in vitro and in vivo
profiles of these compounds have not been published in the peer-reviewed literature as this
requires the release of proprietary chemical structures, however, these compounds have been
extensively described at scientific meetings. All three of these molecules are high affinity
and selective inhibitors of the human BACEL enzyme and potently reduce peripheral and
CNS AB1-40, AB1-42, and SAPPS levels in rodents and large animal species such as non-
human primates (E-2069 and MK-8931) or dogs (LY-2886721). While these compounds are
highly selective for BACEL over other mammalian aspartyl proteases such as cathepsins D
and E and renin they are equipotent inhibitors of the human BACE2 enzyme. BACE2 does
not contribute to B-secretase cleavage of APP in vivo (see above) and possesses high active
site identity with BACEL such that achieving substantial (= 100-fold) selectivity over
BACE2 while maintaining optimal CNS drug properties has proven challenging. These pre-
clinical pharmacodynamic profiles have translated well in Phase 1 studies where significant
and sustained CSF Ap lowering of > 80% following single and multiple doses to healthy
volunteers (LY-2886721, E2069 and MK-8931) and AD patients (MK-8931 and E-2069)
has been reported. The development of LY-2886721 was recently terminated owing to
observations of abnormal liver tests indicative of liver toxicity in a chronic Phase 2 study of
AD patients. These findings were noted as unexpected based on the lack of any liver
abnormalities in pre-clinical safety testing of LY-2886721 and were not considered related
to BACE1 or BACEZ2 inhibition. The remaining BACE inhibitors, E-2069 and MK-8931 are
progressing into long-term clinical efficacy studies in patients. Eisai has noted its
commitment to explore the efficacy of E-2069 in early AD patients but has not disclosed the
design or status of this trial, whereas Merck started a registration supporting Phase 2/3 safety
and efficacy study of MK-8931 in mild-moderate AD patients in November of 2012. This
study contains a lead-in safety cohort of 200 patients that received once daily doses of
placebo, 12, 40, or 60 mg of MK8931 for 3 months. The main Phase 3 efficacy cohort will
examine the impact of two dose levels of MK-8931 that will test the impact of 50% or 75%
CSF AP lowering respectively on Alzheimer’s Disease Assesment Scale-cog and
Alzheimer’s Disease Co-operative Study - Activities of Daily Living Inventory end points
following 18-months treatment (for study details see NCT0173934; clinicaltrials.gov). A
second parallel Phase 3 study of MK-8931 in prodromal AD patients commenced late in
2013 and will test the impact of MK-8931 on CDR-SB following 24 months of treatment at
the same dose levels used in mild-moderate patients. Inclusion criteria for the prodromal AD
trial require that a patient has a positive 18F-Flumetamol (Vizamyl™, GE Healthcare,
Arlington Heights, IL, USA) Positron emission tomography scan or has a positive CSF
tau/AB42 biomarker profile (for study details see NCT01953601; clincaltrials.gov).

Given the robust levels of CNS AP lowering achieved with BACE inhibitors such as
MK-8931 it appears that a robust test of the amyloid hypothesis is underway. While a
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positive outcome is sorely needed for patients, even a negative outcome will provide
critically needed clinical evidence that will allow AD researchers to focus more effort on
alternative therapeutic mechanisms as well as novel clinical strategies aimed at studying the
earliest pre-symptomatic stages of what we recognize as a decades long disease process.

Since the identification of BACE1 and BACEZ2 in 1999 we have seen tremendous progress
in BACE protease research, which has further intensified over the past few years as it is
highlighted in this review article. Basic research demonstrates a continuously increasing
spectrum of physiological functions of BACE1 and BACE2 both within and outside of the
nervous system. Over the next few years we are likely to see more BACE protease functions
being discovered. The recent proteomic studies have identified a large number of additional
BACE protease substrates. Their validation in vitro and in vivo will help to uncover
additional BACE protease functions. One challenge for the future is to link the novel
substrates to the phenotypes in the BACE-deficient mice and thereby understand novel
BACE protease functions at the molecular level.

It turns out that — similar to APP - many BACE substrates are not only cleaved by BACE1
or BACEZ2, but also by other proteases, in particular metalloproteases. Thus, another
question to answer is whether the different proteases have redundant functions for an
individual substrate as it seems to be the case for neuregulin. Alternatively, substrate
cleavage by either BACE or a metalloprotease may lead to a different functional outcome, as
it appears to happen for APP.

BACE1 has taken center stage in AD drug development programs and around a dozen
companies have BACE inhibitors in clinical trials. While severe mechanism-based side-
effects of BACE inhibitors have not yet been observed in clinical trials, it remains to be seen
which of the BACEL functions may be compromised upon therapeutic BACE inhibition and
thereby cause side-effects. Compared to a knock-out, BACE inhibitors do not completely
block BACEL1 activity and may still allow residual BACEL activity sufficient for essential
signaling functions. Moreover, it is likely that many of the developmental BACEL functions,
such as myelination, are not affected in adult AD patients. However, there are
developmental processes which also occur in the adult brain, such as neurogenesis and axon
guidance in the hippocampus. They may be equally affected in adults upon BACE
inhibition. Likewise, muscle spindle maintenance is an adult BACE1 function and is
compromised in adult mice treated with a BACE inhibitor (Cheret et al. 2013). We clearly
need a better understanding of adult BACEL1 functions as a way to predict potential side-
effects of BACE inhibitors. This will be eased by analyzing conditional BACE1-deficient
mice, which are now available in different laboratories.

The growing list of BACE substrates is not only helpful for understanding BACE functions,
but the substrates may have the potential to be used as companion diagnostics for
individualized dosing of patients and for the potential development of BACE substrate-
specific inhibitors.

J Neurochem. Author manuscript; available in PMC 2014 July 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Vassar et al.

Page 27

Since its discovery BACE2 has been the neglected cousin of BACEL. This has changed as
BACE2 substrates and functions are also being unveiled and as BACE2 is considered a
potential target for diabetes. These BACE2 functions are even relevant for BACE inhibitor
development programs, because most BACE inhibitors are equally or even more potent at
inhibiting BACEZ2. In this regard, it may be necessary to generate conditional BACE1/
BACE?2 double knock-out mice to analyze phenotypes arising through loss of function of
both proteases specifically in adulthood. Despite their similarities, BACE1 and BACE?2 also
have differences, for example, in substrate spectrum, expression pattern and subcellular
localization. While significant work has been done on the regulation of BACE1 expression
and activity, it will be interesting to see whether BACE?2 is regulated in the same or a
different manner and whether this may allow developing new therapeutic approaches
selectively targeting BACE1. Another interesting approach would be to achieve selective
inhibition of BACEL cleavage of APP while sparing the cleavages of other physiologically
relevant substrates.

Taken together, the recent discoveries demonstrate that we are in an exciting time for BACE
protease research, which is no longer predominantly focusing on AD, but reaching into
many other research fields. And we can expect major new insights in the next years, both for
basic BACE research and for the use of BACE proteases as drug targets.
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Fig. 1.

APP processing, FAD mutations, and -site APP cleaving enzyme (BACE)1. (a) APP is a
type-I membrane protein that is sequentially cleaved by two aspartic proteases to generate
Ap. First, the B-secretase enzyme (B) cuts APP (1) to create the N-terminus of Af. Two APP
fragments are produced: membrane-bound C99 and secreted SAPPf ectodomain (yellow).
Second, C99 is cleaved by the y-secretase enzyme (y) to generate the C-terminus of AB. Ap
(orange) is then released into the lumen of the endosome and secreted into the extracellular
medium. An intracellular domain, C59 (green), is also produced. (b) The membrane-bound
APP polypeptide is represented by the gray string. APP residues that affect 3-secretase
processing of APP in humans are represented by gray circles, within which the wild-type
residue is identified by the single-letter amino acid code. The K670N/M671L (Swedish) and
A673V mutations cause FAD by increasing the rate of B-secretase cleavage and AB
production, whereas the A673T mutation protects against Alzheimer’s disease (AD) by
doing the opposite. All three mutations occur at or within one amino acid of the -secretase
cleavage site. Red, blue, and lavender notched ellipses represent a, 3, and y-secretases,
respectively, cutting at their respective cleavage sites in APP. (c) BACEL is a 501 amino
acid type-1 transmembrane aspartic protease. The various subdomains of BACEL are
indicated to the right of the structure. Numbers and letters refer to amino acid positions and
single-letter code, respectively. The two signature aspartic protease active site motifs at
positions 93 and 289 are shaded black. S-S denote positions of disulfide bridges within the
catalytic domain; N represents positions of N-linked glycosylation sites; R indicates

Cc99 Cc59

| Loop

of
off

Trans-
membrane

Cytosolic
domain

C-term

J Neurochem. Author manuscript; available in PMC 2014 July 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Vassar et al.

Page 40

positions of acetylated arginine residues; C marks positions of S-palmitoylated cysteine
residues; P indicates phosphorylation of serine 498; Ub denotes ubiquitination of lysine 501.
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Fig. 2.
Beta-site amyloid cleaving enzyme (BACE)1 trafficking requires recycling endosomes.

BACEL1 traffics from plasma membrane to early endosomes where it cleaves most of the
cellular APP. From the early endosomes, BACEL1 is routed to Rab11-GTPase positive
recycling endosomes, through which it is sorted to plasma membrane to reinitiate another
round of entry into early endosomes to cleave APP. In the absence of functional Rab11
GTPase, much of BACEL accumulates in recycling compartments and fails to be recycled to
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early endosomes, as a result of which p-cleavage of APP and AB production are significantly
decreased.
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Fig. 3.
Beta-site amyloid cleaving enzyme (BACE)1 controls peripheral nerve myelination and

muscle spindle formation via proteolytic processing of neuregulin 1. (a) BACEL1 deficiency
results in hypomyelination of peripheral axons (left panel) and abnormalities in axonal-
bundling (right panel) (Willem et al. 2006). (b) Delay of myelination in BACE1 ™~ zebrafish
(van Bebber et al. 2013). At 3 days post-fertilization myelination of the posterior lateral line
nerves (PNS) is severely reduced in BACE1™~; claudin k: GFP (red arrows) whereas CNS
derived oligodendrocytes ensheathing the Mauthner axons are normally myelinated (black
arrows). (c) Proteolytic processing of neuregulin 1 (NRG1) type Il by sheddases and
intramembrane proteolysis.
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Bgta-site amyloid cleaving enzyme (BACE)2 regulates pigmentation in mice and
melanophore migration in zebrafish. (a) Deletion of Bace2 in mice leads to dilution of coat
color (Rochin et al. 2013). Note the black coat normally seen in the C57BI/6 strain as
observed in control and Bacel knockout mice. (b) Deletion of Bace2 in zebrafish alters the
shape and migration of melanophores (van Bebber et al. 2013). Whole fish (left panels);
boxed areas are enlarged to show details near end of yolk sac extension (middle panels) and
fin (right panels).
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(a) Optimized peptidomimetic inhibitor
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Fig. 5.

(a;; Example of an optimized peptidomimetic 3-site amyloid cleaving enzyme (BACE)
inhibitor with high molecular weight and marginal in vivo Ap lowering activity at very high
doses of 250 mg/kg (Hussain et al. 2007). (b). Optimized cyclic isothiourea BACE inhibitor
derived from a fragment-based screening approach (May et al. 2011). LY2811376 displays
modest BACE1 potency but with robust in vivo Ap lowering activity in animals and normal
healthy volunteers in Phase 1 studies. LY2811376 development was terminated during
Phase 1 owing to off target toxicities in eye and brain. (c) Merck iminoheterocyclic BACE
inhibitor series evolved from a low affinity isothiourea hit (Merck D) identified in a protein
NMR-based screen. Replacement off the isothiourea warhead with the more drug-like
iminohydantoin core (Merck E) led to further optimization (Merck G) and ring expansion of
the warhead to produce molecules like Merck J with several orders of magnitude
improvements in intrinsic affinity with relatively small increase in molecular weight.
MK-8931 builds upon the favorable properties described here for the iminoheterocyclic
BACE inhibitor series with significant improvements in intrinsic affinity, selectivity, in vivo
potency, and other key properties.
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Table 1

Phenotype

Substrate

References

Astrogenesis increase, neurogenesis decrease  Jagl

Axon guidance defects CHL1
Hyperactivity NRG1
Hypomyelination NRG1
Memory deficits -
Neurochemical deficits -
Neurodegeneration w/ age Nay/f2
Post-natal lethality, growth retardation -
Retinal pathology VEGFR1
Schizophrenia endophenotypes NRG1
Seizures Nay/f2
Spine density reduction NRG1

Hu et al. (2013)
Rajapaksha et al. (2011), Cao et al. (2012), Hitt et al. (2012)
Dominguez et al. (2005), Savonenko et al. (2008)

Willem et al. (2006), Hu et al. (2006, 2008)

Ohno et al. (2006, 2007, 2004), Laird et al. (2005)

Harrison et al. (2003)

Hu et al. (2010)

Dominguez et al. (2005)

Cai et al. (2012)

Savonenko et al. (2008)

Kim et al. (2007), Kobayashi et al. (2008), Hu et al. (2010), Hitt et al. (2010)
Savonenko et al. (2008)
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