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Abstract

Introduction—Asparagine endopeptidase (AEP) is a pH-dependent endolysosomal cysteine
protease that cleaves its substrates after asparagine residues. Our most recent study identifies that
it possesses the delta-secretase activity, and that it is implicated in numerous neurological diseases
such as Alzheimer’s disease (AD) and stroke. Accumulating evidence supports that the inhibition
of AEP exhibits beneficial effects for treating these devastating diseases.

Areas covered—Based on recent evidence, it is clear that AEP cleaves its substrate, such as
amyloid precursor protein (APP), tau and SET, and plays a critical role in neuronal cell death in
various neurodegenerative diseases and stroke. In this article, the basic biology of AEP, its
knockout phenotypes in mouse models, its substrates in neurodegenerative diseases, and its small
peptidyl inhibitors and prodrugs are discussed. In addition, we discuss the potential of AEP as a
novel therapeutic target for neurodegenerative diseases.

Expert opinion—AEP plays a unique role in numerous biological processes, depending on both
pH and context. Most striking is our most recent finding; that AEP is activated in an age-
dependent manner and simultaneously cleaves both APP and tau, thereby unifying both major
pathological events in AD. Thus, AEP acts as an innovative trigger for neurodegenerative diseases.
Inhibition of AEP will provide a disease-modifying treatment for neurodegenerative diseases
including AD.
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1. Introduction

1.1 AEP original identification as legumain in plants

Asparagine endopeptidase (AEP), also called mammalian legumain, is a cysteine protease
that hydrolyzes substrates at the C-terminus of asparagine residues 1 2. AEP was originally
identified in plants as the vacuolar processing enzyme, legumain. The mammalian legumain
was initially cloned by Barrett and his colleagues 3 4. AEP belongs to peptidase family C13,
and is thus unrelated to the better known cysteine peptidases of the papain family, C1 °. It
shares homology with a family of proteases that includes caspases and separase ©, but not
with the papain-fold lysosomal proteases. The human and mouse legumain cDNA amino
acid sequences share approximately 83% identity with 433 amino acids. It is particularly
abundant in kidney and placenta with main lysosome distribution. Mammalian legumain
appears to be restricted to the hydrolysis of asparaginyl bonds in substrates of all kinds but
occasionally cleaves after aspartic acid residues. There seem to be no strong preferences for
particular amino acids in other subsites, and glycosylation of asparagine totally prevents the
hydrolysis by legumain 7. AEP activation is autocatalytic, requires sequential removal of C-
and N-terminal pro-peptides at different pH thresholds. Removal of the C-terminal and N-
terminal propeptide requires cleavage after N323 and D25, respectively, which will be
further trimmed to yield the mature and fully active 36 kDa enzyme &. The maximal
endopeptidase enzymatic activity is found at pH 5.8 under normal assay conditions, and the
enzyme is irreversibly denatured at pH 7 and above 3.

1.2 Endogenous AEP substrates

Although mounting evidence indicates that AEP plays a crucial role in immunity, cancers
and neurological diseases, only a few AEP substrates have been identified to date. In the
absence of AEP, only the single-chain form of cathepsins B, H, and L were detected in the
kidney, while these cathepsins were detected as both the single-chain and two-chain forms in
wild-type mice 9. These observations suggest that these cathepsins are AEP substrates.
Proteolysis of invariant chain influences the timing and location of peptide loading onto
class Il major histocompatibility complex (MHC) molecules and therefore may affect
initiation of an immune response 10: 11,12 Intracellular toll-like receptor 3 (TLR3), TLR7,
and TLR9 localize in endosomes and recognize single-stranded RNA and nucleotides from
viruses and bacteria. TLR9 requires a proteolytic cleavage for its signaling. AEP cleaves
TLR9 and plays a critical role in TLR processing and signaling in dendritic cells 13. AEP
has been linked to progelatinase A processing, mediating cancer metastasis 14. In addition,
AEP also processes prothymosin a, a protein involved in chromatin remodeling, into
thymosin a1 and a1l 15, Moreover, the substrates for AEP include L-asparaginase used as
part of the therapeutic regimen in childhood acute lymphoblastic leukemia 16, fibronectin 17,
and the nuclear phosphoprotein SET, which inhibits DNA nicking and neuronal cell

death 18. We will discuss the reported literatures regarding the phenotypes of AEP knockout
mice, revealing the interesting physiological functions of this exciting protease by shedding
numerous biological substrates and disclosing the potential pathological roles in various
human disorders.
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1.3 AEP activation in brain disorders

Though AEP is involved in many physiological and pathological processes including
immunity and cancer progression, its biological role in the nervous system was first
elucidated by our group in 2008 8. We reported that AEP is activated during brain acidosis
induced by brain ischemia and epileptic seizure. The activated AEP cuts SET, an inhibitor of
DNase, and triggers DNA damage in the brain. The cleavage of SEP by AEP is inhibited by
PIKE-L, a pro-survival protein distributed in the nucleus and associated with plasma
membrane 18-20, Thus, AEP might be one of the major proteinases activated by acidosis and
triggering neuronal injury during neuro-excitotoxicity or ischemia. Most recently, we found
substantial AEP protein levels in the brain, where it cleaves both amyloid precursor protein
(APP) and tau in an age-dependent manner, indicating that it possesses the innovative delta-
secretase activity. In addition, AEP activity is greater in brain tissues from human
Alzheimer’s disease (AD) patients than in healthy controls, and this activity mediates AD
onset and progression 21 22, Hence, the central role of AEP activity in APP and tau
pathology makes this enzyme an attractive therapeutic target for treating AD and other
neurodegenerative disorders associated with neurofibrillary tangles and senile plaques 2123,
In alignment with its role in neurodegenerative diseases, AEP was reported to play an
important role in axonal regrowth after spinal cord injury in zebrafish. The expression of
AEP was increased in neurons of regenerative nuclei during the phase of axon regrowth/
sprouting. Reducing the expression of AEP impaired axonal regeneration and locomotor
recovery 24,

1.4 AEP in immunity and cancer

AEP plays an important role in numerous physiological and pathological processes
including immunity and cancer progression. The role of AEP in antigen presentation was
initially inferred from the ability of purified AEP to execute the early cleavages of tetanus
toxin antigen 7. Additionally, AEP regulates the presentation of the myelin basic protein
epitope, which is a candidate autoantigen in the inflammatory demyelinating disease
multiple sclerosis 10. More recently, the results of experiments using a cell-permeable AEP
inhibitor are consistent with the involvement of AEP in class II MHC maturation through
proteolysis of the invariant chain (li) 11. Employing AEP null mice, Ploegh et al.,
demonstrated that AEP is essential for the processing of cathespsin L but not for class Il
MHC-restricted antigen presentation in mice 2°,

In addition to its important roles in immunity, AEP is also implicated in tumor progression.
The expression of AEP is highly upregulated in several cancer types such as colon, prostate
and breast cancer 26, AEP has been found to promote cancer cell invasiveness both in vitro
and /n vivo?’. The effect of AEP on cancer metastasis is possibly mediated by its proteolytic
processing of progelatinase A, a member of matrix metalloproteinase family involved in the
turnover of extracellular matrix 14-27. Moreover, AEP is also implicated in osteoclast
formation and bone resorption 28,
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2. AEP functions in physiology and human brain diseases

2.1 Phenotypes in AEP deficient mice

2.1.1 Kidney function and lysosomal proteases—AEP is highly expressed in the
proximal tubular cells (PTCs) of kidney 2°. The PTCs is responsible for the uptake of
proteins from the crude urine. The protein will be further degraded in the lysosomes of
PTCs. Interestingly, AEP knockout mice show accumulated proteins in their PTC
endosomes and lysosomes, indicating AEP is required for the normal processing of these
proteins. As a result, the AEP knockout mice develop hyperplasia of PTCs, interstitial
fibrosis, glomerular cysts, proteinuria and decreased glomerular filtration 2°. These findings
are consistent with the view that AEP is required for normal protein processing by PTCs.

In the PTCs of wild-type mice, AEP is mainly expressed in the late endosomes and
lysosomes. In AEP knockout mice, the lysosomes and late endosomes are enlarged and
contain electron-dense and membranous materials. The lysosomal proteases such as
cathepsin B, H, and L are synthesized as proforms or zymogens. They transport into the
endocytic compartments where their prodomains are removed by proteolysis. The resulting
single-chain form is then cleaved into the two-chain form 30. AEP mediates this latter
cleavage event in kidney cells 2. The processing of cathepsins B, H, and L is altered in AEP
deficient mice °.

2.1.2 Hematologic system—AEP also plays an important role in the hematologic
system. We found that AEP knockout mice develop fever, cytopenia, hepatosplenomegaly,
and hemophagocytosis. Furthermore, AEP knockout mice also show severe anemia and
extramedullary hematopoiesis. Some plasma membrane components are altered in red blood
cells from AEP-null mice. The activity of natural killer cells is also affected in AEP
knockout mice. These symptoms are similar to hemophagocytic syndrome/hemophagocytic
lymphohistiocytosis (HLH) 31. HLH is a life-threatening condition caused by
overstimulation and over activity of the immune system. Our results indicate that AEP might
participate in the development of HLH. It has been proposed that HLH is caused by
persistent antigen presentation, leading to the excessive cytokine production and systemic
inflammation 32, Given the fact that AEP is required for microbial tetanus toxin antigen
presentation 7, the hyperimmune response in HLH might be caused by defective antigen
presentation in AEP knockout mice.

2.1.3 Antigen processing—Foreign protein antigens are degraded to generate antigenic
peptides, which then load onto class Il MHC molecules for presentation to T cells. It has
been suggested that AEP processes a microbial antigen for Class II MHC presentation /.
However, no differences in processing of the invariant chain or maturation of class Il MHC
products are found in AEP-deficient mice, compared with wild-type controls. In AEP-
deficient mice, the presentation of OVA and myelin oligodendrocyte glycoprotein, two
antigens that contain asparagine residues within or in proximity to the relevant epitopes was
unimpaired 25. Recently it was reported that a reduction in the secretion of proinflammatory
cytokines in response to TLR9 stimulation was found in myeloid and plasmacytoid dendritic
cells (DCs) deficient for the AEP. Upon stimulation, full-length TLR9 is fragmented into a
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72 kDa piece and this processing is strongly decreased in AEP deficient DCs 13. AEP is also
critical for TLR7 processing and anti-influenza virus immune responses 33. Hence, AEP
plays a critical role in TLR processing and signaling in DCs. Based on these results from
genetic knockout mice, it is clear that AEP plays a critical role in immunity and normal
kidney physiology and homeostasis. The phenotype of AEP knockout mice are summarized
in table 1.

2.2 Emerging role of AEP in neurological diseases of stroke and ALS

2.2.1 Stroke and AEP—Stroke elicits acidosis in the brain 34. Since AEP is activated
under conditions of acidosis, we investigated the potential role of AEP in ischemic stroke
using a transient middle cerebral artery occlusion (MCAQO) model. The expression of AEP in
the ischemic core was upregulated 48 h following artery occlusion. AEP activation was also
found in the surrounding tissues adjacent to ischemia core. Activated AEP cleaves its
substrate SET, and mediates neuronal cell death. SET remained intact in the AEP knockout
mice. As a result, neuronal cell death was attenuated in AEP knockout mice 18, indicating
AEP-mediated proteolytic processing of SET is required for neuronal cell death caused by
ischemia. We suggest that blockade of AEP-mediated SET cleavage may attenuate neuronal
cell death induced by brain ischemia, independent of caspases.

Fitting with these observations, Ishizaki et al., found that both protein and mRNA levels of
AEP are increased in the peri-infarct area in a rat transient MCAO model. AEP mRNA was
increased 3 h after occlusion, with a maximum expression at 24 and 48 h after MCAQ 35,
This time pattern is similar to that of cathepsin B 38, In addition, they show that in the peri-
infact area, AEP is processed into its active form. AEP was mainly found in branches of
astroglial cells and microglia, suggesting AEP may be secreted 37 and may function as a
chemo-attractant for invading inflammatory cells after stroke 3°. However, They found that
the infarct volumes between wild-type and AEP knockout mice were similar, suggesting that
AEP might be not involved in the acute stage of neurodegeneration but may play a role in
neuroinflammation during stroke 3°. These observations are different from our findings. We
found that DNA damage is decreased in AEP knockout mice compared to wild-type mice,
indicating that AEP activation is an early event in neurodegeneration 8. The discrepancy
might be resulted from mice age differences. In our study, we employed 2—-3 months old
young mice, whereas more than 1 year-old mice were included in Ishizaki’s experiments.
Since AEP mediates numerous age-dependent physiological processes including bone
marrow development, immunity and kidney functions 29: 31 38 which may implicate in
stroke-triggered neuronal cell death.

2.2.2 ALS and AEP—Amyotrophic lateral sclerosis (ALS) is a devastating
neurodegenerative disease characterized by progressive muscle weakness due to
degeneration of the motor neurons. Mutations in four genes (C9ORF72, SOD1, TARDBP,
and FUS/TLS) account for over 50% of the familial cases. Dysfunction in RNA processing
and protein homeostasis is an emerging theme in the pathogenesis of ALS 39. TDP-43 is a
ubiquitously expressed DNA-/RNA-binding protein. It plays a critical role in regulating
RNA splicing. Aggregation of TAR DNA-binding protein 43 (TDP-43) is a pathological
hallmark of several neurodegenerative diseases including ALS and frontotemporal lobar
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degeneration (FTLD) 4°. Normally, TDP-43 is a nuclear protein. It redistributes to the
cytoplasm under pathological conditions and form aggregates. TDP-43 is a major protein
component in ubiquitin-positive, tau-negative inclusions of FTLD and ALS 41, However, the
pathogenicity of TDP-43 aggregates and the accompanying protein modifications, including
hyper-phosphorylation, ubiquitination and cleavage into C-terminal fragments (CTFs),
remain poorly understood 40,

Studies comparing frontal cortex and spinal cord from FTLD and ALS cases, respectively,
indicate that TDP-43 CTFs are enriched selectively in brain 42 43, However, the proteases
responsible for their generation have not been illustrated. Recently, we identified two
truncated TDP-43 peptides, terminating C-terminal to asparagines 291 (N291) and 306
(N306) in human FTLD brains. In brains from AEP wild-type and AEP knockout mice, we
showed that TDP-43 proteolytic fragments were substantially reduced in the absence of
AEP. These results indicate that TDP-43 is a substrate of AEP during the pathogenesis of
ALS and FTLD #4. The role of AEP-mediated TDP-43 cleavage in neurodegeneration
remains unclear. However, almost all of the TDP-43 mutations associated with familial ALS
and FTLD are localized in the C-terminus of the protein, suggesting that cleavage of TDP-43
by AEP may cause the loss of physiological functions or gain of pathological functions 4°.
Furthermore, disease-associated mutations of TDP-43 may affect its proteolysis by AEP.
The exact pathological role of AEP-cleaved TDP-43 in ALS and FTLD progression remains
unknown. Conceivably, specific expression of these fragments in the CNS may shed light
into the potential effect by these events in these neurodegenerative diseases.

2.3 AEP mediates the neurofibrillary pathology in Alzheimer’s disease

2.3.1 Tau and AEP—Pathologically, AD is characterized by the accumulation of the -
amyloid (AB) and tau. The dysfunction of APP proteolysis and the abnormal
phosphorylation of tau lead to the formation of neuritic plaques and neurofibrillary tangles
(NFTs), respectively. Abnormal Ap and tau aggregation cause neuronal degeneration and
dementia. The proteolytic processing of tau regulates its aggregation and neurotoxic effects.
To explore whether tau is a substrate of AEP, we incubated recombinant tau with kidney
lysates prepared from wild-type and AEP knockout mice, respectively. We found that tau
was cleaved in wild-type Kidney lysates but not in AEP knockout kidney lysates. In addition,
we also employed AEP mutants that abolish the cysteine protease activity of AEP (C189S)
and the zymogen autocleavage required for its activation (N323A) to further demonstrate the
cleavage specificity for AEP. The cleavage of tau by AEP was further investigated by anti-
AEP antibody and an AEP inhibitor, AENK. Using mass spectrometry, we found that tau
from human AD patients is cleaved by AEP after the N368 residue 21.

Tau is also a substrate of several endogenous proteases. Among them, caspases and calpain
have been intensively investigated 46-48, We found that AEP cleaves tau independent of
caspases or calpains and that hyperphosphorylation of tau does not affect its fragmentation
by AEP. Conversely, overexpression of the AEP-truncated tauy.3gg fragment in primary
neurons elicits tau hyperphosphorylation. Phosphorylation of tau regulates its functions in
regulating microtubule dynamics. Notably, the biological effect of promoting microtubule
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polymerization is lost in the AEP-cleaved tau fragment. Remarkably, the truncated tau;_3gg
was strongly neurotoxic when expressed in cultured neurons.

To investigate the effect of AEP cleavage on filament formation, we monitored accumulation
of PHFs using purified tau recombinant proteins. As expected, the cleaved fragment tau;.zgg
is prone to aggregate 21. These findings are consistent with a previous report that in the
brains of AD patients, the level of activated AEP is significantly increased and translocates
from neuronal lysosomes to the cytoplasm, where it is associated with hyperphosphorylated
tau 49. It has been reported that AD-related factors such as AB and apolipoprotein E4 induce
lysosomal membrane damage. AEP may translocate from lysosomes to the cytosol when
lysosomal permeability increases in the vulnerable neuron 99-52, Furthermore, It is well
established that Cystatin C levels in the CSF of AD patients are lower compared to non-
demented individuals 5354, leading to AEP activation. It has been reported that brain pH is
decreased in AD patients compared to controls °5-57, We found that pH in the tau P301S
transgenic mice brain cortex and hippocampus was lower compared to in nontransgenic
mice 21, Furthermore, age is the major risk factor for AD and the pH in the brain gradually
decreases during aging °8. These results indicate AEP might be activated by acidosis during
ageing and in AD brain. It should be noted that there are also reports that pH in the left
hippocampus is increased towards alkaline side compared to MCI but this difference did not
reach statistical significance 9. The relationship between brain acidosis, AEP activation, and
AD pathology needs further investigation.

2.3.2 Protein phosphatase-2A in AD related to AEP—The activity of protein
phosphatase-2A (PP2A), which regulates the phosphorylation of tau, is negatively regulated
in human AD brains by the phosphoprotein SET. SET is also known as inhibitor-2 of PP2A,
12(PP2A) 89, In AD brain, PP2A activity is compromised, and SET is overexpressed %1, We
have previously shown that SET is selectively cleaved at N175 18 into an N-terminal
fragment, I2NTF, and a C-terminal fragment, 12CTF, and both fragments inhibit PP2A 62. 63,
Overexpression of the CTF of SET elicits AD pathology and cognitive impairment,
indicating cleavage of SET could initiate AD in animal model 2. On the other hand, it has
also been shown that SET in the neuronal cytoplasm is sufficient to impair PP2A
methylation and activity, leading to tau hyperphosphorylation 4. By analyzing the spinal
cords from ALS and control cases, Igbal and his colleagues found a selective increase in the
cleavage of SET and inhibition of PP2A activity in the spinal cords of ALS, similar to what
has been reported in AD cases. Intracerebroventricular injection of AAV1 encoding AEP-
generated I2CTF fragment caused cognitive impairments and motor deficits in rats.
Furthermore, the rats show tau and TDP-43 pathologies, accumulation of introneuronal A,
and degeneration of motor neurons in the spinal cord 6162, These findings indicates that
AEP-mediated cleavage of SET participates in the pathogenesis of both AD and ALS. The
role of AEP in the deposition of tau is summarized in Figure 1.

2.4 AEP as an age-regulated 8-secretase in Alzheimer’s disease

2.4.1 APP processing involves AEP—Genetic, biochemical, and behavioral research
suggest that physiologic generation of the neurotoxic Ap peptide from sequential APP
proteolysis is the crucial step in the development of AD. APP is metabolized in a rapid and
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highly complex fashion by a series of sequential secretases, including B-secretases
(BACEL1), y-secretase and the ADAM family as a-secretases. We provided a variety of
biochemical evidence that APP is cleaved by active AEP in human AD brain at N373 and
N585 residues 22, Interestingly, we also found that AEP expression levels are escalated in an
age-dependent manner, tightly coupled to APP fragmentation in the aged brains. It is worth
noting that APP is cleaved in human AD brains but not in healthy controls. Accordingly,
AEP enzymatic activity is elevated in 5XFAD mouse models. We found that the AEP-
generated APP fragment APPsgg_ggs is more readily cleaved by B-secretase. Conceivably,
removal of APP C-terminal fragment by AEP may relieve the steric hindrance and promote
APP processing by BACE1, accelerating the production of Ap. We tested this hypothesis in
cultured neurons and HEK293 cells. We found that depletion of AEP significantly reduces
AP production. On the other hand, over-expression of the C-terminal fragment APPsgg_gos
markedly elevated A production when compared with full-length APP. Furthermore,
blockade of AEP cleavage of APP at N585 reduced AP production. Hence, AEP cleavage of
APP at N585 produce an APP C-terminal fragments that is more readily processed by
BACE1 than full-length APP (Figure 2). Furthermore, AEP-generated APP;_373 but not
other AEP-cleaved APP fragments are neurotoxic. The proportion of positive neurons with
AEP-derived APPsgg_gg5 fragment immunoreactivity is much higher in brain sections from
AD patients than control 22,

2.4.2 AEP mediates AD pathology—Synaptic loss is believed to be the basis of
cognitive impairment in the early phase of AD 6. The AB peptide, which plays a crucial
role in the pathogenesis of AD, alters hippocampal-dependent synaptic plasticity and
memory and mediates synapse loss. As expected, deletion of AEP from the 5XFAD
transgenic mouse model rescues the synaptic loss. Long-term potentiation (LTP), a measure
of synaptic plasticity that underlies learning and memory, is ameliorated when AEP is
deficient from 5XFAD mice. In addition, we also found approximately 30% reduction in A
peptide in 5XFAD/AEP~~ mice compared to 5XFAD mice at 6 months of age. The spatial
memory impairment of 5XFAD mice was also partially reversed when AEP was deleted.
Deletion of AEP also attenuated the memory impairment in the APP/PS1 mouse model 22,
To assess the physiological role of AEP cleavage of tau in synaptic function and behavior,
we bred AEP knockout mice with tau P301S transgenic mice to knock out AEP in tau P301S
mice. In the absence of AEP, tau,_3gg fragment is eradicated from tau P301S mice. The
defects in synaptic loss, dendritic spine structure, and LTP are rescued when AEP is deleted
from tau P301S mice. Both Morris Water Maze and contextual and cued fear conditioning
tests demonstrate that eradication of AEP reverses the memory deficits in tau P301S mice 21,
To evaluate whether the effects of AEP are mediated via cleavage of tau, we injected AAVS
encoding human tau P301S or AEP non-cleavable tau P301S (tau P301SN255AN368A) into
the hippocampus of wild-type mice. Immunohistochemical characterization of NFT and
electrophysiology for LTP analysis and memory behavioral tests are all consistent with an
interpretation that cleavage of tau by AEP is required for the AD pathogenesis 21.
Collectively, these innovative findings provide novel insight into the molecular mechanisms
of how AEP cross-talks with the well-characterized secretases fragmenting APP and
proteinases degrading tau, contributing to the cognitive impairment.
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We propose a cellular model that reflects our current view about the biological processes
(Figures 1, 2). During ageing and neurodegenerative process, AEP may translocate from the
endolysosome into the cytoplasmic space, where it cleaves tau, resulting in
hyperphosphorylation of the truncated neurotoxic fragments and neurofibrillar tangle
formation. Moreover, AEP cuts SET, leading to PP2A inhibition and consequent tau
hyperphosphorylation. Additionally, AEP cleaves APP in the endolysosomal organelles. The
resultant APPsgs_gg5 fragment may be further processed by BACEL1 to produce Ap.
Furthermore, the cleavage of TDP-43 by AEP may interfere with its normal function or
generate toxic fragments that promote the pathogenesis of ALS and FTLD (Table 2). The
potential impact of these discoveries is substantial, because it will address the fundamental
question of how the aging process initiates the decomposing protease that regulates APP and
tau degradation, leading to AD onset and progression. To understand how APP and tau are
processed beyond a-, B-, and y-secretases and conventional proteinases including caspases
and calpain are groundbreaking findings for AD research. In addition to leading to a better
understanding of the physiological functions of AEP in cellular and molecular levels, this
knowledge will provide the innovative drug target for developing new treatment of
neurodegenerative diseases.

2.5 Development of small molecular inhibitors of AEP for AD and neurological disease
therapeutics

AEP is implicated in a number of pathological conditions including cancer and
neurodegenerative diseases. Highly potent and selective inhibitors of AEP are needed for
studying the functional roles of AEP as well as for the development of AEP-based
therapeutics 56, It has been reported that Michael acceptor inhibitors based on the backbone
Cbz-L-Ala-L-Ala-L-Asn (Cbz = benzyloxycarbonyl) show irreversible inhibition of AEP.
Integrated in halomethylketone inhibitors, aza-asparagine is accepted by legumain in the P1-
position. The most potent and selective inhibitor of this series is Cbz-L-Ala-L-Ala-AzaAsn-
chloromethylketone. Papain and cathepsin B are not inhibited by this compound at
concentrations up to 100 mM 87 Later, Powers and his colleagues synthesized a new class of
benzylcarbamate-aza-peptidyl Michael acceptors as selective AEP inhibitors. Aza-
asparaginyl Michael acceptors react with thiols, which provides insight into the mechanism
of their inhibition of AEP 68, |ee et al. developed aza-peptidyl Asn epoxides, which are
highly selective and potent AEP inhibitors. Based on aza-peptidyl Asn epoxides, they further
developed near-infrared fluorophore-labeled activity-based probes (ABPs), which can be
used for noninvasive /n vivo imaging. Using these probes, they specifically labeled AEP in
various normal tissues as well as in solid tumors 9. The development of the ABPs provides
useful tool to study the physilogical and pathological role of AEP in vivo.

Most recently, the selective AEP inhibitors based on the aza-asparaginyl scaffold have been
generated. Lee et al., synthesized a library of aza-peptidyl AEP inhibitors. These inhibitors
are highly selective and specific to AEP. The IC50 values against recombinant AEP were as
low as 4 nM. Furthermore, the inhibitors have little or no cross-reactivity with cathepsins.
These new AEP inhibitors can be used to study AEP functions in multiple disease models 6.
Most recently, Higgins et al. conducted extensive SAR by synthesizing numerous Asn
scaffold peptidyl derivatives to optimize the legumain inhibitor. They have also identified a
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sub-nanomolar biphenyl carbamate AEP inhibitor with cyano warhead 70. Nevertheless, it
remains unclear whether these optimized small peptidyl skeletal inhibitors own any
appropriate druggability toward human disorders including cancer, stroke, and AD.
Moreover, whether these compounds are stable in the circulatory system or possess
acceptable systemic toxicities remain unknown. Usually, due to the intrinsic shortcomings,
the peptidyl compounds possess poor pharmacokinetic profiles, hurdling them from
transforming into promising therapeutic clinical agents. More translational research is
necessary to assess these interesting small molecular AEP inhibitors toward human disorders
in various animal models.

a potential therapeutic target for brain diseases

Recently, we found that AEP cleaves both APP and tau, contributing to both amyloid and tau
pathology in AD. We have also identified APP and tau fragmentation by AEP in human AD
brains, and that AEP expression levels and activity are escalated in aged mice and AD brain
compared to young mice or control human brain. These findings indicate that AEP acts as a
novel age-dependent protease in AD progression. Certainly, identifying the physiological
roles of AEP in cleaving APP and tau during aging process and delineating their biological
functions in mediating neuronal cell death directly impacts on the diagnosis, prevention and
treatment of neurodegenerative diseases. Clearly, these exciting discoveries strongly support
that AEP is a novel drug target for suppressing both A formation and tau aggregation.
Since it is also involved in neuronal cell death during stroke and other excitotoxicities, the
pharmacological agents inhibiting AEP will be powerful therapeutic tool for treating many
other neurological diseases and human cancers as well.

In addition to the substrate asparagine-based competitive or covalent peptidyl inhibitors
targeting the active thiol site, the development of ultra-high throughput (UHTS) drug screens,
incorporating large numbers of druggable chemicals, a fluorescent substrate and
recombinant pure and active AEP enzyme will be a feasible alternative approach to identify
much more promising small AEP inhibitors. Conceivably, the positive outcomes from such a
screening, after specificity validation against numerous cysteine proteases, /17 vitro ADMET
triage, and in vivo pharmacokinetic profiling, will yield much more potent and selective
small molecular AEP inhibitors with druggable features for examining the /in vivo
therapeutic efficacy in disease models. Furthermore, it is crucial to determine the ability of
the compounds to cross the blood-brain barrier (BBB). Only the compounds that can cross
the blood-brain barrier should be pursued for drug development. Currently there is no
evidence regarding the brain penetrance of compounds targeting AEP. Usually, certain small
molecules with a molecular weight of less than 400 Da and form less than 8 hydrogen bonds
can cross the BBB via lipid-mediated free diffusion. However, most of the drugable
chemicals do not meet this criterion. To cross the BBB, some small compounds can be
reengineered that access carrier-mediated transport (CMT) systems within the BBB. Large
molecules can also be reengineered with molecular Trojan horse delivery systems to cross
the BBB via receptor-mediated transport systems 1. The unbiased drug discovery will allow
us one step closer to the ideal therapeutic candidate for the clinical trials against various
human disorders including AD.
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4. Expert Opinion

Recently, converging evidence suggests that AEP plays a role in the pathogenesis of CNS
diseases, and may serve as a potential therapeutic target. AEP is upregulated during ageing
and pathological conditions such as AD 21. 22, As an age- and pH-dependent protease, AEP
mediates the proteolytic processing of its substrates. Some of the AEP substrates in the CNS
have been identified recently, including SET, TDP-43, APP, and taul8: 21. 22,44 However, it
remains unclear whether it cleaves other substrates under physiological and pathological
conditions. Since AEP is the only known protease that specifically cleaves after asparagine
residues, the fragments generated by AEP cleavage can be identified using techniques like
mass spectrometric analysis. Those fragments that end with asparagine residues should be
further verified using /n vitro AEP cleavage assay. It should be kept in mind that AEP is only
activated under acidic condition. The pH of the reaction is critical for a successful cleavage
assay. Moreover, AEP knockout tissue should be used as a negative control to confirm
whether a protein is a real AEP substrate.

AD’s physiopathology is not yet fully understood. It has been shown that AEP mediates the
proteolytic processing of several important players in AD. For example, truncation of SET
by AEP elicits tau phosphorylation, while truncation of APP and tau promotes the
deposition of AB and tau, respectively 182122, presumably, activation of AEP is an early
event in the pathogenesis of AD. Furthermore, AEP cleaves TDP-43 in FTLD brain 44.
Although the consequence of this cleavage has not been illustrated, it is possible that the
abnormally cleaved fragments may affect the normal functions of TDP-43, or this cleavage
may produce fragments that are prone to aggregate, or toxic to vulnerable neurons. In fact, it
has been reported that some of the TDP-43 fragments can trigger pathological features of
TDP-43 proteinopathies 43. It should be noted that other post-translations modifications such
as uniqutination and phosphorylation also regulate the physiological and pathological
functions of tau and TDP-43. The relationship between truncation and other post-
translational modifications should be further studied to illustrate the mechanisms of protein
aggregation and gain of toxic functions in neurodegenerative diseases.

We found that deletion of AEP from several AD models ameliorates the synaptic
dysfunction and behavioral impairments, strongly supporting that AEP inhibitors might be
useful for treating AD 2122, |f we could successfully establish that AEP is pathologically
implicated in processing APP and tau during human AD onset and progression, this
knowledge may be extended to other age-related neurodegenerative diseases including
Parkinson’s disease (PD), FTLD, etc. To determine AEP’s biological roles in AD
development will certainly expand the preclinical AD pathology horizon. In the past two
decades, tremendous efforts have been spent over A or tau-targeted treatment by blocking
the activity of p- and y-secretase or kinases phosphorylating tau, or promoting their
clearance. Compounds claiming disease-modifying abilities in AD have thus far failed to
produce effects that are clinically significant. Since AD is a complex and multi-factorial
disorder, targeting one protease, AEP, that simultaneously regulates both APP and tau
cleavage will provide the unprecedented advantage over the strategy pertinent to either APP
or tau alone.
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Article Highlights

. AEP is implicated in numerous human diseases including immune disorder,
cancer, and neurological diseases.

. Under pathological conditions such as AD, ALS and FTLD, AEP participates
in neurodegeneration through the cleavage of its substrates such as SET, APP,
tau, and TDP-43. In AD, AEP is activated in an age-dependent manner, and
mediates both the tau and Ap pathology.

. Inhibition of AEP activity is a promising therapeutic strategy for cancer and
neurological diseases.

. A series of substrate asparagine-based competitive or covalent peptidyl
inhibited has been developed recently. However, ultra-high throughput drug
screen with a large number of chemical library might help to identify much
more promising small AEP inhibitors.
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Figure 1. AEP promotes tau aggregation in AD
1) AEP might translocate from the endolysosome into the cytoplasmic space, where it

cleaves tau. 2) Intracellular AEP cuts SET, leading to PP2A inhibition and consequent tau
hyperphosphorylation.
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Figure 2. AEP cuts APP and promotes the production of A
AEP cleaves APP extracellularly (1) and/or in the endolysosome (2) and promotes the

production of AB (3).
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Phenotype of AEP—/- mice
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System Phenotype Ref.

Kidney The mice develop progressive kidney pathology and decreased glomerular filtration rate [29]

Lysosomal proteases  The processing of cathepsins B, H, and L is altered [9]

Hematologic system  Fever, cytopenia, hepatosplenomegaly, hemophagocytosis, extramedullary hematopoiesis, lower natural killer [31]
cell activity

Antigen processing Dendritic cells (DCs) show reduction in the secretion of proinflammatory cytokines in response to TLR9 [13]

stimulation
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AEP substrates in the development of neurodegenerative diseases
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AEP Substrates Cleavage site (a.a.) Pathological function Ref.
APP 373 and 585 APP,_373 fragment is toxic to cultured neurons. [22]
APPsgg 695 fragment promotes the production of AR
Tau 255 and 368 Tau 1-368 fragment is more prone to aggregate, and is toxic to neurons [21]
SET 175 The AEP-derived SET fragments lost the DNase inhibitor activity. Overexpression of [18, 61]
SET fragments in rat brain decreases PP2A activity, causes abnormal
hyperphosphorylation of tau and neurodegeneration
TDP 43 291 and 306 Unknown [44]
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