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 Abstract: In oncology, comprehensive omics and functional enrichment studies have led to an ex-
tensive profiling of (epi)genetic and neurobiological alterations that can be mapped onto a single 
tumor’s clinical phenotype and divergent clinical phenotypes expressing common pathophysiologi-
cal pathways. Consequently, molecular pathway-based therapeutic interventions for different cancer 
typologies, namely tumor type- and site-agnostic treatments, have been developed, encouraging the 
real-world implementation of a paradigm shift in medicine. 
Given the breakthrough nature of the new-generation translational research and drug development in 
oncology, there is an increasing rationale to transfertilize this blueprint to other medical fields, in-
cluding psychiatry and neurology. In order to illustrate the emerging paradigm shift in neuroscience, 
we provide a state-of-the-art review of translational studies on the β-site amyloid precursor protein 
cleaving enzyme (BACE) and its most studied downstream effector, neuregulin, which are molecu-
lar orchestrators of distinct biological pathways involved in several neurological and psychiatric 
diseases. This body of data aligns with the evidence of a shared genetic/biological architecture 
among Alzheimer’s disease, schizoaffective disorder, and autism spectrum disorders. 
To facilitate a forward-looking discussion about a potential first step towards the adoption of biolog-
ical pathway-based, clinical symptom-agnostic, categorization models in clinical neurology and 
psychiatry for precision medicine solutions, we engage in a speculative intellectual exercise gravi-
tating around BACE-related science, which is used as a paradigmatic case here. 
We draw a perspective whereby pathway-based therapeutic strategies could be catalyzed by high-
throughput techniques embedded in systems-scaled biology, neuroscience, and pharmacology ap-
proaches that will help overcome the constraints of traditional descriptive clinical symptom and 
syndrome-focused constructs in neurology and psychiatry. 
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1. INTRODUCTION 

Translational and in-human studies indicate shared path-
ophysiological commonalities between complex multi-
factorial neurological and psychiatric diseases such as brain 
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proteinopathies and neurodegenerative diseases, i.e., Alz-
heimer’s disease (AD), schizoaffective disorder, autism 
spectrum disorders, and mood disorders [1, 2]. A multi-
system overlap, from genetic to molecular, cellular, synaptic, 
and large-scale neural networks, coupled with comorbidities 
and brain structural and functional commonalities, led to 
inferring common etiologic and neurobiological determi-
nants among clinically and phenotypically divergent neuro-
logical and psychiatric (neuropsychiatric) diseases and dis-
orders [1, 2]. 
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Therefore, it is conceivable that one single compound 
targeting specific aberrant molecular pathways shared by a 
wider set of neuropsychiatric conditions could be effectively 
developed for clinical phenotypic disease spanning disease-
modifying therapeutic approaches. This theoretical research 
and development framework in neuroscience is becoming a 
reality in some medical specialties, such as oncology, where 
tumor- and site-agnostic treatments have already been ap-
proved or are under late-stage development [3-5]. 

In the last 3 years, the U.S. Food and Drug Administra-
tion (FDA) has authorized tissue-and tumor-agnostic solu-
tions, whereby the patient’s tumor biomarker-based profil-
ing, reflecting genetic factors and primary aberrant molecu-
lar pathways, rather than “traditional” assessments (histolo-
gy, site, and clinical manifestation) play a critical role in the 
therapeutic decision-making process [3-5].  

Here, we propose the concept of a similar clinical syn-
drome-agnostic therapeutic paradigm that could be explored 
and applied in neuroscience and neuropharmacology, taking 
advantage of operating models adopted in oncology experi-
mental and clinical research. 

The first objective of this approach involves identifying 
molecular factors that increase vulnerability to complex neu-
ropsychiatric diseases and are responsible for maladaptive 
biological responses and/or ineffective compensatory mech-
anisms to incipient pathophysiological alterations [6, 7]. The 
second goal is to map out critical molecular pathways that 
account for adaptive and compensatory capacity and ensure 
improved thresholds of resilience under initiated pathophysi-
ological dynamics, which seems a viable therapeutic avenue 
supported by methodological advances, including high-
throughput techniques and omics sciences [8, 9]. Achieving 
these two objectives would represent a crucial step for time-
sensitive and effective disease-modifying therapies capable 
of fostering brain resilience to incipient pathophysiological 
alterations as well as prolonging healthspan.  

The β-secretase, a membrane-bound aspartic protease 
termed β-site amyloid precursor protein (APP) cleaving en-
zyme (BACE), is widely known for the isoform 1 (BACE1) 
and its role in AD pathophysiology [10, 11]. BACE1 molec-
ular pathways are expressed across different pathophysiolog-
ical conditions, spanning neurodevelopment and neuro-
degeneration as well as childhood, adulthood, and aging. 
BACE1 (and isoform 2) is a crucial enzyme required not 
only for the processing of APP into amyloid-β (Aβ) but also 
for other potential substrates that are implicated in neu-
ronal/glia functions and synaptic homeostasis [11, 12]. 
Translational and large-scale genetic studies show that both 
BACE1 and BACE2 and related downstream pathways are 
involved in a broad set of neuropsychiatric diseases with 
clinically divergent phenotypes such as age-related cognitive 
diseases, including AD [11, 12], AD-Down Syndrome (DS) 
complex [13, 14], schizoaffective disorder [15-18], and au-
tism spectrum disorders (ASD) [19-21]. To date, the most 
relevant support of this hypothesis is that germline BACE 
knockout (KO) mice exhibit complex neurological and be-
havioral phenotypes resembling clinical and neurobiological 
features lying in the spectrum of several human cerebral ill-
nesses [22-24].  

In the present article, we revise the most prominent litera-
ture on the association between BACE biology (with a focus 
on the BACE-neuregulin axis for which more extensive ex-
perimental and in-human evidence is available) and neuro-
psychiatric diseases. The intent of our somewhat speculative 
intellectual endeavor, gravitating around BACE as a mere 
paradigmatic model, is to stimulate the debate regarding the 
opportunity of extending and planning future clinical re-
search in the direction of biological pathway-based and 
symptoms-agnostic therapies in the field of neurology and 
psychiatry. While we are utterly aware that several 
knowledge gaps still exist in the field of BACE biology, and 
therefore we do not claim that clinical trials should be put in 
place, we also point at an existing body of experimental and 
in-human evidence that could support further research in the 
direction mentioned above. In this perspective, capitalizing 
on the success of oncology operating models and blueprints 
may represent the doorway for accomplishing precision med-
icine in neuroscience. 

1.1. BACE1 and BACE2 Biology: A Concise Overview 

BACE1 is a type I transmembrane aspartyl protease be-
longing to the pepsin family. The identification of BACE1 
[10, 25], encoded by a chromosome 11 gene, dates back to 
more than 20 years ago, and it shares 59% of its amino acid 
sequence with the homolog BACE2 [26, 27], residing in the 
obligate DS region of chromosome 21 [25, 28]. The two pro-
teases have an identical structural domain and localize on the 
plasma membrane, endoplasmic reticulum, Golgi apparatus, 
and in the endosomal compartments as well as in healthy 
synaptic terminals [25, 26, 28].   

BACE1 is widely expressed in the brain, especially in 
neurons, oligodendrocytes, and astrocytes, with particular 
abundance in various neuronal cell types [10]. Unlike 
BACE1, BACE2 mRNA expression levels are very low or 
undetectable in human adult and fetal brains. In contrast, its 
expression is higher in peripheral tissues, including melano-
cytes, colon, kidney, pancreatic beta cells, placenta, prostate, 
stomach, endothelial cells, and trachea [26, 27]. 

1.2. BACE 1 and 2 Physiological Functions: The Amyloi-
dogenic Pathway  

The Aβ pathway is a physiological, molecular pathway 
that serves several physiological brain functions and is pri-
marily known for its dysregulation and pathophysiological 
role in AD and DS [12].  

BACE1 is the β-secretase enzyme that cleaves the trans-
membrane APP and, together with γ-secretase, generates the 
42-amino acid-long amyloid β peptide (Aβ42), the likely 
toxic initiator of AD. BACE1 proteolytic processing of APP 
represents the rate-limiting step for Aβ production (Fig. 1). 
APP is a type I transmembrane protein and is highly ex-
pressed in neurons and at synapses. Experimental evidence 
indicates that APP is involved in synaptic remodeling, plas-
ticity, and excitatory/inhibitory balance maintenance [29,30]. 
Soluble APP is a γ-aminobutyric acid type B receptor 
(GABABR)-ligand that regulates neurotransmission [31]. 
Moreover, Aβ monomers derived from the APP cleavage 
may have intrinsic physiological properties since there are 
experimental data showing Aβ-related stimulation of intra-
cellular signaling essential for hippocampal synaptic and 



BACE1/2 in Neurology and Psychiatry Current Neuropharmacology, 2023, Vol. 21, No. 1    33 

 
Fig. (1). Schematic representation of amyloid precursor protein (APP) processing pathways. BACE1 functions as the β-secretase enzyme by 
cleaving the transmembrane APP to release the β-stubs. BACE1 cleavage of APP represents the rate-limiting step for Aβ production. Cleav-
age of APP by BACE1 liberates the soluble N-terminus of APP, while the C-terminal fragment (CTF-β or C99) remains bound to the mem-
brane. To produce Aβ, the fragment CTF-β is cleaved by β-secretase, which finally releases Aβ into the extracellular space and the APP intra-
cellular domain into the cytoplasm. In a parallel competing non-amyloidogenic pathway, APP is cleaved either by α-secretase or η-secretase 
to release two additional variants of the APP ectodomain, namely sAPP-α and sAPP-η 
Abbreviations: Aβ = amyloid-β; APP = amyloid precursor protein; BACE1 = β-site amyloid precursor protein cleaving enzyme 1; CTF-β = 
β-C-terminal fragment; sAPP = soluble amyloid precursor protein.  
Note: Adapted from The β-Secretase BACE1 in Alzheimer's Disease. Biological Psychiatry, 2020, S0006-3223(20)30063-9. https://doi.org/ 
10.1016/j.biopsych.2020.02.001  
 
neuronal bioenergetic homeostasis [32-35]. Moreover, some 
truncated APP forms can initiate CREB-mediated neuropro-
tective pathways involved in hippocampal neurogenesis, a 
critical mechanism for adult long-term potentiation (LTP), 
which represents the neural substrate of synaptic plasticity, 
memory, and learning [32-35].  

As observed for BACE1, BACE2 can cleave APP at the 
β-site level and compete for the substrate with its most 
common homolog [26, 36]. In addition to its pro-amyloido- 
genic role as an auxiliary β-secretase, BACE2 exerts two 
other additional activities with regards to APP processing: I) 
it acts at the θ-site (Phe20) as a θ-secretase degrading the β-C-
terminal fragment (CTFβ) and producing C80, thus prevent-
ing the formation of Aβ [37, 38]; II) it serves as an Aβ-
degrading protease (AβDP) cutting, at overly acidic pH, syn-
thetic Aβ peptides after aa20 and aa34, to generate the 1-20 
and 1-34 peptide products. BACE2 can also degrade Aβ with 
an efficiency second only to the insulin-degrading enzyme 
(IDE) [26, 39]. 

1.3. BACE 1 and 2 Physiological Functions: Neuronal 
and Synaptic Homeostasis  

Consistent with high BACE1 expression and presynaptic 
localization in neurons, KO of the BACE1 gene in the 
germline of mice leads to toxic phenotypes, including im-
paired neurogenesis and astrogenesis, reduced spine density, 
axon targeting errors, defective myelination, neurochemical 
abnormalities, increased vulnerability to neurodegeneration, 
retinal pathology, endophenotypes of schizophrenia (e.g., 
neuregulin), memory and learning deficits, and seizures  
(Table 1) [10, 22, 23, 40]. When BACE1 is deleted in adult 
mouse brains, an impaired synaptic function is reported, as 
manifested in LTP reduction. Moreover, a decrease in the 
hippocampal mossy fiber length infrapyramidal bundle is 
observed [10, 22, 23, 40]. Moreover, there are subtle altera-

tions in the steady-state inactivation of voltage-gated sodium 
channels (NaV) in cortical neurons, leading to increased ex-
citability [10, 22, 23, 40]. 
Table 1.  BACE1 null phenotypes in the Central Nervous Sys-

tem. 

Phenotype Substrate 

Astrogenesis increase, neurogenesis decrease Jag1 

Axon guidance defects CHL1 

Hyperactivity NRG1 

Hypomyelination NRG1 

Memory deficits -

Neurochemical deficits - 

Neurodegeneration w/ age NaVβ2 

Post-natal lethality, growth retardation -

Retinal pathology VEGFR1 

Schizophrenia endophenotypes NRG1 

Seizures NaVβ2 

Spine density reduction NRG1 

Abbreviations: CHL1 = neural cell adhesion molecule L1; Jag1 = Jagged-1; NaVβ2 = 
Voltage-gated sodium channels beta 2; NRG1 = neuregulin 1; SEZ6 = seizure-related 
protein 6; VEGFR1 = Vascular endothelial growth factor receptor 1. 
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Fig. (2). The BACE1-NRG1 axis. NRG1 is a transmembrane protein expressed mainly in the frontal cortex, hippocampus, and cerebellum, as 
well as in the peripheral nervous system (PNS) dopaminergic neurons. The NRG1-type I and NRG1-type III isoforms (the latter is the prima-
ry variant expressed in the brain) are validated substrates of BACE1. NRG1-type III is a hairpin-shaped protein precursor with two mem-
brane-spanning domains. Its cleavage performed by BACE1 leads to two separate fragments anchored to the membrane: the N-terminal frag-
ment (NTF) (NRG1-NTF) and the C-terminal fragment (NRG1-CTF), on the external and internal (cytosolic) sides of the membrane, respec-
tively. NRG1-induced cellular responses are primarily mediated by binding to tyrosine kinase receptors of the ErbB family, especially to 
ErbB2, ErbB3, and ErbB4.  
BACE1-cleaved NRG1-NTF fragment contains an epidermal growth factor (EGF)-like domain that binds and activates the ErbB receptors 
involved in the NRG1/ErbB signaling pathway. This increases the phosphorylation of downstream signaling molecules: the extracellular sig-
nal-regulated kinase (ERK) and the serine/threonine kinase (Akt). The activation of the NRG1/ErbB signaling pathway is necessary to modu-
late cell survival, synaptic development, glutamatergic transmission (through regulation of NMDA receptor expression and turn-over), neu-
ronal migration, and myelination, and control the internalization of mGluR1 on dopaminergic neurons. 
Abbreviations: BACE1 = β-site amyloid precursor protein cleaving enzyme 1; EGF = epidermal growth factor; ERK = extracellular signal-
regulated kinase; mGLUR1 = group 1 metabotropic glutamatergic receptors; NMDA = N-methyl-D-aspartate; NRG1 = neuregulin-1; NRG1-
CTF = NRG1 C-terminal fragment; NRG1-NGF = NRG1 N-terminal fragment; PNS = peripheral nervous system. 
Note: Adapted from BACE1-Dependent Neuregulin-1 Signaling: An Implication for Schizophrenia. Front Mol Neurosci, 2017, Sep 
25;10:302. doi: 10.3389/fnmol.2017.00302.  
 

Neuregulin 1 (NRG1) is the most widely investigated 
synaptic substrate of BACE1 in experimental models and 
human individuals and patients across different neuropsychi-
atric diseases. NRG1 interacts with the epidermal growth 
factor receptor (EGFR) family of receptors to exert signaling 
cascades crucial for central nervous system (CNS) develop-
ment and synaptic plasticity [15, 41]. BACE1 cleavage of 
NRG1 promotes myelination in the central/peripheral nerv-
ous systems (CNS/PNS) and regulates muscle spindle for-
mation and maintenance [15, 42]. BACE1-dependent 
NRG1/receptor tyrosine-protein kinase erbB-4 (ErbB4) sig-
naling is also implicated in neuronal excitability, synaptic 
plasticity, learning and memory processes, and neuronal sur-
vival (Fig. 2), mainly by the modulation of group 1 metabo-
tropic glutamatergic receptors (mGluRI) activity [15, 42]. 

BACE1 is essential for producing soluble seizure-related 
protein 6 (SEZ6), whose suppression by either gene KO or 
pharmacological inhibition in mouse models of brain devel-
opment is associated with typical phenotypes exhibiting ab-
normal dendritic spines density, impaired hippocampal LTP, 
and loss of synaptic plasticity [43, 44]. BACE1 cleavage of 
the close homolog of neural cell adhesion molecule L1 
(CHL1) and/or its homolog L1 cell adhesion molecule 
(L1CAM) generates an intracellular membrane-bound C-
terminal peptide that is active in the regulation of axon guid-
ance (cytoskeleton remodeling and turn-over) upon presenta-
tion of the semaphorin 3A (Sema3A) cue [45, 46]. Condi-
tional BACE1 KO mice show axon guidance abnormalities 
in the hippocampus, which may be related to a lack of CHL1 
functions [45, 46]. 
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Despite close homology, the synaptic substrate profiles 
of BACE1 and BACE2 do not entirely overlap. Neuregulin 2 
(NRG2), a homolog of NRG1 equally expressed in different 
brain regions, including the hippocampus, is cleaved by 
BACE2, thus generating a C-terminal fragment that serves as 
a substrate for γ-secretase [47, 48]. Vascular cell adhesion 
molecule 1 (VCAM1) is an exclusive BACE2 substrate, ex-
pressed in astrocytes and microglia and cleaved in a pro-
inflammatory microenvironment induced by the tumor ne-
crosis factor alfa (TNF-α) [48].  

2. PHARMACOLOGICAL MODULATION OF BACE 
PATHWAYS IN ALZHEIMER’S DISEASE PATHOL-
OGY 

2.1. BACE1 in Alzheimer’s Disease 

In AD, the evidence of the role of BACE1 in the 
dysregulation of the Aβ pathway and disease pathophysio-
logical progression has been extensively reported and docu-
mented. Briefly, the discovery of the Icelandic genetic vari-
ant of APP (a point, missense protective variant for AD) 
provided one of the first demonstrations of the role of 
BACE1 in the aberrant Aβ pathway characterizing AD path-
ophysiology. The Icelandic variant (A673T mutation) is as-
sociated with a different BACE1 recognition motif at P2 
(A673T), resulting in 30% lower levels of Aβ40 and Aβ42 in 
plasma of individuals carrying the mutation compared to 
control individuals [49]. By contrast, the E682K and the 
Swedish mutations in APP, located at the P1’ and P2-P1 β’ 
subsites, are characterized by a shift of BACE1 cleavage 
toward the β-site, thus increasing Aβ production [50, 51]. 

Neuropathological studies show that AD brain neurons 
have higher BACE1 enzymatic activity compared to cogni-
tively healthy individuals [25, 52]. Moreover, mouse models 
of AD and human pathological studies report a relatively 
large accumulation of BACE1 in neuritic dystrophies in 
close vicinity of Aβ fibrillary deposits and plaques [53, 54].  

When taken together, all these human studies provide a 
robust proof-of-principle for inhibition of the β-cleavage of 
APP as a viable therapeutic strategy for AD. Despite the 
strong scientific rationale, all BACE1 inhibitors investigated 
so far were discontinued for futility or safety reasons. Such a 
dramatic rate of failures has raised theoretical concerns 
around the validity of BACE1 as a molecular target for AD. 
Potential critical factors accounting for trial failures are un-
der debate within the scientific community and may lie in the 
lack of biomarker-driven trial decision making (including 
proof of target engagement and treatment effect/safety) cou-
pled with an incomplete understanding of BACE1 homeosta-
sis/biology that may have led to over-inhibition or scarce 
substrate selectivity (see the Discussion section for more 
extensive and granular argumentation).  

2.2. BACE1 in the Alzheimer’s-Down Syndrome Com-
plex 

Adult individuals carrying the 21-chromosome trisomy 
and manifesting DS clinical phenotypes have a higher risk of 
developing AD pathology and cognitive decline in an age-
dependent fashion [13, 55, 56].  DS adults in their fourth 
decade of age have a likelihood of up to 50% to manifest 
overt cognitive impairment, and a lifetime prevalence of 

70% of AD pathophysiological hallmarks including Aβ and 
tau pathology and dementia has been reported [13, 55, 56]. 
Besides in-human neuropathological findings showing co-
occurrence of AD pathology in the DS brain, preliminary 
experimental models support the involvement of BACE1 in 
AD-like pathological changes observed in DS. In particular, 
the first and only study conducted so far in the mouse model 
of DS-AD suggests a potential therapeutic role of BACE1 
inhibitors in DS patients. Individuals with DS are at in-
creased risk of developing AD compared to age-matched 
healthy subjects, as a consequence of trisomy 21 with subse-
quent over-production of the APP and of its amyloidogenic 
peptide products (Aβ40 and Aβ42), although not all DS pa-
tients invariably develop AD symptoms during adult age [14, 
57]. According to this scenario, BACE1 inhibition might 
prevent Aβ accumulation and degeneration of cholinergic 
neurons in the DS brain. Along this line, the deletion of one 
BACE1 allele (BACE1+/-) is associated with halting of AD-
like Aβ pathway dysregulation and cholinergic disruption in 
the trisomic mouse line (Ts2), a model of DS generated by a 
spontaneous Robertsonian fusion. In particular, the reduction 
of BACE1 by-products, such as APP-βCTF, whose related 
signaling in endosomes initiates the pathological activation 
of rab5 that downstream impairs the neurotrophin signaling, 
which is essential for cholinergic neurons homeostasis and 
whose downregulation is reported in DS and AD experi-
mental models [14]. The authors concluded, “the therapeutic 
effects of partial BACE1 inhibition in our DS model are con-
sistent with those in β-amyloidosis models.” 

In summary, experimental evidence, albeit preliminary, 
encourages the investigation of the therapeutic effects of 
partial BACE1 inhibition in the DS model, which seem con-
sistent with those in β-amyloidosis models and may open up 
therapeutic solutions for the AD-DS complex [14]. 

2.3. The Emerging Role of BACE2 in Alzheimer’s Dis-
ease and Alzheimer’s-Down Syndrome Complex: A New 
Pharmacological Target? 

Genetic studies indicate the polymorphisms of the 
BACE2 gene as risk factors for I) late-life dementia in indi-
viduals with no familial history of AD [27, 58, 59] and II) 
early-onset AD [59, 60].  

An increased BACE2 expression and activity have been 
reported in human AD neurons derived from brains of 
asymptomatic subjects, suggesting a tight biological connec-
tion between BACE homeostasis and AD pathophysiology 
[61]. A recent study performed in two independent datasets 
showed an association between several single nucleotide 
polymorphisms (SNPs) in BACE2 and AD in ε4 allele of the 
gene encoding for the apolipoprotein E (APOE ε4) non-
carriers, with the SNP variants hypothesized to alter BACE2 
expression-mediated Aβ generation and clearance [27]. 

The molecular mechanisms accounting for BACE2 in-
volvement in AD pathophysiology are under investigation. A 
defective neuronal proteasome and lysosome systems activi-
ty is hypothesized to be one of the most upstream AD patho-
physiology mechanisms and may induce downstream loss of 
BACE2 homeostasis with accumulation [62, 63].  

BACE2 co-overexpression with APP (TgBACE2-APP), 
Flemish, and Arctic mutations on the APP gene indicate that 
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Fig. (3). BACE2 as a common pharmacological target for type 2 diabetes mellitus and Alzheimer’s disease. The evidence observed in animal 
models of T2DM suggests that BACE2 might represent a novel pharmacological target for the treatment of T2DM [1]. Mice with an in-frame 
deletion of exon 6 of BACE2 on both alleles (Bace2ΔE6/ΔE6) and ob/ob mice, representing a model of obesity-related insulin resistance, 
treated with a BACE2 inhibitor (CpdJ), displayed reduced blood glucose levels, improved glucose tolerance, and increased β-cell mass and 
function. BACE2 suppression is known to promote beta-cell survival and function in an animal model of T2DM induced by human amylin 
over-expression. These new data have therefore stimulated the development of highly selective and potent human BACE2 inhibitors (Ki < 
2nM and selectivity over BACE1 over 500-fold) [2] whose preclinical efficacy in animal models of T2DM remains to be evaluated. These 
selective BACE 2 inhibitors will represent new pharmacological tools to better validate the role of BACE 2 as a new pharmacological target 
for the treatment of AD in the future. The one-letter code was used to describe the amylin peptide amino acid sequence. 
Abbreviations: AD = Alzheimer’s disease; BACE2 = β -site amyloid precursor protein cleaving enzyme 2; DNER = delta and notch-like 
epidermal growth factor-related receptor; FGFR1 = fibroblast growth factor receptor 1; PLXDC2 = plexin domain-containing protein 2; 
PMEL = pigment cell-specific melanocyte protein; SEZ6 = seizure-related protein 6; SEZ6L = seizure-related 6 homolog-like; Tmem27 = 
transmembrane protein 27; T2DM = type 2 diabetes mellitus; VCAM1 = vascular cell adhesion molecule 1.  
Note: Finally, BACE2 cleaves SEZ6 and its homolog seizure-related 6 homolog-like (SEZ6L) in pancreatic β -cells but not in neurons. 
BACE2, by acting on its transmembrane protein 27, is implicated in the regulation of pancreatic β-cell function and mass, two parameters 
that, when impaired, can contribute to type 2 diabetes mellitus (T2DM) pathogenesis. An additional substrate of BACE2 is amylin (also 
known as human islet amyloid polypeptide), a peptide co-secreted with insulin by β-cells, directly associated with T2DM, whose aggregates 
and deposits have also been observed in blood vessels and brain parenchyma of late-onset AD patients. As shown in vitro, BACE2 lowers the 
human amylin aggregation rate through the cleavage at the F15 and F23 sites, reducing its intracellular concentration in β-cells. In contrast, in 
transgenic mice overexpressing amylin, BACE2 suppression promotes β-cells survival, counteracting the adverse outcomes induced by amy-
lin. BACE2 is also responsible for the proteolytic processing of the pigment cell-specific melanocyte protein required to form functional amy-
loid fibrils during melanogenesis, explaining the loss of pigmentation observed in preclinical studies of BACE1/2 inhibition. Table 2 illus-
trates more information about BACE2 substrates, substrate physiological functions, and the effects related to enzyme-substrate interaction. 
Note: references: [1] Alcarraz-Vizan, G., et al. (2017) Cellular and molecular life sciences: CMLS 74, 2827-2838; [2] Ghosh, A.K., et al. 
(2019) ChemMedChem 14, 545-560 
 
BACE2 and downstream pathways overexpressed in the AD 
brain, including clusterin, may play a role in the loss of Aβ 
homeostasis [59, 64]. Recent studies also suggest an emerg-
ing role of BACE2 in type 2 diabetes mellitus (T2DM) and 
insulin resistance [65, 66], two well-known risk and precipi-
tant factors for AD and other neurodegenerative diseases [67, 

68]. Different neurobiological links have been identified 
between T2DM and AD, such as insulin resistance, low-
grade inflammation, increased oxidative stress, and accumu-
lation of advanced glycation end-products [67, 68]; second-
generation antidiabetic drugs are currently studied as 
disease-modifying drugs in  AD (Fig. 3) [67, 68].  
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Table 2.  Substrates of BACE2, their physiological functions, and the effects related to enzyme-substrate interaction.  

BACE2  
Substrates 

Substrate Physiological Function(s) BACE2-substrate Interaction References* 

VCAM-1 

� Adhesion of white blood cells to the vascular 
endothelium; 

� Triggering of endothelial signaling through 
NADPH oxidase-generated ROS 

� Specific processing (sheddase activity) 
of VCAM1; 

� The physiological cleavage of VCAM1 
by BACE2 is strongly up-regulated 
(additional shedding of VCAM1) under 
pro-inflammatory conditions 

Voytyuk et al. 2018 [26]; 
Kong et al. 2018 [71]; Cook-
Mills et al. 2011 [72];  

DNER 

� Central nervous system development, neuron 
migration, and synapse assembly; 

� Differentiation and proliferation during cancer 
and stemness; 

� Regulation of IFN-γ expression in activated 
macrophages 

� Specific processing (sheddase activity) 
of DNER 

Voytyuk et al. 2018 [26]; 
Ballester-López et al. 2019 
[73]; Wang et al. 2017 [74]; 
Sun et al. 2009 [75]; Eiraku 

et al. 2002 [76]. 

PLXDC2 

� Protein receptor for pigment epithelium-derived 
factor; 

� Involved in cell proliferation, senescence, and 
cell death 

� Cleavage of PLXDC2 

Voytyuk et al. 2018 [26]; 
Nanda et al. 2004 [77]; Miller-

Delaney et al. 2011 [78]; 
Schwarze et al. 2005 [79]; 
McMurray et al. 2008 [80]; 
Hallstrom et al. 2008 [81]. 

FGFR1 

� Protein receptor for fibroblast growth factor; 

� Midbrain development and neuron migration. 

� Epithelial to mesenchymal transition 

� Cleavage of FGFR1 

Voytyuk et al. 2018 [26]; 
Gaudet et al. 2011 [82]; 
Ornitz et al. 1996 [83]; 

Eswarakumar et al. 2005 
[84]; Wang et al. 2015 [85]. 

SEZ6 & 
SEZ6L 

� Cerebellar Purkinje cell layer development and 
adult locomotory behavior; 

� Dendrite development and synapse maturation; 

� Involvement in the activity-dependent plasticity 
of learning and memory 

� Cleavage of both SEZ6 and SEZ6L 

Pigoni et al. 2016 [43]; 
Gunnersen et al. 2007 [86]; 
Håvik et al. 2007 [87]; Cau-

sevic et al. 2018 [88]. 

Tmem27 

� Positive regulation of L-proline import across 
the plasma membrane, SNARE complex assem-
bly, amino acid transport, calcium ion-
dependent exocytosis, and insulin secretion in-
volved in the cellular response to a glucose 
stimulus 

� Regulation of pancreatic β-cell function 
and mass 

Gaudet et al. 2011 [82]; 
Esterházy et al. 2011 [89]; 

Zhang et al. 2001 [90]; 
Danilczyk et al. 2006 [91]; 

Fukui et al. 2005 [92]; 
Vuille-dit-Bille et al. 2015 

[93]. 

Amylin 

� Amyloid-beta binding and regulation of amyloid 
fibril formation; 

� Positive regulation of MAPK cascade, protein 
kinases A and B signaling, and neurotrophic fac-
tors release; 

� Negative regulation of bone resorption, cell 
differentiation, and mitochondrion organization 

� BACE2-amylin interaction lowers 
human amylin aggregation rate in a 
dose-dependent manner and reduces its 
intracellular concentration in β-cells 

Fu et al. 2012 [94]; Caruso 
et al. 2018 [95]; Lorenzo et 
al. 1994 [96]; Nishi et al. 
1989 [97]; Rulifson et al. 

2016 [98]. 

PMEL 
� Melanin biosynthetic process; 

� Melanosome organization 

� Proteolytic processing of PMEL during 
melanogenesis; 

� Modulation of pigmentation process 

Gaudet et al. 2011 [82]; 
Hoashi et al. 2005 [99]; 

Rochin et al. 2013 [100]. 

Abbreviations: DNER = delta and notch-like epidermal growth factor-related receptor; FGFR1 = fibroblast growth factor receptor 1; IFN-γ = interferon-γ; MAPK = mitogen-
activated protein kinase; NRG2 = neuregulin 2; PLXDC2 = plexin domain-containing protein 2; PMEL = pigment cell-specific melanocyte protein; ROS = reactive oxygen species; 
SEZ6 = seizure protein 6; SEZ6L = seizure-related 6 homolog-like; SNARE = soluble NSF attachment protein receptor; Tmem27 = transmembrane protein 27; VCAM-1 = vascular 
cell adhesion molecule 1.  
* Additional source: https://www.ncbi.nlm.nih.gov  
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Specific BACE2 SNP variants are associated with AD 
cognitive decline in clinically defined AD-DS complex pa-
tients [59,69]. However, experimental evidence counteracts 
such risk association linkage reported in humans [56, 70]. In 
particular, a recent study conducted in cerebral organoids 
grown from induced pluripotent stem cells (iPSC) generated 
by non-integrational reprogramming of primary cells donat-
ed by people with DS showed that the BACE2-trisomy 
might have a protective mechanism, partially cross-antago- 
nized through pharmacological manipulation with BACE1 
inhibitors [56]. These findings suggest that BACE2 may 
exert a dose-sensitive AD pathology-suppressor gene, poten-
tially accounting for the discrepancy between the monogenic 
forms of APP mutations (penetrance 100%) and AD demen-
tia in DS individuals, around 70% during lifespan.  

3. BACE1 AND BACE2 IN NEUROPSYCHIATRIC 
DISEASES 

3.1. Schizophrenia 

Schizophrenia is a major psychiatric disorder whose di-
agnosis is entirely based on clinical symptomatology, alt-
hough experimental models of the disease indicate multi-
factorial and multi-faceted neurobiology alongside complex 
spatial-temporal pathophysiological dynamics [101-103].  

The lack of validated and multi-dimensional biomarkers 
for the in-vivo, in-human investigation of schizophrenia mo-
lecular mechanisms hinders the comprehensive understand-
ing of its neurobiological substrates [101, 102, 104]. The 
current construct of schizophrenia and schizoaffective disor-
ders as clinically defined diseases appears insufficient to 
capture the entire complexity of the condition as indicated by 
the considerable inter-individual phenotypical and treatment-
response heterogeneity and by the lack of compounds with a 
long-lasting biological effect [101-103]. 

Although the roadmap to reconceptualize schizophrenia 
according to a clinical-biological construct is steep, some in-
human evidence enriched by functional annotation in animal 
models may represent the starting point. In this context, the 
molecular axis BACE1 - NRG1 has stood out.  

Linkage analysis studies, performed in large multiplex 
families and extensive fine-mapping of the 8p locus, show 
that NRG1, a critical substrate of BACE1 (Fig. 2), is a can-
didate gene for schizophrenia [41, 102, 105]. This potential 
link is also supported by the observation of SNPs - the Val-
to-Leu exchange at Val322 amino acid in the C-terminal 
transmembrane domain of NRG1-type III (NRG1-CTF) - 
associated with schizophrenia symptoms responsible for 
schizophrenia-like phenotypes in BACE1-/- mice [106-108]. 
3.1.1. BACE1 and BACE1-dependent NRG1 Signal in 
Schizophrenia: Evidence from Human Genetic and Tran-
scriptomic Studies  

The physiological roles of NRG1 are consistent with the 
glutamatergic hypothesis of schizophrenia since NRG1 regu-
lates the expression and activation of neurotransmitter recep-
tors (N-methyl-D-aspartate [NMDA] and mGluRI).  

The glutamatergic hypothesis of schizophrenia is also 
backed by experimental models of the disease, indicating 
that 1) alteration NRG1-dependent signaling pathways con-

tribute to the disease pathophysiology [109, 110] and 2) 
BACE1-dependent NRG1 cleavage may play an upstream 
critical role in the pathogenesis of schizophrenia [111-113]. 

In particular, NRG1 stimulation suppresses NMDA re-
ceptor activation in the human (and the rodent) prefrontal 
cortex with a significantly more pronounced effect in schiz-
ophrenia patients than healthy control individuals, thus indi-
cating that enhanced NRG1 signaling may contribute to 
NMDA hypofunction in schizophrenia [15, 114]. Moreover, 
NRG1 controls glutamatergic LTP/long-term depression 
(LTD) and GABAergic LTD at hippocampal CA3-CA1 syn-
apses, as well as glutamatergic LTD in midbrain DA neurons 
[15, 114]. The BACE1-dependent NRG1 signaling is in-
volved in several biological pathways altered in schizophre-
nia and spanning synaptic homeostasis and development, 
neuronal migration, and myelination [115-117].  

Aberrant cleavage of NRG in schizophrenia has been 
suggested by postmortem studies contributing to the under-
standing of the neurobiology of the disease. In fact, a posi-
tive correlation between BACE1 and full-length NRG1 pre-
cursor is reported in the Brodmann area 6 (BA6) brain region 
of healthy individuals, but not in the schizophrenia group 
[118]. The same study shows that a marked decrease in 
NRG1-CTF expression was documented in the same region 
of schizophrenia patients [118]. 

The same working group found brain region-specific al-
terations of NRG1 cleavage in postmortem brains of schizo-
phrenic patients versus controls. In particular, both NRG1-
NTF expression and NRG1-NTF/full-length NRG1 ratio 
were significantly increased in the prefrontal cortex BA9 
region. In contrast, two other studies reported no significant 
alterations of BACE1 expression levels in schizophrenic 
patients than healthy control individuals [119].  

The expression of a 50-kDa NRG1 fragment was de-
creased in the disease [120], which is consistent with previ-
ous results, where lower levels of 50-kDa NRG1 were ob-
served in the BA6 region of schizophrenic patients [118].  

Aberrant gene expression and epigenetic dysregulation in 
schizophrenia may also encompass ErbB3, one of the NRG1 
receptors, as observed in the examination of prefrontal cortex 
slices derived from schizophrenic patients [117]. 
3.1.2. BACE1-dependent NRG1 Signal in Schizophrenia: 
The Roadmap to Biomarkers-guided Clinical Research 

Different studies, employing different methodological 
approaches, attempted to quantify the dysregulation of 
BACE1 and NRG1 protein concentrations (supposed to re-
flect gene expression levels) and rates of activity in schizo-
phrenic patients. 

The first in-vivo report that the BACE1-dependent NRG1 
activity's alteration is a substrate-specific event in schizo-
phrenia shows: I) plasma BACE1-NRG1 levels are signifi-
cantly higher in schizophrenia patients than healthy control 
individuals, II) a positive correlation between BACE1-NRG1 
activity and both BACE1 and NRG1 protein expressions, III) 
BACE1-dependent NRG1 pathway activity is also associated 
with clinical severity and duration of schizophrenia [121]. 
The study indicates that an increased BACE1 gene expres-
sion leads to downstream increased cleavage of NRG1 sub-
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strate, as reflected from biomarker-based readouts [121]. 
Moreover, individuals with shorter-term courses and worse 
negative/positive symptoms display higher enzymatic activi-
ty levels than those with a longer course and milder forms of 
the disease [121]. Hence, plasma BACE1-NRG1 activity has 
been proposed as a candidate mechanistic biomarker for the 
diagnosis and prognosis of schizophrenia [121]. 

Circulating plasma concentrations of NRG1 subunit β1 
(NRG1β1) are significantly decreased in young patients with 
early-onset schizophrenia compared with healthy control 
individuals [122].  Also, sexual dimorphism was reported 
with males having lower levels of NRG1β coupled with 
higher levels of BACE1 protein concentrations and a nega-
tive association between NRG1β1 and clinical measures 
[122]. Wang and colleagues found lower serum concentra-
tions of NRG1β1 in drug-naïve individuals with first-episode 
and chronic schizophrenia, but not in patients with bipolar 
I/II disorder(s) or major depressive disorder (MDD) com-
pared to healthy control individuals. The relevance of this 
finding, in line with other available data [123], lies in the 
necessity of developing a diagnostic biomarker to reduce 
diagnostic pitfalls and better discriminate schizophrenia from 
seer forms of bipolar disorders that often manifest with re-
markable clinical overlap.  
3.1.2.1. Animal and in-vitro Studies Confirm BACE1-
mediated Processing of NRG1 in Schizophrenia 

The link between BACE1 (and related pathways) and 
schizophrenic biological phenotypes has gained momentum 
due to schizophrenia-like endophenotypes observed in 
BACE1-/- mice and BACE1-dependent cleavage of NRG1 
[113]. Gene KO NRG1 mouse models show schizophrenia-
like clinical phenotypes with aberrant and neuroleptic-
responsive behavior and cognitive dysfunction coupled with 
lower functionality rates of NMDA receptors and defective 
myelination [105, 108]. 

Another study reports that BACE1 is involved in calcy-
on-mediated pathways, including stimulation of NRG1 
cleavage and shedding [124-126]. Calcyon is a neuronal pro-
tein regulating vesicle trafficking signaling associated with 
synaptic plasticity, neural development, and neurodegenera-
tion. Mice overexpressing calcyon and mice overexpressing 
NRG1-type I share behavioral deficits relevant to schizo-
phrenia [16, 127-129], thus suggesting the possibility of 
functional convergence between two seemingly distinct bio-
logical pathways [130].  

HEK293 cells (expressing calcyon and NRG1) treated 
with both BACE1 inhibitor IV exhibit suppression of the 
enhancement of NRG1 cleavage by calcyon [130]; such an 
effect is not observed when the same cell lineage is treated 
with α -secretase inhibitors. Furthermore, BACE1-/- mice 
treated with a glutamatergic psychostimulant, MK-801, 
showed deficits in pre-pulse inhibition, a typical feature of 
several schizophrenic endophenotypes [131, 132], including 
cognitive impairments, deficits in social recognition, hyper-
sensitivity to glutamatergic psychostimulants, and novelty-
induced hyperactivity as schizophrenia-like behaviors [108]. 
BACE1-/- mice brains displayed a significant decrease in both 
ErbB4 binding to postsynaptic density protein 95 (PSD95) 
protein and spine density in hippocampal pyramidal neurons, 

indicating that altered BACE1-dependent NRG1/ErbB4 sig-
naling pathways may contribute to the pathophysiology of 
schizophrenia [108].  

Both in NRG1-/- and BACE1-/- mice, there is a decreased 
expression of Disrupted-in-Schizophrenia-1 (DISC1) protein, 
a susceptibility factor for various mental disorders, including 
schizophrenia [17,133], and this net effect might be due to 
impaired NRG1/ErbB/Akt signaling pathway, which is in-
volved in neurodevelopment [17]. Specifically, DISC1 reduc-
tion may underlie the alterations in spine morphology and 
density, as well as LTP impairment, observed in BACE1-/- 
mice [134, 135]. 

Midbrain dopaminergic transmission plays a significant 
role in schizophreniform behaviors; amphetamine admin-
istration increases dopamine release in parallel with hyperlo-
comotion and hyper-reactivity; the latter sign is abolished in 
BACE1-/- mice and this may be related to increased amph-
induced D2 autoreceptor-mediated inhibition [136]. Such 
experimental evidence is consistent with the link between 
BACE1-NRG1 and ErbB4 and has contributed to the under-
standing that NRG1 plays a fundamental role in regulating 
mGluR1 responses on dopaminergic cells and consequently 
the glutamatergic LTD [137, 138].  

Finally, transcriptome profiling and gene pathway analy-
sis in BACE1-/- mice hippocampus identified 91 differentially 
expressed genes mainly involved in inflammation, such as 
IL-9 and the nuclear factor κB (NF-κB) activation signaling 
pathways [139]. Immune system alterations have been con-
sistently implicated in schizophrenia [140, 141], and network 
analysis has shown a close link between immune response 
via NF-κB and BACE1 signaling via the NRG1/Akt1 path-
way.  

4. BACE1 AND AUTISM SPECTRUM DISORDER: 
PRELIMINARY IN-HUMAN EVIDENCE  

Autism spectrum disorder (ASD) is a multi-faceted psy-
chiatric disorder whose biological and genetic underpinnings 
are still largely uncharacterized [2, 142]. Overlapping clini-
cal and electrophysiological features as well as shared genet-
ic architecture and related endophenotypes, mainly related to 
neurodevelopment pathways, exist between ASD and schiz-
ophrenia at the individual and experimental level [2, 142, 
143]. 

Although the pathophysiological link between BACE1 
and ASD pathogenesis has not been investigated systemati-
cally as of schizophrenia, mainly because standardized ASD 
animal models are still lacking, recent in-human data suggest 
a potential BACE-dependent involvement in ASD pathogen-
esis and pathophysiology [144].   

Abnormal amyloidogenic and non-amyloidogenic path-
ways with distinct peripheral (blood) patterns of APP by-
products levels, including sAPPα and sAPPβ (proteolytic 
cleavage products of APP by α- and β-secretase, respective-
ly), were reported in children suffering from different clini-
cal forms of ASD [145]. The high levels of sAPPα cleavage 
products in the bodily fluids of ASD children have led to the 
hypothesis of the anabolic pathogenesis of ASD whereby 
loss of proteostasis may hinder both neuronal homeostasis 
(by sAPPα-mediated cell overgrowth) and proper neurode-
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velopment [146]. According to this hypothesis, a downregu-
lation of BACE and/or a functional shift toward α-secretase 
would characterize ASD in a stage-dependent fashion [19]. 

In contrast with this pathophysiological model of anabol-
ic pathogenesis, a recent study reported that BACE1 gene 
expression levels (transcript concentrations assessed in the 
blood) are increased in ASD and are correlated with levels of 
BACE1 long non-coding RNAs ([lnRNA], a subset of non-
sense RNA molecules greater than 200�nt in length) in ASD 
individuals. The observed significant correlations between 
BACE1 gene expression and its antisense comply with the 
proposed feed-forward loop between these two transcripts 
[21]. The authors reported an age-related variance of BACE1 
expression levels only in the female group, suggesting a po-
tential sexual dimorphism [21]. 

This BACE-oriented evidence is supported by a recent 
investigation of the BACE1-dependent NRG1 pathway as a 
potential biological readout of aberrant neuronal develop-
ment underlying ASD. NRG1 mRNA blood levels are down-
regulated in patients affected by ASD, where NRG1 expres-
sion shows a sex-biased fashion and correlates with severity 
of behavioral symptoms and impairment in executive func-
tions impairment [20].  

Moreover, serum concentrations of NRG1 were reported 
significantly higher in non-medicated ASD patients than in 
healthy control individuals, thus paving the way for develop-
ing diagnostic mechanistic biomarkers [20]. Such findings 
are in line with results stemming from different single co-
hort-based studies and large-scale GWAS investigations that 
indicate SNPs in the NRG1 gene are associated with syn-
dromic features of ASD. This suggests that NRG1 and relat-
ed neurodevelopmental molecular pathways may play a role 
in ASD pathophysiology [1,2,144].  

Experimental evidence of overexpression of NRG1 sig-
naling and downstream GABAergic dysfunction has been 
reported in association with autistic syndromic features 
[147]. Whether a link between these NRG alterations and 
BACE1 homeostasis exists is to be investigated. 

5. DISCUSSION: LESSONS, CHALLENGES, PIT-
FALLS, AND PERSPECTIVES 

5.1. Expanding on Molecular Orchestrators Biology is a 
Critical Step for Successful Drug R&D, Including BACE 
in the Neuropsychiatric Spectrum 

Any attempt to achieve a holistic understanding of BACE 
physiology and pathophysiology, from molecular to brain 
macroscale structural and functional endophenotypes, is 
grounded on a granular description of the enzyme(s) biology. 
In the present article, we have reported extensive evidence 
from cellular and molecular studies of BACE1 and BACE2 
KO mice and biomarker-based and genetic studies in hu-
mans.  

However, a systematic research approach is needed to 
systematize such fragmented molecular knowledge on 
BACE biology and homeostasis to design substrate selective 
compounds that spare unwanted side effects. There is poorly 
explored but valuable in vitro evidence present that stems 
from studies conducted in human mutant neurons, showing 

that augmented retention of BACE1 in distal axons by modu-
lation of autophagy is associated with increased β-cleavage 
of APP [148]. Recent data from both animal models and AD 
brain also suggest that the earliest intraneuronal Aβ accumu-
lation causes DNA hypomethylation at 12 CpGs sites in the 
BACE-1 promoter, thus contributing to BACE-1 overexpres-
sion [149]. 

Moreover, the physiological functions of BACE1 and the 
homolog BACE2, alongside the cell biology of Ab and syn-
aptic by-products in neurons and glia, deserve further inves-
tigation to I) provide a more comprehensive understanding 
of the biological functions of these critical molecular orches-
trators, II) identify all their critical substrates, and III) track 
the association between their pathophysiological alterations 
and disease clinical-biological phenotypes.  

Such insights will enable the expansion of the set of dis-
eases BACE isoforms may be involved in, given the emerg-
ing evidence on other substrates such as SEZ6, CHL1 and 
their potential implication in pathological conditions other 
than those touched in the present article, such as seizures and 
epilepsy [45, 150, 151].  

The catalyzing impact of new methodological approach-
es, such as systems pharmacology, will support individual-
ized time-sensitive and effective pathway (a mechanism)-
based and disease-modifying therapeutic strategies, agnostic 
for the clinical phenotypes, as the recent breakthrough in 
oncology indicates. 

5.2. Lessons from Systems Biology Approaches in Oncol-
ogy 

Adopting this theoretical framework in neuroscience is 
supported by other medical areas, such as oncology, where 
tumor- and site-agnostic treatments have already been ap-
proved or are under late-stage development [152-154]. 

In 2018-2019, the U.S. Food and Drug Administration 
(FDA) authorized larotrectinib and pembrolizumab as im-
munotherapy treatments for different phenotypes of cancers 
grouped by a common pathophysiological alteration, regard-
less of the clinical manifestation such as tumor site and his-
tology [3].  

Larotrectinib targets a wide set of tumors displaying ge-
netic alterations of neurotrophic tropomyosin or tyrosine 
receptor kinase (NTRK) genes that cause the formation of 
TRK fusion proteins. Such a mutation and downstream mo-
lecular aberrant pathways are associated with a broad spec-
trum of distinct cell/tissue cancerous lineages, which in turn 
manifest with clinically divergent adult and child forms of 
cancer [155]. Larotrectinib has shown remarkable efficacy in 
patients of different ages, exhibiting different TRK fusion-
positive cancer phenotypes. Hence, it represents a strong 
candidate for a tumor-agnostic treatment of TRK fusion-
positive cancers [155]. 

Pembrolizumab targets tumors expressing anti-progra- 
mmed cell death protein 1 Pembrolizumab indications span a 
broad set of advanced solid tumors, with a therapeutic work-
up guided by the investigation of microsatellite-high/DNA 
mismatch repair-deficient biomarkers rather than clinical 
phenotypes [4, 154]. 
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These compounds represented the first examples of an 
innovative therapeutic paradigm, namely tissue-and tumor-
agnostic, whereby the patient's tumor biomarker-based pro-
filing, rather than “traditional” assessments such as histology 
and site, plays a critical role in the decision-making process. 
Other compounds are under development in line with this 
approach.  

Such a therapeutic breakthrough has been achievable on-
ly by a stepwise, consistent, and systematic implementation 
of modern technologies in new-generation drug-biomarker 
co-development pipelines. 

First, the development of reliable and replicable preclinical 
models, including animal and patient-derived organoids used 
for functional annotation of genetic and pharmacogenomic 
data, have significantly contributed to accelerating the transla-
tion of promising preclinical data into clinical trials without 
comprising rates of success [4, 156]. Such a paradigm lies in 
the key features of the experimental models that recapitulate 
the cancer microenvironment as well as the related “peripher-
al” systemic immune response, both of which underlie prima-
ry tumor genesis, locals spreading, and metastatic dynamics 
[156, 157]. 

Second, progress in clinical sequencing technologies, 
such as tumor DNA and RNA sequencing and plasma cell-
free DNA profiling, led to the development of non-invasive, 
widely accessible, omics-based liquid biopsies serving for 
different context-of-use, including trial enrollment, target 
engagement, and outcome prediction [158]. Liquid biopsy is 
highly suitable for time series, which can boost the discovery 
and better understanding of pivotal molecular pathways rele-
vant to the disease’s natural history, such as drivers of onco-
genesis [158,159]. The processing of such vast datasets, con-
taining multi-dimensional variables, and hundreds of obser-
vations, has been possible only through the integration of 
omics-based technology and traditional approaches such as 
assays, including fluorescence in-situ hybridization (FISH) 
or immunohistochemistry [160], embedded in machine learn-
ing algorithm-based blueprints for accurate and fast classifi-
cation (i.e., outcome prediction) [161]. 

To follow, basket trial design paradigms have been exe-
cuted to test oncogene-matched therapeutic efficacy in pa-
tients with different tumors harboring a distinctive genomic 
alteration while displaying different histology or manifesting 
in different organs [4, 162]. The biomarker-guided assess-
ment of activity rates of the compound against a range of 
cancers harboring the qualifying genomic aberration, strati-
fying by which tumor and in which subpopulation there is 
responsiveness regardless of histological features, is another 
novel feature of oncology basket trials. 

5.3. Challenges and Pitfalls in the Holistic Understanding 
of Neuropsychiatric Diseases: The Need for a Biomarker-
driven, Systems-scaled Integrative Approach to BACE 
Pathways  

It is conceivable that, in neuroscience, traditional study 
designs have been unable to capture complex interactions 
among distinct biological levels, from molecular pathways to 
synapsis and large-scale functional/structural networks, tak-
ing place in complex and multi-factorial neuropsychiatric 
diseases [163-165]. Therefore, the perspective of an integra-

tive approach is suitable for the systems-level integration of 
the upstream and downstream factors impacting definite 
pathomechanistic dynamics, including BACE pathways, 
across different disorders, for developing effective screening, 
diagnostic and therapeutic strategies. 

In the AD landscape, BACE plasma concentrations, sup-
posed to reflect levels of gene expression [166, 167], are 
associated with multi-modal biomarkers tracking brain Aβ 
accumulation [166, 168], grey matter loss in the cholinergic 
circuitry [167], synaptic dysfunction [169], neurodegenera-
tion [170, 171], and axonal damage [167], in AD dementia, 
mild cognitive impairment, and cognitively healthy individu-
als at risk for AD. In the latter clinical population, a negative 
association between brain Aβ levels and miRNA-125b, a 
molecular regulator of BACE1 gene expression [172], has 
recently been reported. 

In the schizophrenia and ASD clinical research space, 
magnetic resonance imaging-based studies show that specific 
patterns of macroscale network functional connectivity 
and/or grey matter changes underlie different clinical pheno-
types that can be grouped in different clusters based on pres-
ence/absence of psychosis, alterations in the affec-
tive/emotional dimensions, and mono-multidomain cognitive 
impairment [152, 173-176]. Enriching brain endophenotypes 
with a biological molecular layer, such as the BACE1-NRG1 
axis, and its association with clinical outcomes may clarify 
whether the genetic evidence pointing out this pathway in 
schizophrenia and ASD has a correlate in brain structural and 
functional organization. 

The assessment of BACE1 parameters (protein concen-
tration, enzymatic activity rates, miRNA, exosomes) in pe-
ripheral matrixes, such as plasma, serum, platelets, allows 
the integration of BACE biomarkers in a non-invasive blood-
based liquid biopsy for CNS diseases [177, 178].  

Moreover, brain-penetrant PET radiotracers for in-vivo 
BACE1 imaging are under development or clinical valida-
tion and could be used to investigate spatial and temporal co-
localization of BACE1-related pathways and brain structur-
al/functional damage [148]. 

In summary, the reshaping of AD definition as a clinical-
biological construct, reflected by the symptoms-agnostic 
ATN classification system coupled with progress in the de-
velopment of drugs with putative biological effects, paves 
the way for enriching clinical research of all neuropsychiat-
ric diseases with consistent biomarker-based protocols, using 
exploratory outcomes and endpoints while leveraging mod-
ern computational approaches.  

5.4. Systems Pharmacology and Precision Pharmacology 
for Pathway-based Therapies 

In order to overcome the CNS anatomical barrier and 
bridge liquid biopsy readouts with brain functional and struc-
tural endophenotypes, a systems-scaled approach is needed. 
Hence a multi-modal, biomarkers-guided paradigm, in-
formed by machine and deep learning ranking, classification, 
and clustering algorithms, will enable identifying sub-
population of individuals sharing pathophysiological com-
monalities (similar biological signatures or biotypes) (Fig. 
4).  
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Fig. (4). Cohorts stratified according to different multimodal-throughput technological platforms (“omic” sciences) are integrated into the 
disease modeling for classification and prediction of subsets of Alzheimer’s disease and patients with other brain proteinopathies and neuro-
degenerative diseases. Systems biology is an evolving hypothesis-free, exploratory, holistic (non-reductionistic), global, integrative, and in-
terdisciplinary paradigm using advances in multimodal high-throughput technological platforms that enable the examination of networks of 
biological pathways, where elevated amounts of structurally and functionally different molecules are simultaneously explored overtime at a 
system-level (i.e., at the level of molecules and subcellular compartments, cells, group of cells, tissues, organs, apparatuses, or even whole 
organisms). According to systems biology, organisms are made of systems which are entities consisting in hierarchically self-organized levels 
with increasing structural complexity resulting in different emerging properties. Adopted with permission from: The Alzheimer Precision 
Medicine Initiative. J Alzheimers Dis. 2019;68(1):1-24. doi: 10.3233/JAD-181121. 
 

Such integrative approaches in clinical research will then 
inform drug discovery and development pipelines through 
the simulation of traditional pharmacodynamic and pharma-
cokinetic indexes with modern in-silico computer-assisted 
drug investigations [179-181]. Systems pharmacology ena-
bles modeling snapshots of human drug-induced interac-
tomes and intracellular signals, drug-related (epi)genetic 
regulation, transcription regulatory networks, drug-induced 
immune responses, drug-drug interactions, and drugs-multi 
targets interaction [179, 182, 183].  

Thus, albeit still under development, quantitative systems 
pharmacology represents the most viable integrative para-
digm to model a holistic drug effect capitalizing on structure- 
and ligand-based techniques coupled with non-a-priori fea-
ture selection and output prediction from extensive datasets 
that can capture the biological heterogeneity of large-scale 
population without losing accuracy and clinical insights 
[182, 184]. 

The clinical and pharmacological perspective of quantita-
tive systems pharmacology lies in the notion of capitalizing 
on the successful oncology new-generation drug R&D, i.e., 
multi-targets and stage-specific treatments that can be tai-
lored to the individuals genetic/biological profile, overcom-
ing the limitation inherent in the traditional “one-drug-one-
target” model [179, 180].  

A tangible systems pharmacology paradigm in AD 
tauopathy is represented by MAPTA (Modeling Alliance for 
Systems Pharmacologies in Tauopathies), a program based 
on public-domain knowledge about tau biology and patho-
physiology [180, 185]. MAPTA platform leverages the value 
of observations from preclinical, experimental models or 
human-derived organoids that may generate knowledge rele-
vant to human tau pathology [180, 185]. A significant exam-
ple of MAPTA-based disease modeling is represented by the 
simulation of glycogen synthase kinase-3β (GSK-3β)-
mediated tau phosphorylation at different tau sites to explore 
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the subsequent changes in ATP, tau structure, phosphatase, 
or GSK-3β levels on the phosphorylation state [180, 185]. 
Such computer-assisted pharmacodynamic study can esti-
mate the indirect effect of specific tau kinase inhibitors on 
the overall tau-related biological signature with possible im-
plications for biomarkers related to target engagement in 
novel therapeutics.  

Moreover, GSK-3β inhibition through BACE1 is associ-
ated with anti-AD and neuroprotective effects [186]. Several 
mechanisms underlie the neuroprotection, spanning control 
over protein life-cycle, immune/inflammatory response and 
oxidative-redox balance restoring [7, 9, 36, 142, 187]. With 
regard to oxidative stress, age-related, genetic-driven, and 
stochastic factors have been reported to alter mitochondrial 
functions and raise oxidative stress levels, a critical trigger 
and driver of neuronal degeneration in a broad spectrum of 
clinical phenotypes [1, 7, 9, 142, 188]. 

Systems biology and pharmacology could also help re-
fine the understanding of the therapeutic value of modulating 
BACE genes expression/activity for inducing hormesis, 
which is based on the principle that low and controlled expo-
sure to a given stressor can set off and sustain bio-positive 
effects in the form of evolutionarily conserved cellular anti-
stress responses (adaptation and vitagene pathways) [7, 9, 
12, 189]. Proteostasis machinery involved in the full life-
cycle of protein, from synthesis to folding up to degradation 
and clearance, as well as intracellular transduction pathways, 
e.g., GSK-3β and the mammalian target of rapamycin 
(mTOR), both aberrantly regulated in experimental models 
of neurodegenerative diseases [1, 7, 142, 186], are estab-
lished anti-stress responses. We argue that it would be 
worthwhile to investigate whether the upstream pharmaco-
logical manipulation of BACE1/2 may influence proteostasis 
components, including heat shock proteins (prominent mem-
bers of vitagene and neuroprotective networks) and GSK-3β 
and mTOR molecular axes [7, 9, 12, 142, 186, 189]. Such a 
scientific endeavor would help capture hidden layers of 
BACE biology, thus addressing caveats of previous BACE-
modulators drugs and opening up viable therapeutic solu-
tions upon previously hypothesized novel paradigms, includ-
ing hormesis [7, 9, 12, 186-189].  

In summary, systems-scaled approaches in biology, neu-
roscience, and pharmacology hold the potential to untangle 
the spatial and temporal architecture of BACE-related mo-
lecular-cellular pathways and biological dynamics in neuro-
development, adulthood, and aging. Integration of explaina-
ble biological readouts with large-scale brain network func-
tional and structural data could help capture the role of 
BACE in the cognitive/behavioral/functional decline occur-
ring in neuropsychiatric diseases. 

Systems pharmacology and quantitative approaches may 
help understand pitfalls in AD BACE1 trials whose dramatic 
failure indicates that a deeper understanding of BACE1 biol-
ogy, aimed at developing compounds with a high substrate 
selectivity, is needed. Setting aside a molecular target be-
cause of the failure of clinical trials may represent a tremen-
dous mistake if a critical revision of study designs is not put 
in place and in case biomarker-based outcome/endpoints 
were not part of the protocol. Hence, a few strategies may 
inform future clinical trials, such as I) the utilization of 

BACE1 biomarkers for target engagement and treatment 
monitoring studies (drug-biomarkers co-development pipe-
lines), II) investigating different dose regimens, III) using 
dose-titration, IV) enrolling early-stages patient population.  

There are potential limitations of this approach that may 
hinder its implementation in specific settings. First of all, 
despite the tremendous evolution of computing power, the 
implementation of multimodal analyses faces technical limi-
tations. In addition, the larger the scale of big-data sets, the 
higher is the possibility of encountering false-positive find-
ings due to multiple comparisons and several predictors that 
may cause model overfitting and effect size inflation [8, 179, 
190]. Strategies must be put in place to extract relevant but 
subtle associations while limiting these risks. The curse of 
dimensionality stipulates that, in a high dimensional space, 
the data becomes sparse [191]. Thus, traditional algorithmic 
techniques fail, and increasing the number of subjects is gen-
erally not a sufficient or viable solution. Finally, pre-defined 
outcome labels (e.g., supervised learning) may constrain the 
set of hypotheses and/or influence the predictors’ selection, 
with all issues that this approach carries with itself, e.g., mul-
ticollinearity issue, violation of orthogonality, and homosce-
dasticity assumptions, to name a few [8, 9, 190]. Models 
which do not respect these conditions of validity may pro-
vide an erroneous interpretation of the assumptions. Moreo-
ver, investigations of features interaction and nonlinear rela-
tionships are often missing, thus not considering the com-
plexity of the system [192]. In this sense, we value the 
blooming of machine and deep learning-based study design 
in clinical research. Automatic features selections, linear and 
nonlinear dimensionality reduction, and cross-validation 
methods, as well as more harmonized sensitivity analysis 
criteria and unsupervised learning algorithms, hold the prom-
ise to overcome traditional operator-dependent statistic cave-
ats and minimize the risk of misleading clinical stances [8, 9, 
179, 190]. However, since these approaches act as black 
boxes, particular attention must be given to the interpretabil-
ity of the models [193, 194], which are not only predictive 
but also explanatory tools. This is of key importance for 
adoption in clinical trials [195]. 

CONCLUSION 

We have provided a state-of-the-art review of transla-
tional research demonstrating the involvement of BACE 
isoforms in a comprehensive set of clinically heterogeneous 
neuropsychiatric diseases. Pivoting on this body of evidence, 
we propose how future studies can inform experimental 
models and in-human biomarker-based clinical research for 
next-generation pharmacological trials, in line with the pre-
cision medicine paradigm.  

If the pathophysiological role of BACE enzymes and 
downstream pathways in different neuropsychiatric diseases 
were fully elucidated, biomarker-drug co-development pipe-
lines would be suitable for investigating compounds with a 
quantifiable biological effect. This approach will circumvent 
the limitations of current late-stage symptoms-based diag-
nostic/therapeutic decision-making that do not capture the 
neurobiological complexity of multi-factorial, chronic neu-
ropsychiatric diseases. 
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LIST OF ABBREVIATIONS 

Aβ = Amyloid-β 
Aβ40 = 40-amino Acid-long Amyloid-β Peptide 
Aβ42 = 42-amino Acid-long Amyloid-β Peptide 
AβDP = Aβ-degrading Protease 
AD = Alzheimer’s Disease 
APOE ε4 = ε4 Allele of the Gene Encoding for the 

Apolipoprotein E 
APP = Amyloid Precursor Protein 
ASD = Autism Spectrum Disorder 
BA6 = Brodmann Area 6 
BACE1 = β-site Amyloid Precursor Protein Cleaving 

Enzyme 1 
CHL1 = Neural Cell Adhesion Molecule L1 
CNS = Central Nervous System 
CTFβ = β-C-terminal Fragment 
DISC1 = Isrupted-in-Schizophrenia-1 Protein 
DNER = Delta and Notch-like Epidermal Growth 

Factor-related Receptor 
DS = Down Syndrome 
EGF = Epidermal Growth Factor 
EGFR = Epidermal Growth Factor Receptor 
FDA = U.S. Food and Drug Administration 
FGFR1 = Fibroblast Growth Factor Receptor 1 
GABABR = γ-aminobutyric Acid Type B Receptor 
GSK-3β = Glycogen Synthase Kinase-3β 
IDE = Insulin-degrading Enzyme 
IFN-γ = Interferon-γ 
Jag1 =  Jagged-1 
KO = Knockout 
L1CAM = L1 Cell Adhesion Molecule 
lnRNA = Long non-coding RNA 
LTP = Long-term Potentiation 
MAPK = Mitogen-activated Protein Kinase 
MAPTA = Modeling Alliance for Systems Pharma-

cologies in Tauopathies  
MDD = Major Depressive Disorder 
mGluRI = Group 1 Metabotropic Glutamatergic Re-

ceptors  
mTOR = Mammalian Target Of Rapamycin  
NaV = Voltage-gated Sodium Channels 
NaVβ2 = Voltage-gated Sodium Channels Beta 2 
nf-κb = Nuclear Factor Kappa-light-chain-enhancer 

of Activated B Cells 

NMDA = N-methyl-D-aspartate 
NRG1 = Neuregulin-1 
NRG1β1 = NRG1 Subunit β1 
NRG1-CTF = NRG1 C-terminal Fragment 
NRG1-ICD = NRG1 Intracellular Domain 
NRG1-NGF = NRG1 N-terminal Fragment 
NRG2 = Neuregulin 2  
NTRK = Neurotrophic Tropomyosin or Tyrosine 

Receptor Kinase 
PLXDC2 = Plexin Domain-containing Protein 2 
PMEL = Pigment Cell-specific Melanocyte Protein 
PNS = Peripheral Nervous System 
PSD95 = Postsynaptic Density Protein 95 
ROS = Reactive Oxygen Species 
sAPP = Soluble Amyloid Precursor Protein 
Sema3A = Semaphorin 3A 
SEZ6 = Seizure-related Protein 6 
SEZ6L = Seizure-related 6 Homolog-like 
SNARE = Soluble NSF Attachment Protein Receptor  
SNPs = Single Nucleotide Polymorphisms 
T2DM = Type 2 Diabetes Mellitus 
Tmem27 = Transmembrane Protein 27 
TNF-α = Tumor Necrosis Factor Alfa 
VCAM1 = Vascular Cell Adhesion Molecule 1 
VEGFR1 = Vascular Endothelial Growth Factor Re-

ceptor 1 
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