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Abstract

Neurodegenerative disorders are characterized by neuronal loss, usually in late life. But recently, 

abnormalities of proteins implicated in neurodegenerative disorders have been identified in 

disorders of childhood, raising the possibility that clues to susceptibility to and prevention of 

neurodegenerative disorders may be identifiable before symptoms of disease arise. This review 

leverages these new and evolving findings to test our hypothesis, first proposed in 2010, that 

proteins implicated in neurodegenerative disorders play important roles in brain development 

by examining evidence in the peer-reviewed literature published in the past five years for the 

relevance of these proteins in normal and disease-associated brain development.
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Introduction

The biomedical community often views development and senescence as two completely 

different processes. But nervous system malfunction is often either a long-term consequence 

of a lifelong condition or an acquired, late-life change in the quantity, structure, or function 

of a protein or pathway of developmental significance. Understanding the relationships 

between nervous system development and degeneration may afford early detection of 

susceptibility to and prevention of neurodegenerative disease. In 2010, we proposed the 

hypothesis that proteins implicated in Alzheimer and Parkinson diseases are important for 

nervous system development.1 Since then, support for this hypothesis and identification of 

developmentally important molecules involved in these and other late-life neurodegenerative 

disorders, including frontotemporal dementia and Huntington disease, have vastly advanced, 
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raising the promise of identifying early biomarkers and therapeutic targets for these 

conditions.2,3

We performed a systematic literature review to examine the expression and roles of 

proteins implicated in neurodegenerative disorders during early brain development (Table 1). 

Identification of neuro-embryologically important molecules and pathways that are involved 

in late-life neurodegenerative disorders holds the promise of identifying biomarkers; 

predictive, pathogenic, and etiologic mechanisms; and therapeutic targets for these common 

and devastating diseases.1 Our findings of protein and pathway coincidences between 

genesis and degeneration in the nervous system are consistent with the hypothesis that 

proteins implicated in neurodegeneration play roles in nervous system development in 

prenatal and early postnatal life and underscore the promise of identifying susceptible 

individuals before neurodegeneration begins.

Literature search

In November 2020, we conducted a search of peer-reviewed articles published in the 

past five years listed in the NCBI PubMed database using the implicated protein names, 

respectively, for each of the four neurodegenerative diseases under consideration (Table 2). 

Each protein name in turn was joined with the Boolean operator “AND” first with the 

relevant disease name and then with, in turn, “brain development,” “brain embryogenesis,” 

and, in the case of progranulin and glucocerebrosidase, “neuronal ceroid lipofuscinosis” and 

“Gaucher disease,” respectively. Of 77 peer-reviewed articles identified, 73 were deemed by 

both authors and a colleague not directly involved in the study (N.B.; Acknowledgments 

section) to be primary research relevant to the possible roles of these proteins in brain 

development and are cited in this review.

Alzheimer disease

The clinical, pathological, and epidemiological features of Alzheimer disease4 are 

summarized in Box 1.

Protein markers

Typical processing of amyloid precursor protein (APP) involves sequential cleavage by 

α- and γ-secretases. In contrast, in Alzheimer disease, APP is processed by sequential 

cleavage by β- and γ-secretases (Fig). This aberrant cleavage leads to generation of Aβ and 

subsequent translocation of the Aβ intracellular C-terminal domain from the cytoplasm to 

the nucleus of the cell, inducing Notch signaling and maintenance of the undifferentiated 

state in neural stem cells. This differentiation arrest may undermine compensation for 

degeneration of mature neurons.5

In addition, Alzheimer diseaseeassociated nuclear translocation of the intracellular C-

terminal domain of the APP transcriptionally represses the canonical β-catenin–dependent 

branch of the Wnt signaling pathway and, as occurs with Aβ40, ensures maintenance 

of proliferative potential in neural stem cells. Similarly, high concentrations of Aβ42, 

another cleavage product, inhibit signaling through the sonic hedgehog (Shh) pathway and 
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enhance levels of glycogen synthase kinase 3β, thereby inhibiting proliferation, neuronal 

differentiation, and axon and synapse formation in adult neural stem and precursor cells.5

Recent evidence demonstrates that adult neurogenesis depends on synthesis of cyclic AMP 

(cAMP) and phosphorylation of cyclic AMP response element binding protein (CREB) 

and suggests that inhibition of the degradation of cAMP reverses mitophagy, enhances 

neurogenesis, and restores memory function in Aβ-neuroblastoma cell culture and murine 

models of Alzheimer disease.6 Furthermore, pharmacologic agents that enhance activation 

of or reactivate the brain-derived neurotrophic factor (BDNF), TrkA, and TrkB pathways 

and phosphorylation of Akt and CREB during adulthood have shown evidence of activating 

neurogenesis and reversing cognitive decline in murine models of Alzheimer disease.7

In Alzheimer disease, maintenance and redirection of dendrites are deficient. Dendrites 

decrease in number and complexity in the forebrain and hippocampus. Underlying this 

late-life aberration of dendrite integrity is aberrancy of the distribution of Rac1 and 

consequently aberrant translocation of the protein SET from the nucleus to cytoplasm. This 

results in decreased activity of protein phosphatase 2A, a phosphatase that normally would 

dephosphorylate tau protein.8 Hyperphosphorylated tau and related accumulation of Aβ are 

hallmarks and biomarkers for the severity of Alzheimer disease.9

Both Alzheimer disease and treatment of mature neurons in culture with Ab are associated 

with redistribution out of axons and accumulation in dendrites of the microtubule-associated 

protein, MAPT/tau, and hyperphosphorylation of MAPT/tau in the dendritic pattern. While 

the mechanism of this redistribution and accumulation is not definitively known, Aβ induces 

an increase in local production of MAPT/tau in dendrites. In addition, inhibition of either 

proteosomal or autophagic protein degradation in the dendritosomatic compartment of 

neurons also causes accumulation of MAPT/tau in dendrites. Accumulation of MAPT/tau 

results in loss of dendritic spines similar to that seen in Alzheimer disease.10

How accumulation of tau proteins results in the loss of dendritic spines and destruction of 

neurons is not clear. There is some evidence that developmental, C1q-dependent synaptic 

pruning by microglia is reactivated by accumulation of phospho-tau.11

Neurodevelopmental roles of protein markers

APP appears to be important for proliferation and differentiation of neural stem cells, 

neuronal migration, neurite outgrowth, and synaptogenesis during embryogenesis and 

development, and neuronal plasticity and learning throughout life. It has been hypothesized 

to be a receptor important for cell signaling and a binding partner of the N-methyl-

D-aspartate receptor. Its intracellular C-terminal domain has been proposed to be a 

transcriptional regulator.5

The role of APP and its cleavage products in signal transduction is critically important for 

brain development. Under normal circumstances, after α-secretase cleavage, APP liberates 

sAPPα, an activator of Notch signaling and inducer of glial differentiation of neural 

precursor cells.5

Schor and Bianchi Page 3

Pediatr Neurol. Author manuscript; available in PMC 2023 March 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sAPPα is also an agonistic ligand for insulin/insulin-like growth factor receptor in the 

developing cerebral cortex.12 Activation of this receptor is required for development of 

the embryonic hippocampus and cingulate cortex and facilitates axon outgrowth in cortical 

neurons in culture.13

Wnt signaling is also critically important during brain development and is associated 

with the maintenance of self-renewal, differentiation, directionally specific migration, and 

maturation of neural stem cells.5

Activation of the Shh pathway is essential for brain development. Activation of Shh results 

in its binding to the Patched (Ptch) receptor and lifts its inhibition of Smoothened (Smo) 

which, in turn, activates the transcription factor, Gli. Gli activation plays an important role 

in proliferation, differentiation, axonal outgrowth, and synapse elaboration in neural stem 

cells.5

Each of the pathways engaged by normal processing of APP is aborted or diverted by 

Alzheimer disease–type processing.5 Thus, the processing route of APP functions as an 

arbiter of the “choice” between development and stagnation or dysgenesis in the embryonic 

brain.

Embryonic neurogenesis depends critically on synthesis of cAMP and phosphorylation of 

CREB.7,14 Activation of the BDNF, TrkA, and TrkB pathways and phosphorylation of Akt 

and CREB enable embryonic neurogenesis.

Rho family GTPases, including Rac1 and Rac3, have a critical role in dendritogenesis 

during brain development.15 The distribution of Rac1 in the cell controls translocation of 

the protein SET from the nucleus to cytoplasm and activation of protein phosphatase 2A, 

a phosphatase that dephosphorylates tau protein.8 Hyperphosphorylated tau and related 

accumulation of Aβ are hallmarks of the early-onset dementia associated with Down 

syndrome.9

The microtubule-associated protein, MAPT/tau, is developmentally regulated in a cyto-

regional fashion. In young neurons, MAPT/tau is evenly distributed through the dendrites, 

cell body, and axon. As the cell matures and its processes become more obviously 

polarized, MAPT/tau is redistributed in graded fashion over developmental time. In mature 

neurons, MAPT/tau is seen predominantly in axons, with low levels in dendrites. Moreover, 

differential patterns of phosphorylation of MAPT/tau are seen in axons and dendrites, with 

the axonal pattern predominating in mature neurons.10

It is of interest that the placentas of fetuses with Down syndrome overexpress APP and 

not many of the other proteins encoded by genes on chromosome 21. This overexpression 

is accompanied by increased apoptosis and decreased trophoblastic syncytialization of 

the placenta.16 Furthermore, the APP cleavage product, Aβ, inhibits the transition of 

mesenchymal stem cells to pericytes through activation of the ERK 1/2-MAPK pathway,17 

effectively inhibiting the vascular investment of organs such as the placenta. Given the 

vascular contributions to Alzheimer disease pathogenesis, it would be interesting to know if 
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APP or Aβ over-production alters vascular biology in the brains of individuals with Down 

syndrome in a way that predisposes them to early-onset Alzheimer disease.

It is also of interest that late-onset generalized myoclonic epilepsy is prevalent among adults 

with Down syndrome older than 50 years (46%) and with nonsyndromic Alzheimer disease 

(13%).18–20 The reasons for the occurrence of myoclonic epilepsy in and the difference in 

its incidence between these populations are not clear. Notably, the occurrence of epilepsy 

in children with Down syndrome has been hypothetically attributed to postnatal progressive 

reduction in the number and length of dendritic spines on specific neurons,21 and the 

consequent change in excitatory/inhibitory ratio in the brain.22 It would be interesting to 

determine whether, in addition to the deposition of amyloid, the excitatory-to-inhibitory ratio 

continues to change into older adulthood.

Many of the proteins found in the postsynaptic density, aberrancy of which is associated 

with neurodevelopmental disorders including epilepsy, autism, and schizophrenia, feature 

prominently on the list of proteins decreased in abundance in the brains of tau 

overexpressing mice, a model for neurodegenerative diseases including Alzheimer disease, 

relative to wild-type mice.23

Life course aspects of protein markers

Many studies have sought to discover early-life environmental and genetic factors that 

cause or predispose people to Alzheimer disease.24 For example, clearance by vascular 

pericytes of Aβ from the nervous system is dependent throughout life on low-density 

lipoprotein receptor–related protein 1A and is variably robust depending on apolipoprotein 

E (ApoE) subtype; genetic variation in production and structure of these species alters risk 

for Alzheimer disease.25 A meta-analysis of studies that examined the inverse correlation 

and dose response between exposure to air pollution and cognitive function identified very 

small particulate matter as the component of air pollution and the ApoE4 allele as the 

genetic factor most consistently associated with lower cognitive function relative to control 

populations and the youngest and oldest subjects as the most consistently affected by the 

impact of these determinants. Very small particulate matter exposure and the ApoE4 allele 

appear to have additive effects. The effect on cognitive function in childhood appears 

to be operative even in utero. It is tempting to hypothesize, but difficult to determine, 

whether early exposure to air pollution predisposes to cognitive loss or neurodegenerative 

disorders in late adulthood.26 It is also interesting to hypothesize that early enactment of 

the amyloidogenic, Aβ-generating cleavage of APP does not result in neuronal damage until 

later in life because substances or cellular elements produced in early life protect neurons 

from such damage. Indeed, there is evidence that proteins secreted by umbilical cord blood 

mesenchymal stem cells protect murine hippocampal neurons from the effects of Aβ and 

prevent its accumulation in mice.27,28 Mesenchymal stem cells enhance clearance of Aβ 
through autophagy and upregulation of enzymes that degrade this peptide.16,29

In addition, given the findings regarding APP- and Aβ-induced changes in the placental 

vasculature of fetuses with Down syndrome,16,17 it would be interesting to know whether 

disordered regulation of APP occurs in the placentas of those destined to develop sporadic, 

non–Down syndrome–associated Alzheimer disease.
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Finally, it should be noted that while amyloidogenic aggregation of Aβ is pathogenic, 

a similar process involving other proteins is critical for normal embryogenesis. For 

example, localization specificity of phosphorylase activity and the resulting definition of 

cell type polarity in the developing Drosophila gastrula involve amyloid-like aggregation of 

phosphorylases.30

Frontotemporal dementia

The clinical, pathological, and epidemiological features of frontotemporal dementia31–34 are 

summarized in Box 2.

Protein markers

In 5–10% of all patients with frontotemporal dementia who constitute a subset of those with 

autosomal dominant disease, frontotemporal dementia is caused by haploinsufficiency of 

progranulin, encoded by the GRN gene, because of mutation of one GRN allele.32,35 Most 

of the relevant GRN mutations involve a premature stop codon and consequent nonsense-

mediated decay of the resultant progranulin fragment, impairment of progranulin secretion, 

or absence of a functionally important cysteine residue in the protein.35

Other patients with familial frontotemporal dementia have etiologic mutations of the 

MAPT gene that encodes tau protein. Mice in which MAPT has been engineered to 

overexpress a repressible form of the human mutant tau protein develop progressive 

locomotor hyperactivity, the severity of which is age dependent. The mutant tau aggregates 

and forms deposits in the frontal lobes of the mice. Enhancing the prevalence of the 

N-ace-tylglucosamine adduct or decreasing phosphorylation of the mutant tau decreases tau 

aggregation and deposition in the frontal lobes and prevents the hyperactive behavior. It has 

been conjectured that the murine hyperactivity is the equivalent of the wandering behavior 

prevalent in people with frontotemporal dementia.11,36

Neurodevelopmental roles of protein markers

Frontotemporal dementia shares many of its pathological features with a neurodegenerative 

disorder with onset in adolescence, the variety of neuronal ceroid lipofuscinosis (NCL) due 

to mutations of the GRN gene which encodes the protein progranulin. Unlike genetic cases 

of frontotemporal dementia, NCL is caused by homozygous or compound heterozygous 

mutations in GRN. NCL due to GRN mutations is an autosomal recessive disorder that 

differs clinically from frontotemporal dementia. It results in seizures, myoclonus, retinitis 

pigmentosa, cataracts, cerebellar ataxia, and dementia.37 The divergence of age of onset and 

disease manifestations between NCL and frontotemporal dementia reflects one of a handful 

of situations of gene dose dependence of clinical phenotype.

Life course aspects of protein markers

Progranulin is important throughout the life cycle for lysosomal protein trafficking. 

Localization of the lysosomal proteins glucocerebrosidase, hexosaminidase A, and 

prosaposin to the lysosomes is dependent on progranulin.38 It is not clear why two 

completely different diseases, with different time course and phenotype, arise from 
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haploinsufficiency and total insufficiency, respectively, of progranulin. But progranulin 

deficiency in neurons increases cellular autophagy and causes abnormal enlargement of 

lysosomes. Enhancement of progranulin levels restores the lower incidence of autophagy 

and returns lysosome size to control levels.39

Progranulin is expressed in the placenta, epidermis, microvasculature, and brain during 

murine development.40 GRN−/− mice have decreased angiogenesis in the labyrinth section 

of the placenta.41 GRN expression was upregulated in the villous tropho-blasts of women 

who had preeclampsia (PE) during their pregnancies.42

Huntington disease

The clinical, pathological, and epidemiological features of Huntington disease43 are 

summarized in Box 3.

Protein markers

Huntington disease is caused by expanded CAG repeats of the HTT gene, which codes for 

the protein huntingtin. Because most people who carry an expanded HTT allele are initially 

asymptomatic and then slowly become increasingly symptomatic over time, it was deemed 

critical to develop an animal model in which the early course and evolution of the disease 

could be studied. Many of the pathological findings in the brains of some mice engineered to 

express mutant huntingtin are also seen as differences in comparative studies of postmortem 

brain tissue from control subjects and patients with Huntington disease, respectively. Other 

murine models, however, do not exhibit neurodegeneration or exhibit it in a distribution 

different from that seen in human Huntington disease. One such model, R6/2 mice, exhibits 

increased vascular branching and pericyte activation in the striatum followed by the cortex, 

much the same as that seen in postmortem brains of patients with Huntington disease.44,45 

This mouse line is transgenic for the 5’ end of the human HTT gene, carrying over 100 CAG 

repeats.46

Mouse models of Huntington disease have revealed that synaptic dysfunction results from 

expression of the mutant huntingtin. Recent studies have suggested that Huntington disease 

is a circuit disorder affecting the corticobasal ganglia-thalamocortical loop and rendering 

corticostriatal neurons injurious to their targets. Dysgenesis of corticostriatal connections, 

including those with non-neuronal cells, may underlie this aberrant interaction.47

Recent human pathological studies have suggested that hyperphosphorylation and 

aggregation of tau protein contribute secondarily to the cognitive dysfunction of Huntington 

disease. The mechanistic relationship between huntingtin and tau is not clear, but 

pharmacologic modification of tau has been suggested as symptomatic treatment for 

Huntington disease.48

Neurodevelopmental roles of protein markers

Huntingtin is expressed in preimplantation embryos, and knockout of huntingtin expression 

is lethal in embryos.49 Huntingtin plays a scaffolding role in vesicular and BDNF transport, 

cell division, and ciliogenesis.47 Expression of trinucleotide repeat–expanded huntingtin 
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results in behavioral, cognitive, brain morphological, cellular, and metabolic abnormalities 

that are detectible as early as 4 weeks of age in rats and 14 days of age in mice.49

Huntingtin is not expressed in the placenta. A meta-analysis of raw microarray data 

deposited in the Gene Expression Omnibus (GEO) database compared peripheral blood 

samples from people with cardiovascular disease (CVD), placentas from pregnant women 

who had PE, and pregnant women with uncomplicated pregnancies and found 22 

commonly expressed genes in CVD and PE. Further gene set enrichment analyses identified 

dysregulated pathways that overlapped with those seen in individuals with Huntington 

disease.50

The creation of neuruloids that mimic the ontogeny of the caudal forebrain and diencephalon 

has afforded in vitro study of the effects of knockout and trinucleotide repeat amplification 

of the gene for huntingtin on brain embryogenesis.51 Several findings from this study 

speak to the role of proteins that are important in late-life neurodegenerative disease during 

embryogenesis. First, knockout and CAG copy number amplification of HTT have similar 

effects on morphogenesis and the single-cell transcriptomes of neuruloids, suggesting that 

trinucleotide repeat amplification in Huntington disease results in loss of function. Second, 

both CAG expansion and knockout of HTT lead to a decrease in the lumen size of 

neuruloids and extension of its PAX6 domain, which condenses over time in wild-type 

neuruloids. Third, changes in the transcriptomes of neuruloid cells with either knockout or 

CAG expansion of HTT suggest blocked polarization of neuroepithelial cells.

Studies of the striatum in R6/2 mice and homozygous HTT mutant rats demonstrated 

dysregulation of expression of genes related to neural transmission and signaling in the 

dopaminergic and glutamatergic pathways in early postnatal life. Furthermore, examination 

of differentiative capacity of subventricular zone precursor and stem cells in both models 

demonstrated decreased neuronal differentiation with both increased oligodendroglial 

differentiation and apoptotic cell death in evidence. Behaviorally, animals that expressed 

the trinucleotide repeat expanded HTT demonstrated increased risk-taking and less anxious 

behavior traits. Of potential therapeutic and mechanistic interest, treatment with vorinostat, a 

histone deacetylase inhibitor, reversed or prevented the behavioral, biochemical, and cellular 

accompaniments of expression of mutant huntingtin.49

Life course aspects of protein markers

Questions about the relevance of rodent models to the roles of huntingtin in developing 

humans and to Huntington disease have led to an effort to develop and validate models of 

Huntington disease in larger mammals. Initial efforts to produce a porcine model were 

problematic because insertion of the human HTT gene results in embryonic lethality. 

Subsequently, a porcine model was produced by CRISPR-Cas9-facilitated replacement 

of the pig exon 1 with human exon 1 containing 150 CAG repeats in the endogenous 

porcine HTT gene. Unlike rodent models, this porcine model of Huntington disease exhibits 

neurodegeneration in the striatum and cerebral cortex, but not in the cerebellum. The 

striatal degeneration predominantly involved medium spiny neurons and was accompanied 

by gliosis, as is the case in human Huntington disease.52 It will be important to examine 
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these pigs with Huntington disease prenatally and in early life to discern developmental 

changes in the brain related to aberrant function of huntingtin.

Parkinson disease

The clinical, pathological, and epidemiological features of Parkinson disease53 are 

summarized in Box 4.

Protein markers

Mutations of the GBA1 gene, which codes for the enzyme glucocerebrosidase, are 

associated with susceptibility to Parkinson disease and Lewy body dementia. However, 

the relationship is both complex and mechanistically cryptic. Carriers of mutations of the 

GBA1 gene, only some of which are the same mutations that, in their homozygous state, 

cause Gaucher disease, are at increased risk for Parkinson disease and Lewy body dementia. 

The GBA1 gene is of variable penetrance, and it appears that its penetrance is influenced 

by age and by the presence of variants of two other genes, SCNA and CTSB.54,55 This is 

of particular interest because the lysosomal cysteine protease, cathepsin B, encoded by the 

CTSB gene, is thought to enhance the aggregation of α-synuclein, a key contributor to the 

pathogenesis of Parkinson disease.56 In addition, the specific GBA1 mutation in a carrier 

influences the age at onset of symptoms in Parkinson disease.55

One theory regarding the relationship between GBA1 mutations and susceptibility to 

Parkinson disease relates to the finding that decreased glucocerebrosidase activity results 

in accumulation of glucosylceramide and glucosylsphingosine, which, in turn, decreases 

lysosomal function and, consequently, α-synuclein degradation, and enhances α-synuclein 

aggregation.57

But the relationship between GBA1 carrier status and susceptibility to Parkinson disease is 

not as simple as the degree in reduction of enzyme activity. While homozygotes for GBA1 
mutations, who have neuropathic Gaucher disease (see the next section), are at greater risk 

than the general population to develop Parkinson disease, 90% of patients with neuropathic 

Gaucher disease do not develop Parkinson disease and mutations of GBA1 are found in 

patients with Parkinson disease with and without Gaucher disease.57 Studies of siblings 

concordant for Gaucher disease have found they are sometimes discordant for Parkinson 

disease and have not yet identified etiologic factors underlying this discordance.58

Glucocerebrosidase synthesis and organellar disposition require protein synthesis in the 

endoplasmic reticulum, cleavage of its signal peptide, glycosylation in the Golgi, packaging 

in endocytic vesicles, and trafficking to the lysosome. Mutations that do not result in 

reduction of enzyme activity have been shown to impair mitochondrial autophagy and 

lysosomal trafficking and to enhance and perpetuate aggregation of α-synuclein. Misfolding 

of the enzyme is also thought to play a role in this pathologic process.59 Misfolded proteins 

are disposed of by the cell in a process that requires activity of the endoplasmic reticulum 

and the ubiquitin-proteasome system, including the Parkinson disease–associated ubiquitin 

E3 lyase, parkin. It has been hypothesized that misfolded mutant glucocerebrosidase 

produces a toxic gain of function that overwhelms or damages the ability of the endoplasmic 
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reticulum to dispose of not only glucocerebrosidase but also all misfolded or ubiquitinated 

proteins ordinarily earmarked for destruction. In addition, endoplasmic reticulum stress 

leads to cellular inrush of calcium and consequent mitochondrial dysfunction and oxidative 

injury.57 It has been proposed that regulation of mitochondrial number and autophagy of 

oxidatively damaged mitochondria are disturbed in mutant GBA1 heterozygous but not 

homozygous neuroblasts.60

In view of these proposed mechanisms, several approaches to therapy for GBA1-related 

Parkinson disease have been suggested. These include glucocerebrosidase replacement 

therapy potentially with direct delivery into the central nervous system, glucoceramide and 

glucosphingosine reduction therapy, and chaperonin therapy aimed at reducing the incidence 

of protein misfolding.57 Studies to date suggest that none of these proposed therapies 

prevent the development of Parkinson disease in patients with Gaucher disease.58

Recent studies using induced pluripotent stem cells derived from patients with simultaneous 

mutations in the Parkinson disease–associated genes LRRK2 and GBA1 and differentiated 

to dopaminergic neurons indicate that LRRK2 kinase regulates glucocerebrosidase activity 

through the GTPase, Rab10. Parkinson disease–associated mutant LRRK2 kinase has 

increased kinase activity and decreased glucocerebrosidase activity. CRISPR-Cas correction 

of the LRRK2 mutation or pharmacologic inhibition of LRRK2 kinase results in restoration 

of glucocerebrosidase activity in these iPSC-derived dopaminergic neurons. Furthermore, 

these “repaired” cells do not demonstrate the accumulation of oxidation products seen in the 

double mutant cells.61

PTEN-induced kinase (PINK) is a mitochondrial serine/threonine kinase that is inhibited 

when mitochondria are damaged and when oxidative phosphorylation is uncoupled. Under 

these pathological conditions, PINK accumulates in the mitochondrial membrane and 

attracts the ubiquitin protein ligase, parkin, the activity of which results in mitochondrial 

degradation, a process known as mitophagy. Mitophagy involving PINK and parkin is 

associated with autosomal recessive, juvenile Parkinson disease62 and a host of other 

conditions in which mitochondria are damaged and earmarked for destruction. For example, 

PE results in placental mitophagy63; conversely, cancer cells, with their relative preference 

for anaerobic metabolism, underutilize mitophagy and accumulate aberrant mitochondria.64

Neurodevelopmental roles of protein markers

While neither GBA1 nor the PRKN genes are expressed in the placenta, mesenchymal 

stem cells derived from the human placenta spontaneously produce neurotrophic factors that 

provide neuroprotection as well as immunosuppression when used as a cell-based therapy 

for Parkinson disease in a rat model.65

Homozygous and compound heterozygous mutations of GBA1 result in the metabolic 

disorder, Gaucher disease, a disorder with onset often in childhood that includes both 

neuropathic and non-neuropathic variants. Classically, Gaucher disease has been divided 

into three subtypes: Type 1, non-neuropathic; Type 2, infantile, acute neuropathic; and Type 

3, chronic neuropathic. More recently, this classification has been called into question, and 

the notion of a “spectrum” of nervous system involvement and rapidity of progression with 
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disease has been proposed. Neurological manifestations include prominent brainstem and, 

particularly, cranial nerve dysfunction with swallowing difficulty, stridor, and oculomotor 

palsy, rigidity and hypotonia evolving to hypertonia, and, in infantile acute disease, 

opisthotonos. Seizures are a late manifestation. Pathologically, in the central nervous system, 

there is an accumulation of tubular inclusions consisting primarily of glucocerebroside in the 

cytoplasm of neurons.66

It has been shown that particular mutations in GBA1 are highly associated with more severe 

neuropathic, classically Type 2 Gaucher disease, while other mutations are more likely to 

cause non-neuropathic Type 1 Gaucher disease. An almost 13-year study of 2304 patients 

with Parkinson disease who had undergone GBA1 sequencing demonstrated that patients 

with Parkinson disease who carried a GBA1 allele associated with severe neuropathic 

Gaucher disease were three times more likely to have aggressive, global cognitive decline 

associated with their Parkinson disease as those who carried a non-neuropathic allele or who 

were non-carriers of a GBA1 mutant.67

Life course aspects of protein markers

Patients with neuropathic Gaucher disease are at higher risk than the general public for 

development in later life of Parkinson disease, and heterozygotes with GBA1 mutations 

that are associated with more aggressive neuropathic Gaucher disease are most likely, if 

they develop Parkinson disease, to have associated aggressive cognitive decline.67 In a 

similar vein, heterozygosity for mutations in NPC1 and NPC2, the genes that, if mutated 

in both copies, would result in Niemann Pick type C disease, another metabolic disorder 

that can affect the nervous system, has been shown to correlate with higher incidence of a 

variety of neurodegenerative diseases, including Parkinson disease, progressive supranuclear 

palsy, and corticobasal degeneration and other dementias.68 This raises the hypothesis that 

these predisposing mutations decrease endogenous resistance to insults, endogenous or 

exogenous, that are the proximate cause of neurodegenerative disorders such as Parkinson 

disease. Suspected insults in this regard have included oxidative stress, mitochondrial 

damage, and misfolding and consequent aggregation of cellular proteins.53

Summary and future questions

New information that has emerged since we first proposed that proteins implicated in 

Alzheimer and Parkinson diseases play major roles in brain development1 supports and 

extends this hypothesis. The threads that now seem to tie these diseases together are 

abnormalities of protein processing, trafficking, and aggregation; mitochondrial dysfunction; 

and oxidative stress.9,10,62,69,70 The developmental roles of proteins implicated in the 

pathogenesis of neurodegenerative diseases and the association of genes that mediate 

susceptibility to these disorders with diseases of childhood suggest that the origins of 

neurodegeneration may be there in prenatal life. However, it remains probable that, 

in some cases, different modifications of the same protein are pathogenic in different 

ways at different epochs in the life cycle and are not pathogenically related to one 

another. Model systems facilitate longitudinal examination of the structure and function 

of proteins and protein networks from embryogenesis through senescence and collectively 
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mimic many of the characteristics of neurodevelopmental and neurodegenerative diseases 

(Table 3). In addition, new insights into the complex roles of gene dose and epigenetic 

context in determination of phenotypic features and age at onset of disease have 

emerged.26–28,54,55,66,67 Further study of protein processing and trafficking, mitochondrial 

function, and resistance to oxidative stress in the developing nervous system may shed 

light on susceptibility to late-life neurodegeneration and identify therapeutic and preventive 

targets for neurodegenerative diseases.

The present study largely examined proteins important in late-life disease and queried 

their functions during normal development. Approaching this topic from another vantage 

point – specifically, examining these proteins from the standpoint of their role in 

neurodevelopmental disorders – is similarly fruitful. Many proteins implicated in Alzheimer 

disease are also implicated in severe autism.71 Dysregulation of secretion of sAPPα has 

been described in autism and fragile X syndrome. Of note, fragile X mental retardation 

protein represses transcription of the APP gene. Activation of the metabotropic glutamate 

receptor (mGluR5) releases this repression, enhancing production of APP and secretion of 

sAPPα.71,72 In addition, sAPPα has been demonstrated to have anabolic properties and may 

be responsible for the increase in brain size seen in both some people with autism and most 

people with fragile X syndrome.73

While examples of abnormalities of protein sequence or post-translational modification can 

lead to neurodevelopmental and neurodegenerative dysfunction, abnormalities of protein 

concentration, subcellular or extracellular localization, or temporal expression during the life 

cycle and proteomic abnormalities that represent aberrant changes in coexpression during 

the life cycle are also sources of disorder. The effects of maturational delay or precocity 

of the anatomic and proteomic components of neural networks on propensity for late-life 

degeneration or disorganization of these networks are yet to be fully discerned.74,75 Novel 

approaches, including use of bioinformatic techniques, to represent and characterize protein 

coexpression changes over time and space in health and disease will afford a more holistic 

view of neurodevelopmental clues to neurodegeneration.75
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BOX 1

Alzheimer Disease

• Alzheimer disease is the most common primary cause of dementia.

• Clinically, Alzheimer disease is characterized by progressive loss of 

cognitive function, including memory, praxis, language function, and complex 

perception.

• Aging, genetic predisposition, obesity and metabolic syndrome, 

cerebrovascular disease, neuroinflammation, head trauma, and environmental 

exposures have all been hypothesized to play etiologic roles in Alzheimer 

disease.4

• Pathologically, it is characterized by the accumulation of extracellular senile 

plaques, consisting primarily of beta-amyloid protein, and intracellular 

neurofibrillary tangles, consisting primarily of hyperphosphorylated tau 

protein, in the cerebral cortex. It remains unclear whether these findings 

represent causal abnormalities, final pathological common pathways, or 

epiphenomena in the disease.

• By 40 years of age, most people with Down syndrome have β-amyloid 

plaques in their brains. Approximately half of all people with Down 

syndrome will develop Alzheimer disease as they age.
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BOX 2

Frontotemporal Dementia

• Frontotemporal dementia is characterized by personality changes, apathy, 

and deterioration in and paucity of the use of language. Personality changes 

can include loss of empathy and sympathy; inability to recognize affective, 

emotional, and sarcastic or ironic nuances in communication with others 

is also common. Compulsive and perseverative behaviors and hyperorality, 

particularly around food and eating, are seen in many patients.31

• Frontotemporal dementia most frequently affects individuals younger in age 

than those affected by Alzheimer disease.

• Pathological changes in the frontal and temporal lobes of patients with 

frontotemporal dementia include gliosis, lipofuscinosis, and accumulation of 

lysosomal proteins.32

• In 60% of patients with frontotemporal dementia, there is no family history of 

the disease. Of the remaining patients, 60% have familial mutations in MAPT, 

C9orf72, or GRN. Mutations in other genes have been described.33

• The association of frontotemporal dementia with amyotrophic lateral sclerosis 

occurs primarily in patients with mutations of C9orf72, but can occur in 

patients with mutations of other genes, including FUS and OPTN.34
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BOX 3

Huntington Disease

• Huntington disease is a progressive lethal autosomal dominant disorder 

caused by excessive trinucleotide repeats in the HTT gene that encodes the 

protein huntingtin.

• The wild-type HTT gene contains fewer than 20 CAG repeats; patients with 

Huntington disease have an HTT gene with more than 36 repeats. Repeat 

number correlates inversely with age at onset of symptoms of any given 

severity.

• These symptoms most often include chorea and cognitive and psychiatric 

dysfunction. The latter two can precede motor dysfunction by many years. 

The cognitive dysfunction involves attention, memory, and speech; the 

psychiatric dysfunction results in anxiety, apathy, irritability, and, in some 

cases, aggressive behavior. The motor dysfunction can include dystonia, 

bradykinesia, and rigidity in addition to chorea.43

• Pathologically, Huntington disease is characterized by a loss of striatal 

volume, primarily due to apoptosis of medium spiny neurons. Cerebral 

cortical volume loss is common as well. Eventually, other regions of the brain 

are involved, and patients with advanced Huntington disease have brains that 

often weigh 70% of normal control brains.43
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BOX 4

Parkinson Disease

• Parkinson disease is a progressive movement disorder that affects 1–2% of the 

population older than 65 years.

• Clinically, it is characterized by bradykinesia, tremor, rigidity, and loss of 

postural control.

• Pathologically, Parkinson disease results in intraneuronal eosinophilic 

inclusions consisting primarily of the protein α-synuclein (the so-called Lewy 

bodies) and neuronal loss in the pars compacta of the substantia nigra.

• While most Parkinson disease is sporadic, 10% of cases cluster in families 

with autosomal dominant or recessive inheritance. This has led to the 

hypothesis that both genetic and environmental factors contribute to the 

pathogenesis of the disease.53
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FIGURE. 
Processing of amyloid precursor protein under normal circumstances and in Alzheimer 

disease. APP, amyloid precursor protein; sAPPα,β, soluble amyloid precursor protein α,β; 

C83 & C99, C-terminal APP fragments; AICD, amyloid intracellular domain. The color 

version of this figure is available in the online edition.
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TABLE 2.

Protein Names Used for Literature Search Relevant to Each Neurodegenerative Disease

Neurodegenerative Disease Protein

Alzheimer disease Amyloid-beta (Aβ)

ApoE

Neurofilaments

Presenilin

Sirtuins

Tau

Frontotemporal dementia Progranulin

Huntington disease Huntingtin

Sirtuins

Parkinson disease α-Synuclein

β-Synuclein

Glucocerebrosidase

Parkin

Sirtuins

Tau
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